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ABSTRACT

Created by Arizona’s development community, the Central Arizona Groundwater
Replenishment District exists to facilitate compliance with the Assured Water Supply rules by
replenishing excess groundwater pumped by its members. Currently, Arizona law does not
require groundwater replenishment to take place within the area of hydrologic impact, and the
enormous growth of CAGRD’s replenishment obligation in recent years has caused some to
question the sustainability of pumping in one location and replenishing in another. This thesis
attempts to explain both the formation and the potential future of CAGRD using economic
principles. The analysis of CAGRD’s formation uses Nash’s model of a cooperative negotiation
with bargaining power to provide insight into the political economy behind the creation of the
District. CAGRD’s potential future is also studied, with particular attention paid to the
economics of how CAGRD affects and is affected by the geographic distribution of water
supplies in an Active Management Area. The spatial (GIS-based) economic model developed
for this analysis allows for the prediction of the timing of any water utility’s transition from
groundwater pumping (and possible CAGRD replenishment) to direct delivery of a renewable
water supply. While today CAGRD provides water providers and developers with an incentive
to spatially disconnect their pumping and replenishment, the model presented in this thesis
demonstrates that in the long run CAGRD will likely encourage these entities to stop mining
groundwater and to import renewable water supplies. As this paper’s model makes clear, the key
factors controlling this decision include the water utility’s distance from renewable water
supplies, water demand, and degree of reliance on CAGRD for replenishment, as well as the

CAGRD replenishment rate and the ADWR water level decline standard for recovery wells.
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1. INTRODUCTION

Water is a resource of exceptional environmental, political, emotional, and economic
significance. In no other place is this more palpable than in the semi-arid state of Arizona: like
the august Grand Canyon in the northern part of the state, Arizona’s human history cannot be
fully appreciated without an understanding of the role of water.

The 20" century was a period of dramatic transition in Arizona. Significant advances in
groundwater pumping and conveyance technologies in the 1930s effectively reversed mankind’s
basic relationship with water supplies, and for the first time in history, water could be made
available virtually anywhere across the desert landscape. Today, central Arizona’s largest river
is a man-made aqueduct that brings Colorado River water from Parker Dam to Tucson—an
uphill journey 336 miles long. This $4 billion aqueduct—the Central Arizona Project—serves
the needs of millions of people and thousands of acres of farmland each year.

Over the next fifty years, as Arizona’s population increases from six to over twelve
million, Arizona must grapple with meeting its growing water demand (ADES 2006). In some
ways, where this new development occurs relative to the present location of renewable water
supplies is simply a matter of developing the infrastructure necessary to ensure that each new
home and office building has a water supply equal to its demand. In other ways, the location of
this new development may be more consequential than one might anticipate. If the trend of
building groundwater-dependent satellite communities continues, how long will local
groundwater supplies last? How much will it cost to deliver renewable water supplies to dry-
well communities, when will this delivery occur, and who will pay for it? In the meantime, will

anyone pay to mitigate the environmental consequences of dewatered aquifers?
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This Master’s thesis explores the economic implications of the institutional, spatial, and
temporal dimensions of one of Arizona’s more controversial water institutions: the Central
Arizona Groundwater Replenishment District (“CAGRD”). To illuminate the economics behind
these often opaque dimensions of water policy, two economic models will be used: the first, a
Nash cooperative bargaining model, will address the formation of CAGRD; and the second, a
spatially-explicit model of long-term water costs, will attempt to reveal the potential long-term
economic implications of CAGRD by predicting its affect on the spatial balance of water
supplies in an Active Management Area. Ultimately, the most important goal of this study is to
engender a deeper understanding of CAGRD and its implications for the state of Arizona.

To introduce and begin to build context for the problem at hand, however, a brief
overview of pertinent details regarding Arizona’s complex system of water management will

first be presented.

1.1. A Brief History of Arizona Water Management, 1912-1968

Water has profoundly shaped the history of Arizona (August, Jr. and Gammage, Jr.
2006). The task of obtaining and managing water resources has been an enduring challenge to
Arizonans since well before the state of Arizona entered the Union in 1912. Early American
settlers, like the Hohokam centuries before them, developed extensive irrigation and flood
control systems to manage surface water for agricultural and urban uses. Encouraged by the
Reclamation Act of 1902 to “make the desert bloom,” farmers expanded their irrigated lands into
the desert, with the help of large water storage and delivery projects (Jacobs and Worden 2004).

The introduction of new pumping technology in the 1930s and 1940s enabled Arizona

farmers to irrigate farmland that was once too far from surface water supplies to be considered
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irrigable. Arizona quickly entered a new era of agricultural production. In the period from 1940
to 1953, irrigated crop production in Arizona expanded from 500,000 acres to over 1.3 million
acres, causing irrigated water demand in Arizona to rise from approximately 1.5 million acre-
feet! (MAF) to 4.8 MAF (Kelso, Martin and Mack 1973; Glennon 1991). Arizona’s population
similarly grew over the same period, nearly doubling its population with the addition of over
400,000 new residents.

A consequence of such rapid growth, however, was that the rate of groundwater pumping
grew to be far in excess of natural recharge rates in many areas. The “Ice Age” waters in
Arizona’s aquifers, deposited in an era when Arizona’s climate was significantly wetter than it is
today, were now being rapidly depleted by the state’s numerous agricultural production wells.

With the groundwater and surface waters of the state’s interior managed largely by
irrigation districts, Arizona leaders soon turned to the Colorado River as the critical “next
bucket” of water to serve the state’s agricultural and municipal water needs. Years of bitter
political wrangling had produced the Colorado River Compact in 1922, which divided the
Colorado into Upper and Lower basins and allocated rights to the river’s presumed average flow
among the seven states. The Compact reserved Arizona the right to divert 2.8 MAF of the 7.5
MAF allocated to the Lower Basin states each year. Yet with much of the state’s water demand
located hundreds of miles from the river, Arizona had not been able to put much of its
entitlement to beneficial use. Instead, the majority of Arizona’s apportionment was being
beneficially used by irrigation districts in California, or else flowing into Mexico as surplus to
the international agreement guaranteeing Mexico 1.5 MAF annually.

Despite the legal security of their right, Arizona leaders became fearful that the politically

powertful state of California would see their use of Arizona’s entitlement as grounds for

! An acre-foot of water is defined as an acre of water one foot deep, or 325,821 gallons.
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revisiting the Colorado River Compact and its allocation among the basin states. Clearly, this
scenario would not bode well for Arizona. Having no infrastructure in place to put its allocation
to beneficial use, Arizona leaders, led by U.S. Senator Carl Hayden, recognized that revisions to
the Compact would not be favorable to Arizona’s entitlement. A consensus soon emerged that
held that the best solution to the dual problem of groundwater overdraft and unused Colorado
River water would be to augment the state’s water supply by importing Colorado River that was
not being used by mainstem farmers and Indian tribes. Achieving this goal was a long, costly
process. Initiated by Senator Hayden during the Second World War, the project to deliver
Colorado River water to central Arizona would take half a century and no shortage of ingenious
political and financial maneuvers. In truth, nearly all water policies developed in Arizona over
the last half-century have been shaped by the fear that Arizona may lose part of its entitlement to

the Colorado River.

1.2. The Central Arizona Project
To bring the water from the Colorado River into central Arizona, an aqueduct was

proposed by Arizona Senator Carl Hayden in 1944. The system, known as the Central Arizona
Project (CAP), was authorized twenty-four years later by the Colorado River Basin Project Act
of 1968, after a long legal battle with California. The Act supported Arizona’s right to divert
water through the CAP but declared the right junior to all other existing rights on the River.
Believing the loss in priority to be worth the exchange, Arizona accepted the terms and began
engineering the CAP in 1973. In October of 1979, progress was halted by a threat made by the
Secretary of the Interior Cecil Andrus that unless Arizona adopted a statewide groundwater

management code, the federal government would not allow Arizona to divert Colorado River
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water for the CAP.? The Arizona state legislature responded to Andrus’ threat by passing the
Groundwater Management Act nine months later in June of 1980, and construction continued on
the 336-mile system of canals, pumping stations, and secondary distribution systems comprising
the CAP aqueduct (Needham 2005).

Financing the Central Arizona Project was an enormous undertaking. At over $4 billion,
the full cost of the CAP was too much for Arizona to bear, particularly for the farmers for whom
much of the water was intended. With some negotiation, the federal government agreed to front
the cost of the project, and Arizona agreed to repay roughly half of the cost. For this purpose,
Arizona established a special taxing district called the Central Arizona Water Conservation
District (CAWCD) to oversee both the operations of the project and the repayment of the federal
loan, which was to commence upon declaration of substantial completion of the CAP aqueduct.
A particularly important clause in the loan’s contract was that the interest charged on the portion
of the project dedicated to delivery of municipal and industrial water would be approximately 3.3
percent, while deliveries of agricultural water would be interest free (Governor’s CAP Advisory
Committee Report 1993, p. 80).

Prior to construction of the CAP, expectations were that non-Indian agriculture would
buy approximately 60 to 80 percent of the CAP supply for the first few decades of operation
(Wilson 1992). It was also believed that as central Arizona urbanized and developed the
infrastructure to be able to accept CAP water for residential use, non-Indian agriculture’s share

of the CAP allocation would diminish due to agriculture’s lower priority right. But economic

* This was the public perception of how the threat transpired. Andrus has since revealed that it was in fact Arizona
Goverrnor Bruce Babbitt who asked Andrus to make this threat. Babbitt perceived the danger of bringing in
renewable supplies without addressing the problem of groundwater overdraft and was frustrated by a conservative
Arizona legislature unwilling to address the problem. Therefore, he secretly implored Secretary Andrus to require
the establishment of a groundwater code as a prerequisite to obtaining an allocation of Colorado River water for the
CAP from the Department of the Interior (Andrus 2005). Andrus agreed.
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realities prevented the realization of these expectations (Wilson 1997). Half of the eligible
agricultural landowners in the CAP service area (Maricopa, Pinal, and Pima Counties) declined
to contract for CAP water when it became available because it was too expensive. For those
districts that did contract for CAP supplies, the availability of lower cost water supplies (e.g.
groundwater, surface water, and effluent) reduced demand for CAP water, and as a result, water
deliveries to non-Indian agriculture declined by 48 percent between 1989 and 1991 (Wilson
1992).

Unable to force CAP water upon farmers and irrigation districts, Arizona began to craft
water policies and programs to encourage agricultural water users to accept CAP water. Among
these programs have been the agricultural pool program and the groundwater savings program
(Megdal and Shipman 2008). Other policies and programs have been developed to maximize the
use of CAP water by the municipal sector. These include the Arizona Water Banking Authority,
the Assured Water Supply Rules, and the Central Arizona Groundwater Replenishment District.
The authority of these programs, however, stems from the Groundwater Management Act of

1980.

1.3. The Groundwater Management Act of 1980
Arizona’s Groundwater Management Act (GMA)—widely regarded as a progressive
groundwater code when it was enacted into law in 1980—truly marked the beginning of a new
era of water management in Arizona. It created the Arizona Department of Water Resources
(ADWR) to manage the state’s water resources, and established four Active Management Areas
in central Arizona, delineated by natural hydrologic boundaries, to allow for greater local

management of the state’s water resources. Each Active Management Area (AMA) is required
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to create five management plans, each ten years in duration. To gradually bring the problem of
groundwater overdraft under control, the management plans are designed to become more
restrictive with time. The GMA also mandated a number of conservation practices from the
municipal and industrial (M&I) sectors and prohibited agriculture from irrigating land in the
AMAs that did not have an Irrigation Grandfathered Right (IGFR).

The GMA enabling legislation also established a single, guiding management goal for
each AMA to direct the water management activity within the AMA throughout the five
management periods. The Phoenix, Tucson, and Prescott AMAs were created with the
management goal of achieving safe yield by 2025, “safe yield” meaning “to achieve and
thereafter maintain a long-term balance between the annual amount of groundwater withdrawn in
an active management area and the annual amount of natural and artificial groundwater recharge
in the active management area” (Arizona Revised Statutes §45-562; §45-561). Because safe
yield is measured over the entire AMA, the water table may be declining in some areas of the
AMA as long as these areas are offset by rising water levels elsewhere in the AMA. By contrast,
the management goal for the heavily agricultural Pinal AMA was to “allow development of non-
irrigation uses, preserve the agricultural economies for as long as feasible, and preserve water for
future non-irrigation uses” (ARS §45-562). This management goal, once termed “planned
depletion,” and was designed to preserve the agricultural economy of the Pinal AMA for as long
as is economically feasible. A fifth Active Management Area, the Santa Cruz AMA, split off
from the southeastern portion of the Tucson AMA in 1994 to allow greater focus on the area’s
unique hydrology and international issues (Colby and Jacobs 2006). The Santa Cruz AMA’s
management goal is “to maintain a safe-yield condition in the active management area and to

prevent local water tables from experiencing long-term declines” (ARS §45-562).
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1.4. The Assured and Adequate Water Supply Rules

From a water conservation perspective, one of the most important provisions of the
Groundwater Management Act was simply a reinforcement of a 1973 state law regarding water
supply adequacy for subdivisions. Under this law, developers were required to obtain a
determination from the state regarding the availability of water supplies prior to the sale of new
subdivision lots (ARS §45-108). Developers demonstrating “inadequate” water supplies for a
subdivision were required to disclose this information to potential buyers, but were nevertheless
allowed to sell lots to willing buyers. The 1980 GMA supersedes this law in the AMAs by
prohibiting the sale or lease of subdivided land in an AMA for which an Assured Water Supply
has not been demonstrated.

According to Arizona law, not all developments are subdivisions. The definition of a
subdivision in the GMA is linked to the real estate section of the Arizona Revised Statutes,
which defines a subdivision as having six or more lots and containing at least one parcel of less
than 36 acres (ARS §32-2101). If a development does not fit the definition of a subdivision
under this statute, it is not required to obtain an Assured Water Supply determination from
ADWR, but, like all lot sales outside the AMA:s, it is still subject to the 1973 Water Adequacy
Statute. All subdivisions within the AMAs not served by a designated water provider must
obtain a Certificate of Assured Water Supply from ADWR under the GMA. The demonstrated
water supply requirements for areas both inside and outside AMA boundaries are collectively
known as the Assured and Adequate Water Supply Rules.

To obtain a Certificate of Assured Water Supply, a subdivision must demonstrate that: (1)

the water supply is physically, legally, and continuously available for 100 years; (2) the water
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meets water quality standards or is of sufficient quality; (3) the proposed water use is consistent
with the management goal of the AMA; (4) the proposed water use is consistent with the current
management plan of the AMA; and (5) the developer has the financial capability to construct any
necessary water storage, treatment, and delivery systems.3

While the GMA established these basic criteria for demonstrating an Assured Water
Supply, it did not provide ADWR with clear instructions regarding how to enforce compliance
with the management goals of the AMAs. To this end, ADWR drafted a more rigorous set of
Assured Water Supply Rules in November 1988 to require new development in the safe yield
AMAs to demonstrate that the assured water supply is primarily renewable. The Draft Rules, as
they are called, met with strong resistance from the Arizona development community, and even
drew criticism from agriculture (Avery, et al 2007; Glennon 1991). Of particular offense to
developers was the provision of the draft rules that limited exactly how much groundwater could
be used to demonstrate an Assured Water Supply. Since the allowable groundwater was to be
measured on an acre-foot per acre basis, the number of residences per acre for new developments
would be limited in the AMAs. Furthermore, the allowable groundwater supply was restricted
even if the groundwater right was an agricultural Irrigation Grandfathered Right, effectively
reducing the value of agricultural land and weakening the incentive for conversion from
agricultural to residential land use (Glennon 1991). Recognizing the political power of the
opponents of the Draft Rules, ADWR quickly yielded and established a committee to evaluate
the potential economic impacts of the draft rules.

Several years of public process, mainly between the development community and the

Department of Water Resources, followed the failure of the 1988 draft rules. Short of not

? See A.C.C. R12-15-703 to 707 for a more detailed description of each AWS criteria.
* See R12-15-722 for more details about the 1988 AWS Draft Rules.
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developing, development interests had several ways to comply with the Draft Rules’ proposed
limitation on groundwater pumping, including purchasing CAP water, utilizing existing water
farms outside AMAs (prior to 1991), obtaining a water service agreement from a municipal
water provider with a CAP allocation or other surface water rights, or obtaining rights to use
effluent (Glennon 1991). In reality, however, economic and legal difficulties rendered many of
these options impractical, at best, for many subdivisions (Avery et al 2007).

With time, different ideas for addressing the need for new growth to rely on renewable
water supplies surfaced. One popular idea led to the authorization of single-county
replenishment districts in 1990, eventually leading to the formation of the Phoenix Groundwater
Replenishment District and the Santa Cruz Valley Water District. The Phoenix Groundwater
Replenishment District, taking the approach of making membership mandatory for the entire
Phoenix AMA, failed to garner the support of the City of Phoenix, which was not comfortable
with the district’s proposed governance and tax structure (Buschatzke 2007). The Santa Cruz
Valley Water District (SCVWD) was created as a temporary entity to “facilitate water resource
management” in the Tucson AMA, and more specifically, to augment the renewable water
supply of the AMA and perform replenishment on behalf of its members (ARS §48-4802;
SCVWD 1993). The SCVWD was therefore given a variety of powers and duties, including the
construction of recharge projects; cooperation with government entities; issuance of revenue
bonds; and the ability to adopt groundwater replenishment responsibilities (SCVWD 1993).
While the District reported a “significant” level of interest in its services during the planning
period, it performed limited activities in the Tucson AMA related to water augmentation,
recharge site identification, and policy coordination from 1991 to 1993, and was later eclipsed by

a more permanent and convenient replenishment authority: the Central Arizona Groundwater



22

Replenishment District. While the statutes giving replenishment authority to the Phoenix GRD
and the SCVWD still exist, these local replenishment authorities are not likely to be revived

(Buschatzke 2007; Megdal 2007).

1.5. The Central Arizona Groundwater Replenishment District

In 1993, the development community proposed a compromise with the Arizona
Department of Water Resources in the form of a replenishment authority under the auspices of
CAWCD. This replenishment authority is known as the Central Arizona Groundwater
Replenishment District (CAGRD). CAGRD was created to give the development community an
efficient and practical means of complying with the criterion of the Assured Water Supply
(AWS) rules that new growth in the Active Management Areas rely primarily on renewable
water supplies. Unlike the previously authorized replenishment districts, CAGRD was
authorized as a multi-county replenishment authority to operate in the Phoenix, Pinal, and
Tucson AMAs to serve members who voluntarily join the District. CAGRD members are

classified as either Member Service Areas (water providers), or Member Lands (subdivisions).

1.5.1. Member Service Areas

A “water provider” is defined in the Arizona Revised Statutes as a “city, town, private
water company or irrigation district that supplies water for non-irrigation use” (ARS §45-561).
A water provider seeking to comply with Criterion 3 of the Assured Water Supply Rules (which
relates to the consistency of the demonstrated water supply with the management goal of the
AMA) may join CAGRD as a Member Service Area (MSA) (ARS §48-3780). Membership in

CAGRD automatically fulfills Criterion 3 (CAGRD Executive Summary). Still, to obtain a



23

Designation of Assured Water Supply, the MSA must demonstrate that the proposed water
supply meets the four other criteria of the AWS rules. Membership in CAGRD legally transfers
the replenishment obligation from the MSA to CAGRD. CAGRD then has up to three full
calendar years from the year that the groundwater replenishment obligation is incurred to fulfill
its replenishment obligation (ARS §48-3771). The cost of replenishment is fully paid by the

MSA on a per acre-foot basis.

1.5.2. Member Lands

The other type of CAGRD member is the subdivision, or Member Land (ML). The
Assured Water Supply rules state that a developer must obtain a Certificate of Assured Water
Supply for a proposed subdivision to enable plat approval and authorization of sale or lease from
the Department of Real Estate (ADWR 2001). The developer may meet the requirement that the
proposed water supply must be primarily renewable by legally and physically obtaining
renewable supplies to serve the subdivision, or by enrolling the subdivision as a CAGRD
Member Land (ML); as with MSAs, membership in the CAGRD automatically satisfies
Criterion 3 of the AWS rules. To enroll, the applicant must define the boundaries of the
property, specify the number of individual units to be built, agree to provide the CAGRD with
water use data for the purposes of calculating the annual replenishment obligation, and pay an
Enrollment Fee per housing unit. Member Lands not containing a golf course are classified as
Category 1 Member Lands; those MLs with a golf course are classified as Category 2 Member
Lands. Category 1 MLs pay annual replenishment reserve charges and replenishment reserve
fees, pursuant to ARS §48-3772(E); Category 2 MLs, that is, subdivisions with a golf course, are

exempt from these charges and fees, pursuant to ARS §48-3774.01(C). The Enrollment Fee is



24

annually established by CAGRD, and is $23 per home for the year 2007-08. In addition to the
Enrollment Fee, the ML is also required to pay an Activation Fee prior to the issuance of a public
report for the subdivision, pursuant to ARS §48-3772(A). The Activation Fee is also established
annually by CAGRD, and is $63 per home in 2007-08. The difference between the Enrollment
Fee and the Activation Fee is that the developer must pay the Enrollment Fee to enroll the
subdivision as a Member Land in the CAGRD, but does not have to pay the Activation Fee until
just prior to construction. The impact of the CAGRD fee schedule on the CAGRD’s ability to
fulfill its legal obligations is discussed in Chapter 2, Section 2.3.4; the broader economic
implications of the fee schedule are discussed in Chapter 5, Section 5.2.2.

A subdivision served by a water provider with a designation of Assured Water Supply
does not need to apply to ADWR for a Certificate of Assured Water Supply; the developer need
only obtain a written commitment of service from the designated provider to demonstrate

compliance with the AWS rules (ARS §45-576(A, F)).

1.5.3. Location of CAGRD Replenishment

The basic requirement for the location of replenishment is that it must occur within the
same AMA as the excess groundwater pumping. But in the Phoenix AMA, the CAGRD has the
additional statutory requirement that, “to the extent reasonably feasible,” groundwater pumped
out of the east portion of the AMA must be replenished in the east subbasin of the Salt River
Valley, and similarly for pumping and replenishment in the west portion of the AMA (ARS §48-
3772(G); §48-3772(1)). In the Pinal and Tucson Active Management Areas, the CAGRD is not
required by statute to replenish in the same subbasin as the excess groundwater pumping.

Nevertheless, the CAGRD does make an effort to replenish excess groundwater as close to the
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site of pumping as possible: in the Tucson AMA, the CAGRD replenishes excess groundwater
pumped in the northern part of the AMA at recharge facilities in Marana and Avra Valley when
feasible; likewise, the preferred recharge site for pumping from the southern portion of the
Tucson AMA is the Pima Mine Road Underground Storage Facility (Neal 2007). (A map of the

Tucson AMA is provided in Appendix A-1.)

1.5.4. CAGRD Replenishment Costs

The CAGRD replenishment rate consists of four parts: a water and replenishment
component, an administrative component, an infrastructure and water rights component, and a
replenishment reserve charge (see Table 1.1 in Appendix B). The water and replenishment
component includes all costs of purchasing and transporting water supplies, and is computed
separately for each AMA. The administrative component covers the administrative costs of
CAGRD replenishment, and is the same for all AMAs. The infrastructure and water rights
component is designed to cover the costs of securing rights to long-term water supplies, and is
computed separately for each AMA. (In practice, this component is considered inadequate for its
intended purpose.) The replenishment reserve charge is paid by MSAs and Category 1 MLs, and
covers the cost to the CAGRD of establishing and maintaining a replenishment reserve of long-
term storage credits for each AMA, per ARS §48-3780.01. Because the replenishment rates are
designed to cover the previous year’s replenishment obligation, much of the revenue that

supports CAGRD’s statutory obligations is lagged by at least one year.
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1.5.5. Governance, Operations, and Planning

The Central Arizona Groundwater Replenishment District is not a district in the sense of
being an autonomous entity; it is simply an expansion of the authorities of the CAWCD to
include groundwater replenishment. As such, the CAGRD is managed by CAWCD staff and
governed by the Board of Directors of CAWCD.

Water providers serving CAGRD Member Lands must annually report to CAGRD and
ADWR the volume of groundwater and the volume of excess groundwater delivered to each
parcel within the Member Land (ARS §48-3775a). Similarly, water providers serving CAGRD
Member Service Areas must annually report to CAGRD and ADWR the total volume of
groundwater and the total volume of excess groundwater delivered within the service area. In
the Phoenix and Tucson AMAs, the volume of excess groundwater is then multiplied by an
annually increasing “minimum reporting factor” to calculate the volume of replenishment
CAGRD must do on behalf of each member (see Table 1.2 in Appendix B). The minimum
factor is multiplied by the member’s groundwater use to determine the volume of excess
groundwater to be reported. The factor depends on the nature of the member (Member Land or
Member Service Area), the date of enrollment, and the AMA. For example, if Rancho Sahuarita
Water Company pumped 1,100 AF of groundwater in 2007, ADWR would first determine the
portion of this pumping that is considered “excess” groundwater, then Rancho Sahuarita would
multiply this volume of excess groundwater by CAGRD’s excess groundwater reporting factor
for a Member Service Area in the Tucson AMA for 2007—that is, 9/30ths, or 0.3. ADWR’s
determination of the volume of excess groundwater is based upon the water provider’s share of
the basin’s natural recharge, among other things specifically related to the water provider. If the

volume of excess groundwater is 1,000 AF for Rancho Sahuarita, then the replenishment
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obligation for Rancho Sahuarita would be 300 AF (1,000 x 0.3) in 2007. The excess
groundwater replenishment factor increases through time. The purpose of the replenishment
factor is to ease the transition for CAGRD members into paying the relatively high cost of
CAGRD replenishment.

Pursuant to ARS §48-3775, CAGRD must submit a Conservation District Annual Report
to ADWR by August 31 of each year showing the groundwater replenishment obligations
incurred and satisfied in the previous calendar year. The CAGRD must replenish each AMA’s
aggregate replenishment obligation within three calendar years. Water providers serving MSAs
pay the CAGRD for the replenishment of the entire service area’s annual excess groundwater
consumption, and recover the cost in their rates. With Member Lands, individual parcels are
charged for the replenishment CAGRD performs on their behalf in the form of an assessment on
their property tax.

To demonstrate that its activities are in compliance with the management goals of the
AMAs, the CAGRD must submit a Plan of Operation to the Director of the Arizona Department
of Water Resources every ten years describing the activities for each active management area
that the CAGRD proposes to undertake during the following one hundred calendar years (ARS
§45-576.02C). The plan must include the following information for each of the three AMAs:

= Cumulative groundwater replenishment obligations and the extent to which those
obligations have been met in the 10 years preceding submittal of the plan;

= An estimate of the CAGRD's current and projected groundwater replenishment
obligations for current members for the 20 calendar years following the
submission of the plan;

= An estimate of the CAGRD's projected groundwater replenishment obligations for
the 100 years following the submission of the plan for current members and
potential members based on reasonable projections of real property and service
areas that could qualify for membership in the 10 years following the submission
of the plan;
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= A description of the water resources that the CAGRD plans to use for
replenishment purposes during the 20 calendar years following submission of the
plan and water resources potentially available for groundwater replenishment
purposes during the subsequent 80 calendar years;

= A description of the CAGRD's current replenishment reserve activities in each
AMA for the 10 years preceding the current plan and planned replenishment
reserve activities for the ensuing 10 years to be undertaken pursuant to ARS §48-
3772E;

= A description of any facilities and projects to be used for replenishment and the
replenishment capacity available to the district during the 20 calendar years
following submission of the plan;

= An analysis of potential storage facilities that may be used for replenishment
purposes;

= A description of the CAGRD's capability to meet the current and projected
groundwater replenishment obligations for the 20 years following the submission

of the plan; and

= Any other information that the director may require.

One of the key requirements of the Plan of Operation is the demonstration that the CAGRD’s
water portfolio is reliable and secure. However, the standards for this demonstration are
different from the AWS standards for individual water providers and developers. While the
CAGRD must provide a description of water it “plans” to use to fulfill 20 years of replenishment
obligation and water “potentially available” for the remaining 80 years of the standard 100-year
AWS demonstration, other entities must acquire firm water supplies for 100 years. No statute
requires the CAGRD to possess secure water supplies to meet its obligations for 100 years, as is
the requirement for non-CAGRD members.

The temporary nature of CAGRD’s water supply portfolio may be justified, however.
Since the CAGRD replenishes water after it has been pumped, it may logically follow to allow

the CAGRD some flexibility in obtaining water supplies to meet its obligation. Also, because
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water providers must demonstrate the physical availability of groundwater, the reliability of the
customer’s water supply is physically unaffected by the CAGRD’s ability to demonstrate the
future availability of water supplies. Another reason is that the risk of losing one particular
water source demonstrated on paper is reduced by allowing the CAGRD to assemble a diverse
water supply portfolio, which is more difficult to do with more economically scarce long-term
water supplies. CAGRD appears to be a good candidate for cobbling together the “left over”
water supplies that would not otherwise be used to demonstrate 100 years of water (Holway,
Newell, and Rossi 2006).

In the short-term, CAGRD will continue to rely year-to-year on “excess” CAP water—
unused CAP entitlements, un-contracted CAP supplies, and surplus Colorado River supplies—to
fulfill its replenishment obligation. But excess CAP water is only a temporary resource; as
demand for CAP allocations increases, the “low-hanging fruit” of excess CAP supplies will be
removed from the market. As stated in the 2001 Report of the Governor’s Water Management
Commission, “a permanent demand has been created on temporary supplies” (Governor’s Water
Management Commission 2001). In time, CAGRD will be forced to enter the water supply
market and compete for limited and increasingly expensive water supplies. While replenishment
dues are relatively inexpensive for CAGRD members today, future replenishment costs are likely
to be significantly higher than current rates. (Future water supplies may include Indian leases,
mainstream Colorado River allocations, or effluent supplies.)

To protect the customers of the CAGRD from having to pay the highest market price for
increasingly scarce water supplies, and to avoid having a crisis of water supply availability, the
2001 GWMC recommended that legislation be drafted to require the CAGRD to establish a

“replenishment reserve” of up to 20% of CAGRD’s 100-year replenishment obligation. The
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replenishment reserve, instituted in 2004, consists of long-term storage credits that are stored on
behalf of the members of the CAGRD for each AMA. The Replenishment Reserve Fees must be
paid by new members as of 2004 and are based on the AMA’s Replenishment Reserve Charge
and the volume of each member’s projected built-out replenishment obligation (Ferris, Megdal,
and Eden 2006). The benefit of the replenishment reserve is that it does not force CAGRD to
purchase 100-year firm supplies and therefore compete with water providers, many of them
CAGRD members themselves. It also allows CAGRD the flexibility to take advantage of short-

term water supplies at reasonable cost as they become available.

1.5.5.1.Water Availability Status

In 1999, an additional responsibility was added to CAGRD’s already unenviable list of
obligations with the passage of House Bill 2262, the Water Sufficiency and Availability Act.
The statute allows any city, town, or private water company that qualifies as a CAGRD Member
Service Area to meet the physically available water supply criterion of the Assured Water Supply
rules by entering into a contract to have CAGRD deliver water where it is physically accessible.
In effect, water providers unable to receive a designation of AWS or renew their designated
status due to physical constraints may contract with CAGRD to receive up to 20,000 acre-feet of
water per year for recharge in the location of recovery or for direct delivery. Upon approval of
CAGRD’s application to grant “Water Availability Status” to the water provider, CAGRD and
the water provider are free to contract for ex ante deliveries (ARS §45-576.07B). Rates for
water deliveries per a Water Availability Status contract do not include a replenishment reserve
component. As of December of 2007, the City of Scottsdale is the only MSA that has executed a

Water Availability Status contract with CAGRD, at a maximum of 3,460 acre-feet per year.
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Essentially, the Water Availability Status provision extends the responsibilities of the CAGRD
from helping all members demonstrate the availability of a renewable water supply to helping
some members with the more basic requirement of showing that water is physically available to

begin with.

1.6. Underground Storage, Savings, and Replenishment Programs
For entities possessing a CAP subcontract, there are several alternatives to the CAGRD
that facilitate compliance with the AWS rules. The Underground Storage, Savings, and
Replenishment Program was originally authorized in 1986, and later expanded in 1994. The
program was developed to help achieve Arizona’s goal of fully utilizing (and thereby protecting)

its entitlement to the Colorado River by facilitating replenishment of CAP water.

1.6.1. Groundwater Savings

The groundwater savings program is one of the pillars of the Underground Storage,
Savings, and Replenishment Program. It is essentially a partnership between irrigation districts
looking for low-cost water supplies and cities looking to make use of available renewable
supplies, including CAP water and, to a lesser extent, effluent. Per the Assured Water Supply
rules, a municipal water provider must offset all pumped groundwater that is deemed “excess.”
Participation in the Groundwater Savings program helps accomplish this by allowing the
municipal provider to purchase CAP water and resell it to the partnering irrigation district (or
individual farmer in some cases) at a cost that competes with the district’s cost of pumping
groundwater. The district therefore uses CAP water “in lieu” of the groundwater it would have

pumped, and the municipal provider earns storage credit for the “saved” groundwater.
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To participate as a Groundwater Savings Facility, an irrigation district must receive a
permit from ADWR to register as a GSF. To receive a permit, a district must demonstrate legal
and physical ability to pump groundwater, and prove to ADWR that the CAP water to be
subsidized by the water provider would be substituted on a gallon-for-gallon basis for the
groundwater that would have been pumped by the district (ARS §45-812.01(B)). A farmer
whose land lies within an irrigation district that holds a valid GSF permit automatically qualifies
to receive CAP water through the Groundwater Savings Program.

To partner with a particular GSF, a municipal water provider must obtain a Water
Storage Permit from ADWR (ARS §45-831.01(A)). Water stored at a GSF by a permitted water
provider may be recovered at any time. However, if the water provider wishes to recover some
of the water stored at a GSF after the end of the calendar year, it must obtain a long-term storage
account with ADWR to be able to keep a record of its generated storage credits. For example, if
100 AF are stored at a GSF in August and are not recovered until the following January, then the
stored water is added to the utility’s long-term storage account. Since the water was not
recovered within the same calendar year as it was stored, the long-term storage credits available
to the utility are 95 percent (95 AF in this case) of the original volume stored; the remaining five
percent (5 AF) are a non-recoverable “cut to the aquifer” for the simple purpose of aquifer
replenishment. Only water providers with a Designation of Assured Water Supply from ADWR
may earn long-term storage credits.

To illustrate how the groundwater savings program works, consider an example “Water
Company X” in Tucson. Possessing a CAP allocation but unable to deliver it directly, the
Company may use its CAP allocation indirectly through participation in the groundwater savings

program. After obtaining a Water Storage Permit, Water Company X may coordinate with
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“Irrigation District Y to deliver its subcontracted CAP water to Irrigation District Y for a price
that competes with other water sources the District would have used. Once the delivery has
occurred, Water Company X may then recover none, part or all of the resulting groundwater

savings credits anywhere within the AMA at any time.

1.6.2. Underground Storage

The underground storage program differs from groundwater savings in that it physically
adds water to the aquifer by directly recharging surface water using injection wells, streambeds,
or constructed spreading basins. Any water supply that meets the standards of the Arizona
Department of Environmental Quality may be directly recharged; effluent treated to high quality
standards (ADEQ Class A) is often recharged through streambeds. As with indirect recharge, the
stored water retains its legal character upon recovery. For example, groundwater that is
recovered using water storage credits generated with CAP water is legally considered CAP water
upon recovery, though it may be chemically dissimilar from CAP water and recovered many
miles from the location of storage. Effluent is considered to be its own category of water—
neither groundwater nor surface water; upon recovery, it is still simply “effluent.”

As with groundwater savings, water stored at an Underground Storage Facility (USF)
may be recovered directly by installing pumping wells near the recharge site and wheeling the
water on the CAP aqueduct or other distribution system, or indirectly by pumping groundwater
in another location and extinguishing storage credits from the storer’s long term storage account.
In addition, water recovered after the end of the calendar year in which the storage occurred is
considered recovery of long term storage credits and is subject to the five percent “cut to the

aquifer” (ARS §45-852.01).
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1.7. Emergence of ‘Paper Water’ Management

Arizona’s storage and recovery programs are truly innovative water management
practices in the sense that they have maximized the use of renewable supplies, achieved the full
use of Arizona’s Colorado River entitlement, successfully stored large volumes of water to
mitigate the impact of future drought, and moved Arizona closer to offsetting gross overdrafts in
some of the state’s most unbalanced aquifers (Colby and Jacobs 2006). Yet part of the reason
these programs are considered innovative is that they gained wide support from disparate
interests to achieve these policy objectives. This process naturally required some compromises,
often in the form of policies and provisions that may be considered less desirable from a long-
term water management perspective.

One result of these provisions often debated in the Arizona water community is the
“paper water” system as a disincentive for water users to correct local aquifer drawdowns. Paper
water refers to “the accounting methods used to track the amount of water added to and removed
from underground aquifers in the AMA and for water that passes into and out of the boundaries
of the AMA” (Schwarz 2006). The paper water system was developed in the 1980s as a critical
step toward managing the groundwater resources of the AMAs. It provides a legal accounting
procedure for monitoring water users’ groundwater pumping and replenishment. However, the
paper water system is criticized for monitoring groundwater pumping and replenishment at the
AMA level rather than a more local level. The AMA-level accounting stance effectively treats
the AMA like a giant bathtub, where the water level quickly equalizes in the tub regardless of the
locations of inputs and outputs. Critics of this system point out that because aquifers do not

behave like bathtubs, reliance on a system that allows groundwater to be replenished far from the
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area of pumping enables localized water level drawdowns to continue. Thus, the paper water
system enables a water utility to be in full compliance with the AWS rules on paper while
dewatering a portion of an aquifer that is far from the location of existing renewable water
supplies. This is seen as a problem for two reasons: (1) the water utility does not have to pay for
any environmental damages from dewatering the aquifer; and (2) renewable supplies will
eventually have to be imported to provide the residents of the community served by the water
utility with a stable supply of wet water.

The paper water system was developed to allow urban and suburban growth to continue
in the AMAs by delaying the cost of physically transporting renewable water supplies. Built
upon and taking full advantage of the paper water system is the Central Arizona Groundwater
Replenishment District. The enormous popularity of the CAGRD has engendered concern that
the paper water system is enabling growth to occur without regard for the future cost of that
growth on future residents. As the cost of replenishment increases, homeowners in CAGRD
member subdivisions will be forced to pay these higher costs. In addition, some of these
communities may need to invest in the physical infrastructure to directly deliver CAP supplies as
their wet water supplies dwindle. To date, the potential implications of paper water reliance

have not been explicitly analyzed.

1.8. Research Objectives and Hypotheses
This research effort is has two primary objectives. The first objective is to use the
language and conceptual models of economics to explain how CAGRD formed, and link some of
its current issues to the process of its formation. The second objective is to use a spatially

explicit economic model to (a) show how CAGRD (together with the “paper water” system)
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affects the regional distribution of physical water supplies in an Active Management Area, and
(b) predict the long-term economic impact of CAGRD. Once developed, this model should serve
to reveal the factors that control the duration of CAGRD dependence for a given water provider
and make explicit the economic significance of this dependence.

The two hypotheses regarding CAGRD’s formation and long-term impact that this study
will attempt to test are:

(1) As apowerful regulated interest, Arizona’s development community changed its
opportunity set by affecting the institutions governing water use by new
developments;

(2) The duration and degree of dependency upon the CAGRD to comply with the
Assured Water Supply rules vary widely among its members, depending primarily
on the location and size of the CAGRD member.

Subsequent chapters will discuss the theory and analytical framework used to test these
two hypotheses. Chapter 2 explains the economic theory underpinning the analyses used to test
the hypotheses, discussing both the political economic theory of a cooperative negotiation with
bargaining power (for Hypothesis 1), and the mathematics and microeconomic theory of the
optimal depletion of an exhaustible resource (for Hypothesis 2). Chapter 3 discusses the
evaluation methods for deriving the data for the political economic analysis, and the results of
this analysis. Chapter 4 develops an economic model with a strong spatial component to analyze
the long-term economic impacts of the CAGRD with respect to Hypothesis 2. Finally, Chapter 5
concludes the results of this research effort and discusses policy implications and potential

improvements and extensions.
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2. CONCEPTUAL MODELS

Understanding the formulation and long-term implications of the Central Arizona
Groundwater Replenishment District requires two conceptual models. The first conceptual
framework uses a Nash cooperative bargaining model to understand the political economy of the
CAGRD’s formulation. The second conceptual model blends elements of optimal control
theory, the economics of exhaustible resource consumption, and spatial analysis to examine the

CAGRD’s possible long-term economic impacts.

2.1. Nash’s Cooperative Bargaining Model

The economic theory of cooperative bargaining, an extension of what is known as the
mutual gains model, is a useful framework for understanding the political economy of the
CAGRD’s formation. The mutual gains model is an analytical framework for negotiated
agreements predicated on the assumptions that negotiating parties understand each other’s
interests, and agreements yield net gains for all parties. Figure 2.1 illustrates the principles of the
mutual gains model. Each axis represents the satisfaction (or gains) index of the negotiating
parties: player D’s satisfaction increases northward along the y axis; player R’s satisfaction
increases eastward along the x axis. Each player has a reservation value with respect to the
negotiation, a “best alternative to negotiated agreement” (BATNA), depicted as lines d and r in
Figure 2.1. Negotiation occurs only when both parties expect to be better off by negotiating;
therefore, for each party, the expected return must be greater than the BATNA. The marginal
point of negotiation is the intersection of the BATNAs for the two parties—point L in Figure

2.1a, a sort of worst-case scenario for negotiation. To the northeast of L lies the zone of
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potential agreement (ZOPA). The ZOPA is bounded by the negotiation possibilities frontier
(NPF), which represents the set of efficient agreements yielding the maximum possible gains
from negotiation. Some points along the NPF favor player D (as in point M); other points favor

player R (point N).

Figure 2.1: The Mutual Gains Model
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During a negotiation, a party may increase the position of their own BATNA or decrease
the position of the opposing party’s BATNA by using information advantage, threats, or better
negotiating skills to influence the opposing party’s perception of the negotiation. Figure 2.1b
illustrates a situation where R is able to increase its position from r to r’ during negotiation. R’s
maneuver raises the level of satisfaction required to entice R to negotiate, and eliminates from
the set of efficient agreements those that were previously most favorable to D. Each party
should therefore work to strengthen their BATNA relative to their opponent’s BATNA prior to

and during negotiation.
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John Nash extended the mutual gains model to develop the economic theory of
bargaining power in a negotiated agreement (Dixit and Skeath). The Nash bargaining model
further requires that (1) the negotiated outcomes are invariant if two parties’ payoffs increase
proportionally; (2) efficient outcomes are achieved; and (3) irrelevant (non-efficient) alternative
outcomes are ignored.

Figure 2.2 graphically illustrates Nash’s cooperative solution to a negotiated agreement
with bargaining power. D’s BATNA is to accept a rule prescribed by R, at a cost of d. In other

words, if negotiations fail, D cannot expect a better outcome from R’s prescribed rule than d.

Figure 2.2: Nash’s Cooperative Solution
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Now let R’s gains from negotiation be designated as x and D’s gains be designated as y. The set
of efficient agreements forming the negotiation possibilities frontier (NPF) will therefore take the
functional form of y = f(x). Any negotiated agreement will result in the following gains for the

two parties:

R receives a total payoff of x-r;
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D receives a total payoff of y-d.
Let the division of gains received by each of the bargaining parties be designated such that R
receives an h-proportion of the surplus, D receives a k-proportion, and 4 and k sum to one.
Maximizing

(x-r)"(y-d)* subject to y = f(x) 2.1
Gives the unique Nash cooperative solution:

(x-r)/h = (y-d)Ik (2.2)

The bargaining power parameters / and k are critical to the final negotiated outcome.
First, because the proportions of bargaining power affect the shape of the objective function, a
range of efficient, optimal solutions to negotiation is possible. Each optimal solution in this
range lies along the NPF, and all are possible Nash solutions to the cooperative agreement. If
one party’s bargaining power increases, they are able to influence the objective function such
that the set of available contract curves—and, therefore, the set of optimal solutions—is moved
in their favor. An increase in & corresponds to an increase in (x-r) and a decrease in k and in (y-
b). An increase in A also tips the balance of favorable outcomes toward R and away from D.
When 4 equals k, the negotiated agreement reaches point O, and the gains from negotiation are
evenly distributed between R and D; when h equals 1, R possesses all the bargaining power in
the negotiation, and an agreement is reached with outcome N, favoring R exclusively;
conversely, when D holds all the bargaining power, an agreement is reached with outcome M,
favoring D exclusively. Any range of outcomes is possible when the bargaining power is shared
between R and D—that is, & and k are such that O</h, k<1.

The Nash cooperative agreement demonstrates that agreements or rules formulated in the

mutual gains framework will depend upon the balance of bargaining power between the
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negotiating parties. Bargaining power comes in many forms. Superior negotiating skills
naturally improve bargaining power. Threats (to walk away from the negotiation, for example)
may also shift the balance of bargaining power in a negotiation. Information advantages may
also translate into bargaining power, if used to alter the content of the body of data under
contemplation, to shape options and perceptions of reality, or to alter the order or valuation of
possible outcomes (Bartlett 1973). With the outcome so contingent upon the balance of
bargaining power, each negotiating party will seek to improve its own BATNA in negotiation by
changing the other party’s perception of the negotiation, decreasing the BATNA of the opposing

party, and/or increasing its own proportion of bargaining power.

2.2. Optimal Depletion of an Exhaustible Resource

The second conceptual model attempts to elucidate the long-term economics of the
CAGRD using optimal control theory, as it relates to the economic theory of exhaustible
resource consumption. Provided some basic policies are met, water utilities in Arizona’s AMAs
will continue to pump groundwater until it is economically efficient for them to import
renewable water supplies from the CAP aqueduct. Optimal control theory and the economic
theory of exhaustible resource consumption provide the conceptual framework for how we might
estimate the likely durations of time that water providers will continue to pump and replenish
groundwater (and thus rely upon the CAGRD to meet the Assured Water Supply rules). In
Chapter 4, spatial analysis will be used as a tool for generating and analyzing key pieces of

economic data for this analysis.
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2.2.1. Optimal Control Theory

Following Holland and Moore (2003), let W(¢) represent the quantity of groundwater
utilized by the water provider at time ¢ and U(W(¢)) be the gross surplus gained from this water
at time ¢ where U,” > 0 and U,” < 0. The water provider has two possible sources of water: local
wells under their control or imported water from another source. Let I be the quantity of water
that could be imported.” However, I can be imported only after the construction of a pipeline,
connecting the two water distribution systems. Let P be the pipeline construction costs and C//
be the operating costs (including water price) of importing / acre-feet of water after the pipeline
is constructed.

Currently, the groundwater is replenished by precipitation (R) and the percolation of W at
arate 0 <a < 1. Total recharge is R + aW(¢). The quantity of groundwater pumped at # is g(¢).
The overdraft is g(r) — R — aW(#). The growing difference between g(¢) and total recharge can
stimulate regulatory action against the water provider by the water authority.

The state variable

b :
ﬁ) g(t)— R —aW(t)d(r) 23)

is the cumulative groundwater overdraft. Pumping cost is an increasing function of the
cumulative overdraft because pumping cost at time ¢t depends on the pumping lift. As a result, let
c(S(1))g(t) be the cost of pumping g(¢) acre-feet of groundwater, where ¢’ > 0. Pumping costs

increase over time as the groundwater stock is depleted.

> A fundamental assumption of this analysis is that water utilities will be able to obtain any volume of CAP water
necessary to meet their future demand.
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The water provider must choose the optimal time (7) to build the pipeline so as to
maximize the present value of gross surplus less costs, where r is the discount rate. The water

provider’s challenge is

max fT e "U(W) — ¢(s)g]dt — e P + /;: e " U(W) — ¢ 1] dt

g(t),TJ0
(2.4)

The first integral is the water provider’s discounted net surplus before the pipeline has been built.
The second term in the objective represents the present value of the pipeline construction costs.
The second integral represents the net surplus after the pipeline has been built and importation
has begun. We assume that no groundwater is pumped following the importation of renewable
water supplies.

The equation of motion and the initial condition of the stock variable are

S(t) = g(t) — R — aW(t)

S(0) =0
In the steady state, groundwater mining will cease, i.e. § = 0. If it is efficient to build the
pipeline and utilize it at capacity (implies shutting down all wells), steady-state water usage is
W¥ =1

To compute the efficient time for a water provider to construct a pipeline, first define the
superscripts (-) and (+) to indicate paths before and after 7, the optimal time to construct the
pipeline and begin delivering water sourced from outside the water provider’s service area
(Hartwick, Kemp and van Long 1985). The first-order condition for optimal project timing, H +
rP=H",is

e UMW) —e(s)g —MT) g —R—aW )] 4+re P - { UMW) —¢I]} =0
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(2.5)
This equation is derived by constraining Equation (2.4) with the equation of motion of the stock
and differentiating with respect to 7. This first first-order condition can be written as
UW™)+aXT)W™ = (c(s) + MT))g~ =UWT) +aNT)W* — ¢ —rP
(2.6)
The first three terms on the left-hand side of Equation (2.6) represent the gross benefit gained
from water usage and recharge less the costs of pumping groundwater. The right-hand side is the
net benefit of importing water via pipeline. So Equation (2.6) implies that the optimal time (7)
to build the project is when the net benefit of importing water exceeds the net benefit of pumping

groundwater.

2.3. Microeconomic Principles of Exhaustible Resources

Optimal control theory provides a formal mathematical treatment of the relatively
straightforward microeconomic principles dealing with exhaustible resource consumption.
Groundwater is considered an exhaustible resource in central Arizona because the rate of
extraction exceeds the rate of natural recharge in most circumstances. Arizona law
acknowledges that groundwater mining will occur and allows some mining in the AMAs and
almost all mining outside of AMAs.® Mining is limited in the AMAs by ADWR’s groundwater
decline standard of a maximum of four feet per year decline (Bodenchuk 2008). Groundwater
mining is also alleviated by artificial recharge, wherein renewable supplies are brought in and

allowed to recharge an area of the aquifer. Yet for the purposes of water management,

®If a developer seeking to build a subdivision outside of the AMAs, the current Assured and Adequate Water
Supply rules do not require the developer to demonstrate that the water supply is renewable; the water supply need
only be of adequate quality and legally, physically, and continuously available for 100 years. See ADWR’s
summary of the AWS program, <http://www.azwater.gov/dwr/WaterManagement/Content/Forms/WADSumm.pdf>
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recharging in a well field’s cone of depression is basically equivalent to a transition to renewable
supplies. Most communities in Arizona are currently relying on the provision that allows
recovery of stored water outside the area of hydrologic impact. Under these conditions, the
physical supply of groundwater is in fact an exhaustible resource.

Hotelling (1931) is widely credited with developing the foundations for the modern
economic theory of exhaustible natural resources (Devarajan and Fisher 1981). Hotelling
recognized that a resource owner’s profits depend not only on the rate of extraction but also on
the stock remaining in the ground, for the simple reason that extraction costs increase with
cumulative production. A century earlier, David Ricardo similarly reasoned that a resource of
heterogeneous units is consumed starting with the units that have the lowest marginal cost of
extraction. This is true for groundwater in two ways: (1) water tables fall as the cumulative
extracted stock increases, requiring higher energy and treatment costs to extract and use the
resource; and (2) as local water supplies dwindle it may become necessary to seek out more
distant supplies, which are inherently more expensive than the cost of pumping in the initial time
period due to the cost of importing the alternative supply. In other words, by pumping
groundwater in period 7, a groundwater user affects the cost at which they and other water users
obtain their water supplies in period ¢ + 1. Water is thus withdrawn too quickly because a
groundwater user is not fully compensated for reducing its rate of pumping to the socially
efficient rate in period ¢ (Provencher and Burt 1993).

The rate of depletion of an exhaustible resource is affected by the presence of a backstop
renewable supply. If a renewable substitute is available to replace the exhaustible resource,
depletion is more rapid and continues until the marginal extraction cost rises to a “switch price,”

equal to the average cost of importing the renewable substitute. As the optimal control model
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presented in the previous section makes clear, the resource user will stop mining the exhaustible
resource and import the renewable substitute when the marginal extraction cost for the
exhaustible resource rises to the switch price. In particular, consumption tends to move to a
steady-state determined by the social rate of time preference and either the marginal rate of
supply for the backstop resource or the marginal cost at which the backstop supply becomes
available (Krautkraemer 1998). It is possible (though not modeled in this study) that under
certain conditions the resource user will choose to employ both resources simultaneously (see,
for example, Tsur and Zemel 2003). But to enable a positive resource flow, and possibly to
mitigate environmental damages resulting from continued resource extraction, a renewable
supply will be required to augment or supplant the diminishing stock. The expected form of

such a transition can be seen graphically in Figure 2.3. Panel (a) graphically shows that while

Figure 2.3: The Transition to a Renewable Resource: Cost (a) and Quantity (b) Profiles
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the unit cost of importing the renewable supply decreases with water demand and other factors,
the unit cost of continuing to pump groundwater increases with water demand and similar

factors. At any point in time, the utility will choose to use the supply that is available at lowest
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cost. Initially, groundwater is available at lowest cost, so the utility pumps groundwater. At
point 7*, however, the unit cost of pumping becomes equal to the cost of importing a renewable
supply, prompting the utility to make the economically rational decision to stop mining

groundwater and instead import renewable water supplies to meet water demand.’

" The consumption of the exhaustible resource may continue after T* at the rate of stock replenishment, ». For many
exhaustible resources, such as mineral deposits, r is zero, and only improvements in technology may allow for
additional use of the exhaustible resource. In the case of groundwater, however, there is often some small amount of
recharge to the system that is small enough to consider the resource exhaustible, yet large enough to accommodate
some level of sustainable resource consumption.
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3. THE POLITICAL ECONOMY OF THE CAGRD

Understanding the political economic context in which the CAGRD formed is imperative
to testing the first hypothesis of this study, and a critical first step in evaluating the CAGRD’s
long-term economic impact. Often, the issues surrounding a particular policy can be traced back
to the political economy of its formation, development, and governance. This chapter outlines a
framework for analyzing the political economy of the CAGRD’s formation, and discusses the
relationship between the CAGRD’s political economic context and some of its key initial and

secondary effects.

3.1. Analytical Approach

Accurate, reliable information is the foundation of effective policy analysis. Depending
on the research question and the particular policy being examined, this information may be
quantitative or qualitative in nature. Often economists analyze policies using only quantitative
data. They do so at their own peril. Some of the most important policy questions require an
endeavor into the world of qualitative evaluation, and to ignore these questions is to risk
producing an ultimately ineffectual analysis. Quantitative measures, though widely accepted as
the standard for evaluation, often do not adequately capture the complexities of the issue at hand.
As we will see later in this study, understanding a policy’s political, social, and emotional
context may yield economic insights that would not be gleaned from quantitative data analysis.

One established qualitative method of policy evaluation is triangulation. The term
triangulation refers to the idea promoted by Donald Campbell that “every method has its
limitations, and multiple methods are usually needed” (Patton 2002). As in geometric

triangulation, where the surveyor uses multiple points to calculate his position, triangulation in
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policy evaluation involves the use of multiple evaluation methods or data sources, including both
quantitative and qualitative approaches (Patton 2002). Denzin (1978) identified four different
types of triangulation. Of these, two are used in this study: methodological triangulation and
data triangulation.

Methodological triangulation is the use of multiple methods to study a single problem. It
is used in this study to analyze the CAGRD and the paper water system using both qualitative
and quantitative methods. The qualitative method used in this study forms the basis for the
analysis of the political economy of the CAGRD and its formation: standardized, open-ended
interviews of individuals who are knowledgeable about the research topic. The goal of these
interviews is to gain multiple perspectives and thus maximize the accuracy and relevance of the
study. The interviews were geared primarily toward the analysis of the political economy of the
CAGRD’s formation. Indeed, attempting to elucidate the political economy of the CAGRD
without seeking multiple perspectives on its formation and impacts would have resulted in a
rather myopic and incomplete analysis. (This chapter describes the interview process and
discusses the results of the findings of the interviews.) The quantitative method used in this
study, developed in Chapter 4, is a spatial economic model to analyze the possible long-term
economic impact of the CAGRD. The benefit of using both qualitative and quantitative methods
in this study is that it builds checks and balances into the analysis.

Data triangulation is the use of a variety of data sources in a study, and is used here in
gathering qualitative data in the interview process. Interviewee candidates were selected based
on their affiliation with a particular target group that presumably would have a unique
perspective on the CAGRD and its formation: current and former government agency officials,

water providers, and members of the development community. Figure 3.1 illustrates the
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principle behind data triangulation. Qualitative data gathered from multiple perspectives allows
the researcher to compare among these perspectives and discern common themes and ideas in
what he hears and observes. These common themes and ideas form the basis for the

development of a coherent, reliable explication of the CAGRD’s formation and effects.

Figure 3.1: Triangulation of Multiple Perspectives Improves Accuracy, Relevance
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3.2. Data
Interviews were conducted in June and July of 2007 to gather information from 20
individuals considered knowledgeable about the CAGRD. Roughly equal numbers of interview
candidates were selected for each interview target group: water utility officials; developers and
development interests; and current and former government agency officials, including CAGRD
staff. (See Appendix D for a list of interviewees.) For about half of the interviews, two people

served as interviewers, both taking notes that were later compared. A standard, open-ended
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interview protocol was used to guide the discussion. The basic interview protocol consisted of

the following questions:

=  Why did the CAGRD form? Describe the events leading to its formation.

= To what extent would it be feasible to require subdivisions to comply with the AWS rules
without joining the CAGRD?

= From your perspective, has the existence of the CAGRD affected development
(numerically or geographically) in the Phoenix, Pinal, or Tucson AMAs? If so, how?

= How would developers cope with CAGRD capping membership outright?
= Describe the ideal solution to the growing enrollment problem, from your perspective.

= Does the location of replenishment within an AMA matter? Why or why not?

While a protocol was used to guide the discussion, often additional questions were asked in order
to expand upon issues important to the interviewee. In closing, interviewees were allowed to
share any additional comments or concerns regarding the Central Arizona Groundwater
Replenishment District that he or she felt had been omitted from the discussion.

After all the interviews were conducted, the interview responses were studied to identify
areas of agreement and disagreement from the different perspectives regarding the CAGRD’s
formation, its private and social costs and benefits, and possible solutions to some of the issues

surrounding it.

3.3. Results
3.3.1. The CAGRD’s Formation
The Central Arizona Groundwater Replenishment District formed in response to a

number of legal and political pressures. The first and most immediate pressure was the need to
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empower the safe-yield Active Management Areas to achieve safe-yield by 2025. While the
Arizona Groundwater Management Act of 1980 originally outlined what would become the
Assured and Adequate Water Supply (AWS) rules in 1995, the language in the GMA enabling
ADWR to adopt the AWS rules was unclear, and as of 1993 they had not yet been adopted. In
fact, ADWR had attempted to introduce AWS “Draft Rules” in 1988, but a strong negative
reaction to the Draft Rules from Arizona’s residential developers and homebuilder associations
caused them to be quickly suspended. Essentially, the Draft Rules failed because they lacked an
“institutional mechanism to help developers comply” with the progressive statutes. The relative
ease with which the Draft Rules were repealed stands as a testimony to the development
community’s power over the details of its own regulation. It also strongly suggested to ADWR
that the support of the development community would be crucial to the survival of subsequent
AWS rules. Eventually, negotiations between ADWR and key members of Arizona’s
development community would pave the way for the adoption of an agreeable “institutional
mechanism” in form of the Central Arizona Groundwater Replenishment District.

Another source of pressure leading to the formation of the CAGRD was Arizona’s desire
to maximize the use of its Colorado River entitlement. One reason behind this desire was the
depletion of the aquifers in central Arizona. A more pressing motivation, however, was the fear
among Arizona water managers that the use of Arizona’s unclaimed apportionment by California
and Mexico would enable Congress to revisit the River’s allocation to permanently reduce
Arizona’s entitlement. Decades earlier, this same fear initiated and sustained Arizona’s rally
behind the authorization, funding, and construction of the CAP aqueduct. Now, it appeared that
constructing the aqueduct was not enough to put CAP water to beneficial use; though

substantially complete by 1993, its annual conveyance capacity was disappointingly
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underutilized by over one million acre-feet (CAP 2005). As predicted by William Martin and
Robert Young during the design phases of the CAP, the price of CAP water was not competitive
with the cost of groundwater. Hence, irrigation districts that signed take-or-pay contracts for
CAP water were left in the position of having to pay for water that its member farmers were not
taking or paying for. Since agriculture was unable to afford the water deliveries the CAP was
designed to facilitate, Arizona’s Colorado River entitlement remained underutilized and,
perhaps, available for the taking. Short of forcing the agricultural and municipal sectors to
directly use more CAP water, CAP identified artificial recharge as a quick and relatively
inexpensive means of putting the rest of the entitlement to use.

In the face of these two major pressures, the CAGRD came as a unique solution to two of
the state’s biggest water management problems: the depletion of groundwater supplies and the
inadequate use of Arizona’s Colorado River entitlement. Notwithstanding the failure of the
Phoenix Groundwater Replenishment District, the development community felt that interest in an
entity offering replenishment services remained significant, particularly in the private sector, and
that a voluntary-membership approach might be more widely supported. So, in 1992,
representatives from a large developer of master-planned communities met with the Director of
ADWR to present the idea of a voluntary-enrollment replenishment entity. The Director,
recognizing the opportunity to gain the development community’s support for the AWS rules by
giving them a mechanism of compliance, supported the idea. The contingent of developers then
spoke with members of the CAP board, who supported the idea as a means of using more CAP
water and agreed to provide oversight of the replenishment authority should it succeed. In short,

as Avery, Consoli, Glennon, and Megdal (2007) aptly put it, “a deal was struck.” Within
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months, Fennemore Craig law firm was retained by the small group of developers to draft the
legislation, and on April 22, 1993, the Groundwater Replenishment District Act became law.

Applying Nash’s cooperative bargaining model may help to clarify and deepen our
understanding of the political economy surrounding the CAGRD’s formation. In the early
1990s, ADWR was attempting to regulate the use of groundwater to support new development
by adopting the Assured Water Supply rules in the Active Management Areas. The three central
AMAs of Phoenix, Pinal, and Tucson were experiencing rapid population growth, and residential
development was a significant source of revenue for the state of Arizona. As such, Arizona’s
political leaders were generally in support of population growth. Arizona’s development
community, in turn, depended upon the openness of Arizona’s water policies toward new
connections—particularly those using groundwater. Accordingly, water policies that would
potentially restrict Arizona’s rate of population growth were seen as a threat to Arizona’s
economy in general and the development community in particular.

As insisted upon by numerous sources (including one of the individuals who spearheaded
the creation of the CAGRD on behalf of his development firm), the CAGRD was the result of a
cooperative negotiation. Several parties played some part in advancing the negotiation, but
ADWR and the development community were the two most important players. Applying Nash’s
bargaining model, ADWR plays the role of the regulator and the development community
represents the regulated interest. As was demonstrated in Chapter 3, the negotiated outcome
strongly depends upon the balance of bargaining power in the negotiation. During the
negotiations that led to the formation of the CAGRD, the balance of power was skewed toward
the development community—that is, in Equations (2.1) and (2.2) of Chapter 2, the development

community (player D) had more bargaining power (k>h) than ADWR (player R). The primary
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source of the development community’s bargaining power was the swift revocation of the AWS
Draft Rules in 1988, which demonstrated the development community’s power to control its own
regulation, and effectively served as a warning to ADWR that the development community had
the power to prevent the AWS rules from being adopted unless ADWR somehow helped the
development community comply with the rules. Many of the individuals interviewed for this
study believed that the development community’s bargaining power was so strong that the AWS
rules would never have been passed without some conciliatory measure like the CAGRD. In
other words, the development community’s best alternative to negotiated agreement (BATNA)
was simply the status quo, where new homes could rely upon groundwater without having to
offset the pumping with replenishment. But ADWR'’s leaders could not afford to allow the
Groundwater Management Act to remain ineffectual with respect to municipal groundwater
consumption; rather, these leaders knew that they had a responsibility to get the AWS rules
passed and get the safe-yield AMAs on track to meeting their statutory management goal of
achieving safe-yield by 2025. Put another way, ADWR’s BATNA was the failure of the AWS
rules and the loss of safe-yield as an achievable objective for the AMAs. With so much to lose,
ADWR recognized that negotiating with the development community was the only way forward.
The development community was able to leverage its bargaining power in the
cooperative negotiation with ADWR and capture a large share of the gains from the negotiation
in the form of a developer-friendly replenishment district. Several provisions of the CAGRD
testify to the power of the development community in shaping the CAGRD’s enabling
legislation: (1) the cost of enrolling in the CAGRD ($23 per home) is not only far below the cost
of delivering renewable supplies directly but is also below the typical development impact fee

for new residential water connections in most cities (Tucson Water currently charges $1,940 per
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home) (Tucson Water website 2008); (2) the cost of replenishment is passed entirely to the
homeowner (ARS §48-3778); and (3) CAWCD does not have the legal authority to limit
CAGRD enrollment. These provisions significantly reduced the impact of the AWS rules on the
development community by minimizing the cost of compliance by instituting a low enrollment
fee, passing the financial responsibility to the homeowner, and legally guaranteeing a simple
means of AWS rule compliance for years to come. As a result of the CAGRD’s generous
provisions, the AWS rules had little effect on the magnitude or pattern of urban development in
central Arizona. Virtually all the interviewees—water providers, water agency officials, and

developers alike—agreed with this basic conclusion.

3.3.2. Initial Effects of the CAGRD

The creation of the Central Arizona Groundwater Replenishment District as an authority
of the Central Arizona Water Conservation District paved the way for the adoption of the
Assured Water Supply rules in February, 1995. The two policies are inextricably linked; nearly
all of the individuals interviewed for this study argued that without the CAGRD, the AWS rules
would never have been adopted because the development community would have used their
political influence to prevent it. To illustrate the interconnectedness of the AWS rules and the
CAGRD, several of the interviewees considered my question regarding whether it would be
feasible to force developers to comply with the AWS rules without the CAGRD to be simply
“naive.” “It would never have happened” was a common response to this question, and from the
firm resolve of the interviewees representing the development community, it appears likely that
developers would never have allowed a situation in which they were required to demonstrate use

of renewable supplies without something resembling the current CAGRD—and never will.
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The CAGRD provided a simple means for developers to comply with the AWS rules, and
therefore allowed developments to continue to rely on groundwater as they had before. After the
AWS rules were passed, subdivisions continued to rely on groundwater for their physical water
supply as they had before the rules were passed. The only difference between before and after
the AWS rules is that owners of homes platted after 1995 that are not in the area of a designated
water provider and are legally considered part of a subdivision are now paying higher property
taxes to have the CAGRD bring CAP water into their AMA to replenish the groundwater they
have used. On an Active Management Area level, this is a big step. The AWS rules have been
successful in terms of bringing the water budgets of the Phoenix and Pinal AMAs closer to safe
yield. In some ways, the state has the CAGRD to thank for allowing that to happen. But neither
the AWS rules nor the CAGRD address the problem of “dry members” continuing to pump
groundwater in areas that are suffering from severe groundwater declines. So in effect, the
CAGRD has been a benefit to the AMAs in that it has enabled physical water supplies to be
brought into the AMAs per the AWS rules; however, it has also been a curse in that it has
enabled development to occur regardless of the location of renewable water supplies.
Furthermore, it is the conviction of several individuals interviewed for this study that the
CAGRD has decoupled land use and water planning and has thus made it more difficult not only
to avoid pumping groundwater in areas of severe overdraft, but also more difficult to develop the
integrated physical infrastructure necessary to efficiently deliver renewable water supplies to

these problem areas.
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3.3.3. Secondary Effects of the CAGRD
It is the secondary effects of the CAGRD that have attracted the most criticism: the rapid
rate of enrollment in the CAGRD, and the location of CAGRD members relative to the location

of the renewable water supplies that are replenished on behalf of the members.

3.3.3.1.Enrollment

Preeminent among the issues faced by the CAGRD is the fact that its membership has
exceeded nearly all expectations since its initial Plan of Operation was approved in 1995. Initial
projections estimated that CAGRD’s replenishment obligation in 2014 would be about 37,000
acre-feet; by 2004, the estimate had been revised upward to 97,700 acre-feet (Avery et al 2006).
Enrollment of Member Land homes in the CAGRD through the end of 2006 exceeded the
projections of the 2004 CAGRD Plan of Operations by nearly 47,000 units—more than 25
percent over projections (CAWCD July 2007).

The high rate of enrollment in the CAGRD reflects the simplicity of the decision to
enroll. Little is required of developers or water providers wishing to enroll as Member Lands or
Member Service Areas. Developers enrolling subdivisions must pay a simple enrollment fee of
$23 per home; water providers pay no fee, but simply enter into a contract to have the CAGRD
replenish their excess groundwater pumping. The CAGRD enrollment process essentially
eliminates the cost of complying with the criterion of the AWS rules demanding use of
renewable supplies, as well as the risk of someday violating this criterion. Even MSAs that are
not able to meet the physical availability criterion of the AWS rules may contract with the

CAGRD to have wet water delivered to their service area, per the Water Availability Status

¥ A summary of the CAGRD’s member enrollment since 1995 is given in Figure 3.2 (Appendix C).
Correspondingly, CAGRD’s replenishment obligation through the same period is given in Figure 3.3 (Appendix C).
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provision added in 1999.° Furthermore, many water providers with CAP allocations and access
to indirect methods of using their CAP allocations (i.e. groundwater savings and underground
storage facilities) have still joined the CAGRD because it is an easy way (and sometimes the
only realistic way) to demonstrate the availability of 100 years of renewable water supplies to
meet their future demand. Thus, for most developments and for some cities, the CAGRD is
easily the lowest cost means of complying with the AWS rules.

There is also evidence to suggest that developers are enrolling homes earlier than
necessary. Construction of ML homes through 2006 lagged Plan projections by nearly 17,000
units, or 18 percent below projections. Accordingly, actual replenishment obligations resulting
from member pumping in 2006 were about 11,500 acre-feet, almost 23 percent below projections
(CAWCD July 2007). CAWCD staff suspects that some of these homes may be registered
decades before they are actually constructed (CAWCD July 2007). One obvious explanation for
the early enrollment phenomenon is that developers are hedging against the risk that complying
with the AWS rules may not be so cheap and easy in the future. In a sense these developers are
buying an option: while the CAGRD door is wide open to new members todays, it is unlikely to
remain that way for long, as the CAGRD’s cheap primary water supply—excess CAP water—
disappears with rising demand for CAP and Colorado River supplies. The high enrollment in the
CAGRD is a direct result of the low cost of enrollment.

The water agency officials and the water provider staff interviewed for this study tended
to speak differently about the enrollment problem than the interviewees representing the

development community. Individuals in the former group tended to frame the growing

’ The Water Sufficiency and Availability Act (Arizona House Bill 2262) was enacted in 1999. It allows any city,
town, or private water company that qualifies as a CAGRD Member Service Area to meet the physically available
water supply criterion of the Assured Water Supply Rules by entering into a contract to have CAGRD deliver water
where it is physically accessible. See Section 1.5.5.1 for more details.
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enrollment problem as a lack of regulatory control, wherein CAGRD needs the explicit authority
to limit enrollment before acting on the issue, but would never be able to obtain this authority
because development community would not allow it. Individuals in the latter group, while
affirming the observation that the development community would not stand for CAGRD capping
enrollment, discussed the issue as a matter of money. Interviewees representing the development
community conveyed the sense that developers would be willing to pay much more to ensure
compliance with the AWS rules than they are currently paying through membership in the
CAGRD. This is a salient point. While CAGRD does not have the legal authority to deny or
otherwise limit enrollment, it does have the authority to change its enrollment fee. Nearly all of
the interviewees in the development community group felt that CAGRD, instead of focusing on
what it cannot do to control enrollment, should focus on what it can do: change the price. A
simple graph of supply and demand (Figure 3.2) shows that this is an economically sound
suggestion. Since CAGRD membership is supplied at a quantity that is invariant with changes in
the enrollment fee, the supply curve for membership is drawn perpendicular to the price (y) axis.
At a low enrollment fee of Py, more developers will choose to enroll their subdivisions in the
CAGRD, at a quantity of Qq. Raising the price to P, fewer subdivisions (Q;) will be enrolled.
Accurately predicting the response to price changes is difficult, however. The CAGRD
has never changed the enrollment fees for new Member Lands and the price elasticity of demand
for CAGRD enrollment is unknown. Nevertheless, higher enrollment fees would encourage
potential CAGRD members to consider other ways to comply with the AWS rules rather than
joining the CAGRD by default. Some alternative methods of compliance suggested by the
individuals interviewed for this study include the establishment of a private replenishment

cooperative, a higher degree of effluent reuse for non-potable and replenishment purposes, direct
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delivery of CAP supplies, purchase of extinguishment credits, and construction within the

service area of a designated water provider. If CAGRD is concerned that its membership has

Figure 3.2: Demand and Supply for CAGRD Membership
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grown beyond its ability to provide replenishment services, it ought to consider increasing its
enrollment fee to decrease the rate of enrollment to reasonable levels. CAGRD is not the only
available option for developers seeking to comply with the AWS rules, but with exceedingly low
enrollment fees it appears that CAGRD membership is basically the only option being
considered by developers. Increasing the fee may help to reduce enrollment, increase
conservation of groundwater in some areas, provide CAGRD with the financial resources to
acquire the water supplies to meet its replenishment obligation, and increase the incentive for

cooperation among water utilities seeking to use renewable supplies directly.
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3.3.3.2.Location of Replenishment

Another secondary effect of the CAGRD is that it has allowed development to occur far
from the CAP canal and existing artificial recharge projects, contributing to the reliance upon
“paper” water to comply with the Assured Water Supply rules. Per the AWS rules, the basic
spatial requirement for CAGRD’s replenishment is that it must be within the same AMA as the
excess groundwater pumping (i.e. if groundwater is pumped in the Tucson AMA, it must be
replenished in the Tucson AMA). While CAGRD replenishes in USFs and GSFs that are close
to the CAP aqueduct to minimize costs for its members, most of its members are pumping
groundwater many miles from the location of replenishment. Over time, the hydrologic
disconnect between pumping and replenishment may have serious consequences for some
members. Avery, Consoli, Glennon, and Megdal (2007) framed this problem in terms of “wet”
members and “dry” members:

“Wet” members are located in close proximity to CAGRD’s recharge and

delivery infrastructure, so that the member service area or the water provider

serving an ML is pumping groundwater in reasonable proximity to the site of

replenishment. In such areas, groundwater levels are likely to remain stable. In

other instances, the site of pumping is located far from the CAP delivery system

and storage sites that CAGRD has used, thus far, to meet its replenishment

obligations. In these “dry” areas, the hydrologic impacts of pumping are not

mitigated by replenishment. (p. 351)
The existence of “dry” members is a source of concern for many people in Arizona’s water
community, including those interviewed for this study. In an issue statement drafted in 2000
regarding the CAGRD, the Tucson AMA Safe-Yield Task Force opined that this imbalance may
lead to physical availability problems for some CAGRD members (Tucson AMA Safe-Yield
Task Force, 2000). In order to maintain the physical water supply of these “dry” members,

infrastructure will need to be constructed to directly deliver CAP supplies to their service areas.

For such members, reliance upon the CAGRD is likely to be a “bridge” to comply with the AWS
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rules until it is necessary or efficient to deliver renewable supplies directly. Yet for other
members who are within the area of hydrologic impact of replenishment or have stable
groundwater supplies for other reasons, it may prove to be more cost-effective to continue to
pump groundwater and pay the CAGRD for its replenishment services.

Therefore, any policy seeking to adjust the apparent imbalance of physical water supplies
is faced with a complex and delicate matter. Each municipal water provider or private water
company faces a unique set of conditions related to physical water availability, water quality,
water demand, distance to renewable supplies, and so on. Requiring all water providers to
immediately transition to direct delivery of renewable supplies would not even be plausible, let
alone efficient. Instead, the comparative economics of groundwater pumping and infrastructure
development will likely guide each AMA’s physical water supplies into equilibrium in the long

run. The question is, how long will it take? And what will it cost? And who will pay for it?
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4. THE SPATIAL AND TEMPORAL DIMENSIONS OF WATER RESOURCE
ECONOMICS: IMPLICATIONS FOR CAGRD RELIANCE AND LONG-TERM
IMPACT

In the final analysis, the utility of the Central Arizona Groundwater Replenishment
District will be judged by its impact on the ability of the Phoenix, Pinal, and Tucson Active
Management Areas to achieve safe yield.'"” As Chapter 3 makes clear, Arizona would not have
had the Assured Water Supply rules without the CAGRD or a CAGRD-like mechanism.
Without the AWS rules, it would have been nearly impossible for these AMAs to achieve safe
yield by 2025. (Even with the AWS rules, most experts would agree that it is unlikely that the
so-called “safe-yield AMAs” will be able to accomplish this.) Since the ability of these AMAs
to achieve safe yield was the big concern that precipitated ADWR’s push for the adoption of the
AWS rules, it is only reasonable to ask whether the CAGRD as we know it today was worth the
compromise to pass the AWS rules. Or more precisely, does the CAGRD move these AMAs in
the direction of safe yield or away from it?

In answering these important questions, we today have the benefit of hindsight—at least
in part. Identifying in retrospect the problems associated with the CAGRD is relatively easy; the
District has been publicly criticized in recent years for its out-of-control membership enrollment,
its swelling replenishment obligation on tenuous supplies, and its perverse incentive structure
(Tenney 2007; Vincent 2007). These are noteworthy observations and obviously grounds for
careful policy changes. Nevertheless, attempting to discern the CAGRD’s impact on the AMAS’
ability to achieve safe yield requires a larger spatial and temporal perspective than a simple look
at the recent past. Since the achievement of safe yield hinges upon the degree to which

renewable water supplies are substituted for groundwater, the spatial economic analysis

' While historically the Pinal AMA has eschewed the management goal of achieving safe yield, it has begun to
move in that direction by revising its Assured Water Supply rules in 2006.
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developed in this chapter analyzes the CAGRD’s impact on this substitution process in the long
term.'" From this spatially and temporally broad vantage point, we should be in a better position

to assess the ultimate utility of the CAGRD and the “paper water” system on which it depends.

4.1. Analytical Approach

In Chapter 3, it was shown that it is possible to predict the efficient switch point between
groundwater and direct delivery of CAP water by comparing their respective costs through time.
The costs to consider in calculating the switch point are simply the parameters in Equation (2.6).
Some of these parameters are relatively straightforward to estimate. However, a water utility’s
location strongly influences many of the key cost parameters in the evaluation of its switch point,
most notably the distance CAP water must be transported to serve the water utility and the
physical conditions of the utility’s groundwater supply. Since these cost parameters are
inherently spatial, the tools of geography and spatial analysis are uniquely fitted for deriving
them. Geographic information systems (GIS), the modern geographer’s tool of choice, are
widely used in geographic analysis to capture, manage, manipulate, analyze, model, and display
spatially-referenced data. The tools of GIS are particularly useful in this application because
they provide the means to estimate both the cost of groundwater pumping and the cost of
importing CAP water for one or many water utilities. Thus, a “spatial economic” model was
developed using the tools of GIS to produce estimates of these location-based parameters.

For other parameters, GIS were not necessarily used.

' Focusing on the long term, this study does not consider indirect use of renewable water supplies (i.e. recharging
CAP water outside the area of hydrologic impact) to count as use of renewable water supplies.
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4.1.1. Predicting the Cost of Groundwater Pumping

The unit cost of groundwater pumping is equal to the sum of the direct costs incurred
from pumping and treating the groundwater, and in some circumstances replenishing this
groundwater in accordance with statute.'? A simple equation for estimating the average unit cost

($ per acre-foot) of groundwater pumping (AC) is given by
AC=2 (CL + CT+ CC + CR) 4.1)

where CL is the cost to lift groundwater to the land surface; CT is the cost to treat the water; CC
is the capital cost of improving and replacing wells; and CR is the cost of replenishment (in
Active Management Areas, if necessary).

The cost of lifting groundwater to the surface (CL) can be estimated by the equation

_ KLP
E

CL 4.2)

where K is a (unitless) constant determined by the density of the fluid (1.024 for groundwater); L
is the vertical lift from the water level in the well to the land surface in feet (ft); P is the unit cost
of energy per kilowatt-hour ($/kwh); and E is the well efficiency, which is usually 70 percent for
municipal pumping wells (U.S. EPA 2000). Therefore, the pumping cost is directly proportional
to the depth to the groundwater and the energy rate.

Water treatment is usually a small percentage (about 5%) of the total costs of water
service. Treatment cost depends on water quality, but since groundwater quality can vary
significantly from one location to another (and even within the same vertical profile at a
particular location) it is inherently difficult to predict the cost of water treatment for a given area

without collecting a significant amount of data first-hand. In general, though, we can expect

'2 A more complete definition of the cost of groundwater pumping would include the opportunity cost of not
replenishing within the area of hydrologic impact. Quantifying this cost, however, is beyond the scope of this
Master’s thesis.



68

water treatment to increase with depth because the total dissolved solids (TDS) in groundwater
generally increase with depth as warmer ambient temperatures enable higher solution rates for
minerals. An estimate of the depth-treatment cost function may be obtained empirically by
examining the typical water treatment costs of various water providers in the Tucson area. In all
likelihood, however, treatment cost will not significantly affect the efficient timeline of
groundwater use for any water provider because it is a relatively minor expense.

The cost of replenishment, however, may be the largest expense for a water provider.
Replenishment cost is a direct cost to the water provider, but also represents an opportunity cost
because the water provider pays the cost of replenishment but foregoes the hydrologic benefits of
storage. A water provider must replenish its reported excess groundwater pumping through the
CAGRD. In the Tucson AMA, the cost of CAGRD replenishment is currently $282/af—3.24
times the CAP M&lI rate of $87/af. According to Equation (4.2), if a water provider is pumping
from a depth of 475 feet, CAGRD replenishment will increase the cost of pumping groundwater
by about 50%. For some water providers, the only way to keep from paying the CAGRD for
replenishment is to build a pipeline to import CAP water directly.

Further complicating our estimate of the cost of groundwater pumping is the fact that
water levels are spatially and temporally dynamic. Predicting the direction and magnitude of
these changes across space and through time is a serious challenge, even for expert hydrologists
with large budgets of money and time. Micha Gisser, an economist at the University of New
Mexico, used a simple equation in estimating water level changes,

AS % =R+ (a-1H)W 4.3)

where A is the area of the aquifer; S is the aquifer storativity value (dimensionless); Ah/At is the

change in head (i.e. water level) with respect to time; R is the natural recharge to the aquifer; a is
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the return flow coefficient; and W is the volume of water pumped from the aquifer. We can
further simplify the equation by setting R and a equal to zero, since R is often negligible in those
parts of the basin that are not affected by stream baseflow and artificial recharge. Thus, water
level changes are directly proportional to groundwater pumping, and inversely proportional to
the aquifer’s area and storativity. While the latter variables may be easily attained with maps
and hydrogeologic investigations, the intensity of future groundwater pumping is only as good as
the population projections they are based upon. Therefore, multiple pumping scenarios should
be considered in the model.

Another possible way to predict water level changes is to observe historical trends in
water levels and use these rates to estimate the water level surface for future years. A key
assumption required for this method, however, is that changes in water levels will be constant
over time. Demands on groundwater resources are not constant over time, but may be increasing
because of population pressures, or may become stable if artificial recharge is introduced or if a
neighboring well field stops pumping. Such scenarios are difficult to predict but a model must
use the best available data to incorporate as many expectations as possible into the model. For
this reason, Gisser’s simple equation to predict water table changes is probably the more

desirable of the two techniques to estimate future water levels.

4.1.2. Estimating the Cost of Importing Renewable Supplies

To estimate the cost of importing renewable supplies, a geographic information system is
absolutely essential. Drawing a straight line from the CAP aqueduct (the supply node) to a water
provider (the demand node) would be an erroneous and simplistic method of determining the

cost of the pipeline. Between each supply and demand node is actually a landscape of physical,
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economic, and political obstacles that must be avoided: steep slopes, roads, utility lines, landfills,
buildings, etc. In reality, the least-cost distance between the two nodes is not a straight line, but
a line that is straight when possible and meandering whenever it is in fact cheapest to do so. GIS
provides a framework for building such obstacles into a predictive model to determine the least

cost pathway for the water pipeline—a good and necessary foundation for estimating its cost.

4.1.2.1.Siting Pipelines Using a Suitability Surface

Pipeline route selection is an exercise in constrained optimization, wherein the objective
is to minimize the length of the pipeline subject to land suitability constraints. Often,
infrastructure projects incorporate both pecuniary and non-pecuniary constraints into the
optimization problem. Pecuniary measures include access to rights-of-way, overall pipeline
length, land value, and geologic material. Non-pecuniary measures may include distance from
natural amenities, distance from potential mining areas, and alignment along future infrastructure
corridors. Each measure may be incorporated into a GIS as its own map layer, which may be
manipulated and integrated with other layers. By weighting and overlaying each of these layers
in a GIS, it is possible to create a “suitability surface” for the pipeline and use this surface for
finding the shortest pipeline route across the aggregated suitability surface. The pathway or
corridor identified by the model is the one that minimizes the cost of the pipeline. This process
is known formally as corridor analysis. Corridor analysis is rooted in locational analysis, a
subfield of geography, and has been applied to problems of siting oil and natural gas pipelines
(e.g. Delavar and Naghibi 2003), highways (e.g. Grossardt, Bailey and Brumm 2001; Jha and
Schonfeld 2004), wildlife migration patterns (e.g. Singleton and Lehmkuhl 2001), and other

linear features.
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Huber and Church (1985) describe the basic methodology for siting transmission
corridors using computerized corridor location systems. A suitability surface is a raster-based
(i.e. square grid system) surface created in a GIS. The surface is the aggregate of several input
layers. Each input layer may contain one or many elements (a cemetery contains one element,
the cemetery itself; a soil map contains many elements, one for each soil type). Each element is
assigned a suitability score based on its suitability for the construction and/or presence of a

pipeline. Figure 4.1 shows the procedure for developing a suitability surface.

Figure 4.1: Procedure for creating a cost input layer for an aggregate suitability surface
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To illustrate the procedure for developing a suitability surface, consider surface geology
as an input layer, with three elements: course gravels, weathered limestone, and granite (depicted
as checkered, grey, and white in Figure 4.1). Since it would be easiest to build a pipeline
through course gravels, more difficult for weathered limestone, and exceedingly difficult for
granite, these elements are assigned suitability values of 2, 4, and 6 to reflect their suitability for
pipeline construction (“Value Table” in Figure 4.1). This assignment or reclassification yields a
value map, which may be considered a suitability surface for this particular input layer (“Value
Map” in Figure 4.1). These layers are aggregated to form the total suitability surface. Prior to

aggregating the input layers, we may group the layers into categories and assign each category a
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different weight in the computation of the suitability surface, to better reflect the priorities of
different layers or groups of layers in the site selection process. In the example in Figure 4.1,
geology has been given a weight of 50% in the calculation of the suitability surface. For
example, regulatory layers may be more important than physical layers, so we may weight these

groups accordingly. Huber and Church (1985) use the equation

w,V,.
SS.—’Z::‘ P (4.4)
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to calculate the final suitability scores for each cell in the grid, where SS; is the suitability score
for cell j (lower values are more suitable); / is an index of input layers (e.g. railroads); n is the
total number of input layers; w; is the weight for layer /; and Vj; is the value of cell j in layer L
The aggregate suitability surface is analogous to a topographic surface, with peaks of
relatively high cost and valleys of relatively low cost. Adjusting the relative weights of the
elements in the input layers will change the form of the suitability surface and the identified
pipeline corridor alignment. Therefore, several weighting systems should be examined. Once an
agreeable suitability surface has been developed, a shortest path algorithm (e.g. Dijkstra’s
algorithm, 1959) is used to identify the optimal corridor between the origin and destination
points such that the “cost” of the corridor, as defined by the cumulative cost of traversing each of

the cells along the corridor, is minimized.
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4.1.2.2 Estimating Pipeline Construction Cost

The “real-world” cost of constructing the pipeline along the corridor identified in the GIS
model may be estimated using standard engineering cost estimates for materials, labor, right-of-
way, and miscellaneous engineering and administrative costs. It is a complex undertaking, and
pipeline cost estimates are only expected to be within 30% of the eventual as-built cost. In light
of the complexities associated with estimating the cost of constructing pipelines, it is sufficient
for our purposes to use simplified rules of thumb developed in previous studies and apply
sensitivity analysis to produce a range of possible costs for each pipeline. Dean Trammel, a
pi