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ABSTRACT

Economic Essays on Water Resources Management
of the Texas Lower Rio Grande Valley. (May 2012)
Andrew John Leidner, B.A., University of Georgia

Co-Chairs of Advisory Committee: Dr. M. Edward Rist
Dr. Ronald D. Lacewell

The study area for this dissertation is the Texasdr Rio Grande Valley
(Valley). The overarching theme is water and inekidegional water management,
water management institutions, and water supplisaetmaking as it relates to
community well-being and public health.

The first essay provides a description of a controtlel developed for the
management of a municipal water supply systemerctntext of public health and
waterborne ilinesses issues. The most benefisabde-management strategy is found
to depend on the community’s levels of infectedidation, water services, and budget.
The model is numerically parameterized using dedsvd from Hidalgo County in the
Valley. Greater capital depreciation rates andtshg@lanning horizons contribute to
lower levels of community well-being, which is maesd as the present value of
damages from disease infection levels. Reducitiooemmunity well-being are greatest
when greater capital depreciation rates are cordbinthn shorter planning horizons.

The second essay provides an overview of the azgaons, institutions,

policies, and geographic particulars of the reggamater management system and the



region’s water market. Demand growth for potabéesx and a relatively-fixed supply
of raw water are reflected in increasing pricesdomestic, municipal, and industrial
(DMI) water rights. The market is characterizedrisyng prices and the transfer of
water from lower-value to higher-value uses. Soeasons for the market's
functionality are due to minimal return flows te@tRio Grande (River) occurring
throughout the Valley, and the monitoring and ecéanent efforts of the Rio Grande
Watermaster Program.

The final essay is a presentation of a hydroecooomadel to study regional
allocation of water resources across the muni@pédlagricultural sectors of several
counties in the Valley. Results indicate that@ptited population growth will increase
demand for municipal water and will motivate thensfer of water from the agricultural
sector to the municipal sector and the further tigraent of brackish desalination of
groundwater. Population density scenarios indigaeater population density is
associated with a greater level of agriculturadociion and reduced revenue to
agriculture from land and water-right sales. Olabee, climate change scenarios with
population increases to 2060 are associated withrfacres farmed, cropping pattern
shifts to higher-value crops, and increasing iti@arequirements.

Since the study area for this dissertation is ent@ying a variety of challenges
that are related to environmental conditions, fagtns, demographics, and health, this
dissertation may provide guidance to the broadeéemmanagement community and to

other locations, where these challenges are alsarioeg.
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CHAPTER |

INTRODUCTION

The Texas Lower Rio Grande Valley (Valley) (Figird) poses a number of
water resource management issues. It is locatesh amernational border, sharing the
Rio Grande (River) with the Mexican state of Tanjzad. Due in part to the proximity
to Mexico, immigration-fueled population growthtime Valley has resulted in rapidly-
expanding municipalities. Relative to the resthaf United States, the growing
municipalities of the Valley are characterized lpyhirates of poverty, exhibiting many
issues encountered in international economicallyeltging areas. This rapid urban
expansion is occurring into the Valley's longstangjivast and vigorous agricultural
sector, which currently owns the majority of RicaBde surface water rights.

Climatically extreme, portions of the Valley candmnerally characterized as
semi-arid, but due to the proximity of the GulfMéxico, the entire Valley can be
periodically inundated with extreme rainfall evefrtam tropical storm systems. The
unique and diverse economic, demographic, and tromcumstances make the Valley
a complex and worthy location for the study of waiesource economics and related

management strategies.

This dissertation follows the style of tAenerican Journal of Agricultural Economics.



Figure 1-1. Map of the State of Texas with the LoweRio Grande Valley as the
shaded region, 2011.
Source(s)Google Images (2011).

The institutional environment of the Valley is alsmmplex. Water resource
management is subject to authorities at all lesEtpovernment, including for example:
local (e.g., municipal and county governmentsgation districts), regional (e.g., Rio
Grande Watermaster Program), state (e.g., Texasnixsion on Environmental
Quiality), national (e.g., Environmental Protectidgency), and international (e.g.,
International Boundary and Water Commission). Aewvanarket operates across the
region, but water rights transactions are compiektaghly regulated. The Valley is
home to many immigrant communities, known as calsmivhich are often hastily-built
residential neighborhoods that may not have adcesster services considered to be

standard in many parts of the United States.



Hydrologically, the Valley has access to one majer, the Rio Grande, which
has been extensively developed, meaning a largeoretf river diversion and water
distribution infrastructure exists to serve the dans of municipal and agricultural
interests across the Valley. Adjudication of watghts occurred in a period of above
average rainfall and resulted in over allocatioexjpected available supply (Stubbs
et al. 2003). During periods of drought, the \Aakkxperiences ongoing environmental
concerns. In addition to relying on the River, neyyal water suppliers have diversified
their portfolio of water supply alternatives to lunde brackish groundwater desalination.
Currently, municipalities in coastal Cameron Couanty also exploring the potential of
seawater desalination.

Given the characteristics outlined above, watesuge management in the
region is challenging. In recent years, a waterketehas emerged as a potential
solution to urban water scarcity through water tsgieallocations from agricultural
interests to urban and municipal interests. Thiewaarket operating in the Valley has
worked well to achieve some water management dtmlexample agricultural-to-
municipal reallocation), but has arguably left @ammental and instream demands
unmet. The viability and utility of modificationte the market or potential non-market
mechanisms to increase environmental flows areioggssues for the Valley. And
finally, long-run water resource management plagmmnthe Valley is expected to
encounter a variety of issues ranging from envirental, to rapid increases in
population and related water demands, to shortfalgater supplies as a result of

climate variability and changing structure of tegion.



The overarching objective of this dissertatioroigénerate information and
analyses along with decision-making tools that aslist Valley water resource planners
and managers as they confront water-related isduekided is an evaluation of several
facets of regional water management, with a pderdocus on municipal water
decision-making. The dissertation is divided ititeee sections, with each section
composed of a stand-alone academic paper. The oartlremes occurring throughout
the three papers include water management institsitatnd policy, water management
objectives, and water service costs and benéffiste specifically, the focus includes
the interaction of water-supply systems and pufdalth, in the context of water-borne
and sanitation-related illnesses; water reallocatiom agricultural use to municipal
use, in the context of a water market; and longitexgion-wide optimal water
management for both municipal and agricultural@sctaking into account
demographic changes, institutional changes, anehpiat climate change.

The three essays that comprise this dissertatmasfollows:

1. Drinking Water Supply System Management for Pubikalth;

2. The Water Market of the Texas Lower Rio Grande &4aland,

3. Hydroeconomic Analysis of the Texas Lower Rio GeMdlley Water

Supplies under Urbanization and Climate Change.

These three papers use three different methodaslogistudy inter-related water
management issues. Essay 1 or Chapter II, “DranMifater Supply System
Management for Public Health,” employs optimal cohtechniques, and computational

methods to model and better understand the deemaking process of municipal



water-suppliers and city managers in the contekiealth-related water and medical
services, which affect poorer areas in Hidalgo @puikssay 2 or Chapter Ill, “The
Water Market of the Texas Lower Rio Grande Vallag,a structural and qualitative
performance assessment of water-market policiesmgedts in the Texas Lower Rio
Grande Valley regional water management systemsaye3 or Chapter 1V,
“Hydroeconomic Analysis of the Texas Lower Rio GitarValley Water Supplies under
Urbanization and Climate Change,” includes the tigraent of an optimization model,
integrating hydrologic, economic, and institutionbbracteristics. The hydroeconomic
model is applied to evaluate a variety of municiwater-supply options and agricultural
water-use, as a function of cropping choice. Hsponse of modeled municipal and
agricultural agents to population growth and clieneltange are explored.

Together, these three papers are designed to provs@jht and analyses that can
be used by water managers in the region as théyftoavard to encounter future
challenges and opportunities. These challengedikély come from substantial
population growth, which brings with it urban comser demands, potential health
issues, and urban land-use expansion; continuegidivariability, with the variability
potentially intensifying as climate change takeklhcompetitiveness over water
between urban and agricultural sectors, and pgskdilveen nations as both the United
States and Mexico continue to utilize the shareduece of the Rio Grande. The
consequences of these challenges will motivatdisokiin the manner of technological

and institutional innovations.



CHAPTER I
DRINKING WATER SUPPLY SYSTEM MANAGEMENT

FOR PUBLIC HEALTH

2.1 Introduction

The relationship between water supply systems abtigohealth is explored in
this essay. Water-related health issues are peevdsoughout both the developed and
the developing world. Due to the importance oftgl health and the role health plays
in productive labor in developing impoverished ogw, the relationship between water,
health, and economic productivity is especiallyngigant. As of 2010, over 800 million
individuals lacked access to “improved sourcesrwikihg-water,” and over 2.5 billion
lacked access to “improved sanitation” (WHO and ONIF 2010). For many years,
water systems, public health, economic developnaemt,the interactions and effects
connecting them have been the focus of researffoensa wide variety of fields; see
Hoddinott (1997) for a review. As examples, diaghillnesses kill more than 2 million
children annually, mostly in developing countrig&®gek et al. 2003). And, arsenic
contamination of groundwater wells in rural Banglsld reduces household labor
supplies by as much as 8% (Carson et al. 2011)ecént willingness-to-pay study for
the Bangladeshi arsenic issue, which evaluatednhtietized and centralized water
treatment solutions, concludes, “the arsenic prabgenot merely a problem of
technology but is as much, if not more, an issu@siftutions — private and public — that

influence the financing and delivery of safe watg&hmad et al. 2003).



The Rio Grande Valley in Texas has experiencedtanbal population growth
in recent years (Leidner et al. 2011b). This papoh growth has fueled the rapid
development of quasi-urban settlements, known Es@s, which are not always
connected to utility infrastructure which would t@nsidered standard in most parts of
the United States. The struggles of the colomastain standard levels of water,
wastewater, and other civil infrastructure are wleltumented in the research literature
(Olmstead 2003; Perkins et al. 2001; Reed, Stome Yanke, LLC 2001; U.S. Federal
Reserve Bank of Dallas 1996; and Williams 2006)a# as in the popular media
(Ramshaw 2011). A survey completed by the UnitedeS Geological Survey (USGS)
reported in 2007 that as many as 34,924 colonideets (or 18% of all colonia
residents in the Valley) in Cameron, Hidalgo, antlatly counties did not have access
to standard levels of either potable water or waater services (USGS 2010b).

The lack of universal access to water services ecoayribute to health concerns
in the area. Suggestive evidence is reflecteteririfection rates of water and
sanitation-related diseases, which in Hidalgo cpenteed the state average over
several years (Figure 2-1). In Table 2-1, infatlievels from 1999 for Hidalgo and
Cameron counties can be compared to average lievééxas and the United States. In
particular, the high rates of hepatitis A and shégesis provide suggestive evidence that
water and sanitation-related health concerns are mgoportant in Valley counties with

significant colonia populations.
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Figure 2-1. Reported infection rates of various @irrheal illnesses for Hidalgo
County and for all of Texas from 1992 to 1999. Repted diseases include:
Amebiasis, Campylobacteriosis, Salmonellosis, Shitgsis.

Source(s)USGS (2010a) and TXDHS (2007)

Table 2-1. Infection rates (per 100,000 populatiom)f water and sanitation
related diseases in two Valley counties (Cameron drHidalgo) with substantial
colonia populations, Texas, and the U.S., 1999.

Hepatitis A SalmonellosisShigellosis
Cameron County 56.1 14.6 23.5
Hidalgo County 38.0 20.6 19.3
Texas 12.6 11.0 114
U.S. 6.3 14.9 6.4

Source(s)Warner and Jahnke (2003), citing TXDHS (1999) aidC(G1999)

The influence of certain institutional and enviramtal circumstances on
optimal water-supply systems and public health rgarmeent are investigated herein.

Some of the circumstances include: the public healinager’s planning horizon, the



size of the public health budget, and the rateapital depreciation of water-service
infrastructure; all of which affect public-healthcawater-service decision-making. An
overarching theme of this dissertation is to beatteterstand and to offer suggestions for
improving water management institutions. Laws saglhe Safe Drinking Water Act
(1974), and, closer to the study area, recent lefflaits (Office of the Attorney General
2011) and financial efforts (TWDB 2011) by the Texg@vernment constitute
institutions designed to improve living-standangater-access, and, ultimately, public
health of impoverished communities.

These issues are investigated by developing a pturle optimal-management
model. A case study using data from Hidalgo Coustieveloped to explore the
implications of the theoretical model. First, acption of the general model is
presented, followed by a discussion of theoreficalings in several special cases.
Finally, numerical results are generated and dssmulifor a case study of Hidalgo
County.

2.2 Water and Health Background

Poor drinking water, lack of sanitation infrasturet, and medical institutions
contribute to public health issues which can takeyforms, including all varieties of
waterborne and water-related illnesses such agalysentery, and malaria. In the
early 1900s, cases and mortalities of waterbotnesses began to decline as drinking
water chlorination and antibiotic use become marmmon (Morris and Levin 1995).
But even in the present day, in the wealthiestrandt technologically-advanced regions

of the world, water-related health issues are nttedy avoidable (Yoder et al. 2008).
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For example, in the United States, water-healtieissange from arsenic-contamination
hotspots (Jakus et al. 2009), to cancer-causingrviiatment byproducts (Adamowicz
et al. 2011), to the absence of rudimentary watdrsanitation services in certain rural
and impoverished locations like areas of the Valeimstead 2004).

Regions of Brazil studied by Feler and Henders@i 12 exhibit similarly rooted
urban development and water-sanitation issueseagdliey. They find that
municipalities are strategically manipulating theater-supply management institutions
to manage the migration-fueled growth of quasi-arbettlements. In the Valley, utility
services and management of quasi-urban settlerhamésbeen a persistent issue since
immigration levels dramatically increased in thetp#ecades (U.S. Federal Reserve
Bank of Dallas 1996). Competing institutions’ (j.private versus public) provision of
water services impacts costs as well as watercgeoaverage in the Valley (Olmstead
2004) and associated public health outcomes. terxersus public institutional
competition has been shown to have an especiapipitant impact on child health
(Galiani 2005).

While many regard access to clean drinking watex lagsic human right, in the
presence of a constrained budget such a policynoblge operational. Budgetary
considerations for water projects and water-relatedstments, particularly in
developing regions where project financing is wagl, are quite common (e.g., Easter
and Liu 2005; lyer et al. 2005; and van den Berdleatakura 1999). Under a limited
budget, the model developed here is applied tostiyate the tradeoffs between the

provision of preventative public health by way tdfan drinking water and the provision
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of therapeutic public health by way of medical tneant,ex postan infection. In
addition to the more general tradeoff between pr&atere and therapeutic public health,
application of the model allows for consideratidnihee attributes of two different types
of water services: centralized-municipal servi€@®l] and point-of-use services (POU).

Of interest in this study are the economic tradeb#tween these two types of
water services. CM services may be more expemsithe short term, but are more
durable through time. POU may be less expensitiearshort term, but likely requires
more frequent replacement. Not only do the besefidifferent water service types
vary through time, but at any given point in tirhe &ctivities’ marginal effectiveness,
or the ability for either CM or POU to prevent gigs, may also vary. For simplicity,
assumed in this model is that both CM and POUare¢he margin, equally effective at
preventing illness. The more durable nature of €Liggests a dynamic resource
allocation structure whereby CM services are cotuazed as stock resources. In this
setting, the longer-term net benefits of additianakéstments into CM stock are weighed
against the instantaneous net benefits of nondeiROIU services.

Introduced in this paper is an optimal managemaméwork to address public
health with preventative water services and reni@diglical treatment. Treating a
preventative activity (CM) as a stock variable amtext of water-borne diseases is new
contribution to the water-health literature. Téssay contributes to the literature on
spatial-dynamic processes and renewable resourdelsn&mith et al. 2009) as well as
to the literature on water-related public healdues (Galiani et al. 2005). Diseases in a

population can be conceptualized as a renewalidemes management problem where
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the resource of interest is the disease, whicliyiebsts to the manager rather than
benefits (Ceddia 2010). While human and animadaties have been studied using
optimal control methods (e.g., Goldman and Lightd/@002; Horan and Wolf 2005;
Gersovitz and Hammer 2004), this study is onefefxathat applies such methods to
consider waterborne diseases, another being Wigr8i7) who considers
schistosomiasis in China. Other disease mitigattoategies could also be modeled in a
similar fashion, including health care infrastruete.g., hospital or clinical networks,
public health, or hygiene education levels).
2.3 Model Description

The management model developed in this sectioasedon a model from the
ecology of diseases. The ecological model, cdledsusceptible-infected-susceptible
(S1S) disease model (Hethcote 1976), representmitivement of pathogens through a
host population. This is a compartmental modekmgy that the host population is
compartmentalized into either the “susceptible’sslar the “infected” class. If a
pathogen invades a host, the host moves from #eeptible class to the infected class.
When an infected host recovers from illness, tloat is moved back into the susceptible
class. Many variants of disease models existtoramodate modeling of the diverse
array of host-pathogen systems. The SIS modelaptad for use here by making
population movements between the susceptible dadted classes a function of the
intensity of the economic controls (e.g., the istgnof POU water services or medical

treatment) that are of interest to water-serviak aublic health managers.
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In the context of waterborne diseases, water ses\pcimarily serve as
preventive activities. Optimal management of watswices for public health would
account for the tradeoff between these preventtigines and any available therapeutic
activities, such as the treatment of the ill by roadprofessionals in the community.
Modeling these therapeutic activities requiresipaning the community’s population
into those who are susceptible (or healthy) andegheho are infected (or ill). These
population dynamics are captured by consideringsaeptible-infected-susceptible
(S1S) disease model (Hethcote 1976). Similar diseaodels have been used by
economists in previous studies (Goldman and Ligbhth®002; Horan and Wolf 2005;
Zaric and Brandeau 2001; and Brandeau et al. 2003).

The model is presented in three parts, consistirigeonature of the two methods
of water services, followed by an explanation & tlisease model, modified by the
inclusion of water services. The final sub-sectibthe model presentation describes
more thoroughly the cost structures faced by thdet® decision-making agent.

Water Services

Water services systems in a community can be conakged as being
composed of three population classes. One clasadwess to CM water services; the
size of this class is denoted A§™. The second class has access to POU water sgrvice
such as in-home drinking water filters and homoal septic systems, and is denoted

pou

a; . The final class receives no water services.h\Wie total customer pool
t
normalized to one, the size of the final class s AS™ — aP®". The management

decision considered is how large, if at all, théropl size of each water-service
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infrastructure class, given a fixed budget for¢benmunity’s public health-related
services.

Disease Dynamics

This section contains details of the disease madeélhow the basic SIS model is
augmented with controls, such as the intensityitbeetype of water service and the
intensity of medical treatment. These controlaisidjhe rate of movement between the
susceptible and infected classes in the populafidre disease model used in this paper
is the SIS model with a population size normalitedne:

Se+1, =N, =1, (2.1)
whereS; is the population portion of susceptible indivilyé, is the portion of
population infected, anMl; is the total population level, at tinne The dynamics of the
disease through the portions of the populationsegeesented by the derivativesSobr

I with respect to time. The time-derivative of thesceptible portion is as follows:

% =S, = a(S; + 1) — bS, — B(AF™, a}™)S, + 8 (aiM)I,, (2.2)

wherea is the population birth rate and is assumed tdoraffected by the proportion
of people who are infected. This is a reasonasdemption for many waterborne
diseases in human populations, i.e., most wateebtiarrheal illnesses are symptomatic
for a relatively short period of time, those infstremain fertile and, hence, do not
reduce an individual’s reproductive ability. Fdher host organisms, such as those in
the cattle industry, such an assumption is moredes. Leptospirosis, a waterborne

cattle disease, is linked to reproduction losses@@®s 2006; Dhaliwal et al. 1996).
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The rate of movement of population portions froracgptible to infected is

determined by the transmission function, denote@i(a$™, af°"). Itis a function of

the size of the water-service neighborhoods reptedepyA$™ anda?’. In most

cases, a reasonable assumption is that increasiatg lofA™ andal°* reduces the
population’s average transmission rate. One hwiimtfl exception to this claim could
be the case of a biological (or chemical) agerttsbenehow manages to employ a CM
water distribution network as a conduit for newettfons (or contaminations). For
specific cases, the ability for either CM or POUgduce transmission depends on the
particular disease as well as the particular wsg¢evice technology under consideration.

Just as the portion of individuals in the suscégtitass is reduced by
transmissions, those who are infected and suréjoérthe susceptible class at a
recovery rate equal to the functiétal*), whereal" is the level of medical treatment
deployed to the total population. To ensure tleathy people are not given medical
treatmentsa!™ is constrained to be less than or equal to treedfithe infected portion.

Substituting equation 2.1 into equation 2.2, theetderivative of the susceptible
class can be rewritten in terms of only the infdatlass:

Se=a((l=1)+1,)— b —1) — B(AE™, a?°)(1 - I,) + 86(aM™)I.. (2.3)

By assuming that population birth rate is equahtnatural death rate (i.e.,=

b), further simplification of the susceptible portis state equation is obtained:

S; = bl — B(AF™, a?°)(1 - 1) + §(alV)],. (2.4)
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Thea = b assumption imposes a constant population size@mbdeled community.
This assumption can be relaxed in two directiong, wherez > b imposes a growing
population and the other whate< b implies a population in decline.

Once again, invoking equation 2.1 can yield theestguation for the infected
class from equation 2.4:

jt = _st = (‘U(blt - ,B(Agm; a?ou)(l — 1) + 5(“?)&)

= —bl, + B(A™, a?°*)(1 — 1) — 8 (a™)I,. (2.5)

Equation 2.5 contains the class (or state) dynathaisare employed later in the
setup of the optimal control problem. Next, trengmission and recovery functions are
more thoroughly defined to identify more expli@tationships between water services,
medical treatment, and the dynamics of the wateddrsease through the population.
The transmission function is as follows:

B(AF™, al") = BmAT™ + pPOUal™ + BO(1 — AF™ — b)), (2.6)
where the natural, or spontaneous, transmissiesfapf the disease only affects the
portion of the population that receives neither GMPOU water services. Similarly,
pP°* andp™ are the transmission rates associated with resideceiving CM and
POU water services, respectively. Depending ordibease under consideration, the
values of the three transmission rates may berdiffeor the same. A typical case where
CM and POU do an equally effective job of redudiragsmissions (an assumption
maintained throughout this essay) can be captuithd W™ = pP°* = g1 and
B < B°. In this case, CM and POU water services prothéesame level of disease-

prevention and, assumini} is quite small, the only portion of the populatigith
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significant exposure to the disease are thoseiohails without any form of water
services. Furthermore, if water-service levelssaféiciently high (i.e.(l — Af™ —
a?’") is sufficiently small), then the population-widéeet of higher, natural
transmission rates is, again, small.

The recovery function is defined similarly as agveed-average of a
spontaneous and anthropogenically-altered disease«ry parameter from the
population dynamics of the SIS model:

5(a™) = 68°U, — al™) + 6™al, (2.7)
wherea! is the portion of the total population that reesimedical treatment. In this
model, administering medical treatment, as it'sro, to individuals who are not
infected is not a reasonable policy. Medical tresit only increases the recovery rate
and does not impact the transmission (i.e., doefacditate prevention) of illness. The
following constraint is imposed:* < I;. At full treatment of all infected individuals,
the following holdsa® = I,. The two recovery coefficients as&, the natural, or
spontaneous, rate of recovery, &t the medically-enhanced recovery rate.

Public Health Expenditures

Introduced in this section are more specifics alloeithree disease management
activities, starting with CM water service4{*). Since CM water services have,
relative to POU water services, dynamic propefiies must be constructed, maintained
through multiple time periods, and can deprecid&d),water services are represented in

the model by a second state variable (the firstd#ie infected portion of the
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population), which expands and depreciates accgtaithe following equation of
motion:

i (1-47™)
AT ==t -y AT (2.8)

whereA{™ is the level of build out, with full-infrastructeratAi™ = 1; C“™ is a

constant component of CM water service co8t; is a control variable, representing an
administrator’'s expenditures towards CM water s®¥j and is a depreciation term
used to represent maintenance on existing infretstre. One of the most important
implications for the first term in the CM water-gees state equation (i.e.,

((1 = Af™)/Cc™)xf™) is that expenditures on water supply improvemertsbit

decreasing marginal returns. Inverting equati@wyields an expenditure, or cost,

function:
xf™ = (Af™ +yAfm) (1C_AgV)
- i () v (o). @9

Expenditures to CMx¢™) are applied to either new additions
(i.e., AS™(C™/(1 — AS™))) or maintenance on existing infrastructure
(i.e.,yAS™(C™/(1 — Af™))). Both the new addition and the infrastructungaies are
weighted by a factor (i.eG™ /(1 — A{™)) that results in increasing marginal costs.
With this specification, marginal costs increasanfmity as the level of CM water-
service approaches one. This assumption is relkofta cities with dense central
populations and more sparse populations on théiotstand rural areas, where costs to

bring water services to the more rural residentsldvbe increasing with their distance
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from the city centers; and, ultimately, someonthapopulation will be so far from the
city center that a CM service connection would kEhjbitively expensive.

The other two controls in this model, POU and maidi@atment, are not
represented as state variables, which assumeB@atand medical treatment cannot be
stored across time periods. That is, POU wateticees and medical treatment are
completely non-durable, or their annual depreciataie is set at 100%. This
assumption may not be appropriate for all concéesglpes of POU devices or
household water-treatment systems that are availalthe water-treatment marketplace.
But in most cases, POU and/or household treatmatengystems are less durable than
CM water system infrastructure.

The expenditure specifications for POU water s@wvigand medical treatment
(with 100% annual depreciation rates) are defireetbbows:

xP = cPoral" and (2.10)

xMm = CMa™, (2.11)
wherex?’" andx!" are, respectively, the expenditures towards méettieatment of the
infected individuals and the expenditures towar@&JRvater service(P°* andC™ are
constant unit-costs; and™, which was introduced earlier, is the portionte total
population receiving medical treatment and is aamséd to be less than the proportion
of infected individuals.

For this to be a reasonable method to depict teeafca medical treatment, the
total population must remain constant. A constata population is assumed when the

natural birth and natural death rates are set egbeal. The assumption of constant
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population is also maintained by the model’'s omis®f disease-induced deaths, or
virulence, from consideration. The relaxationted tonstant population assumption, in
particular, allowing for a growing population iseavenue for future model expansion.

The assumption of negligible virulence, in the estiof most developing
regions, would not be reasonable. Diarrhea caasestimated 1.5 million deaths in
children under the age of five every year (Wardé&wal. 2009). But in the context of a
highly-developed region, where childhood malnudrnitis less severe and where health
care institutions are more well-established, aldbgtwaterborne disease is considerably
less likely. Inthe U.S. between 1971 and 2002rehvere only 79 recorded deaths from
waterborne disease outbreaks associated with dgnkater (Reynolds et al. 2008) as
compared with millions of deaths worldwide primgrfitom the countries of Africa and
southeast Asia (WHO 2007). A more general modsl ¢an accommodate the
possibility of virulence is another avenue for fgtuesearch.

In contrast to the increasing marginal costs of @aer services (equation 2.9),
the marginal costs of providing POU water servigegiation 2.10) and medical
treatment (equation 2.11) are constant acrossatmenzinity. This is a simplifying
assumption but provides reasonable outcomes. dumagnt can be made that either
POU or medical services could more accurately bgeed as a dynamic, stock
resource. Cultural familiarity with POU technologyd the efficiency of health care
institutions can both potentially increase overaintor computational tractability,
because additional state variables impose onto isithie “curse of dimensionality”

(Rust 1997Woodward, Wui, and Griffin 2005and because CM water services are
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considered most appropriate (i.e. more so thawtter two), CM is the only disease
management strategy to be portrayed with a statabla for the current scope of this
study.
2.4 Public Health Manager’s Decision

The decision issue formulated by this model doggrexisely correspond to the
social planner’s decision issues as traditionadlystdered by resource and welfare
economists, i.e., including those studied by Goldiad Lightwood (2002) or Gersovitz
and Hammer (2004). The agent’s decision issueritdeschere may more closely
resemble that of a public choice agent in the cdrdépublic health management. The
deviation from the traditional social planner’s id&an issues is mainly due to two
reasons. First, the social planner’s problemsidens more holistic view of social
welfare (i.e., inclusive of disease damages as agelhcome levels and management
costs), whereas the objective function here ordjuttes disease damages. Secondly,
social planner’s decision issues usually are ogtchiover an infinite time horizon.
Here, the time horizon is chosen to bear a classgmblance to the management
decision time-frame likely to be faced by publi@ahle and economic development
administrators who are appointed, elected, or @ssiending for only a limited time.
Therefore, the problem is identified as a publialttemanager’s decision with the
objective to minimize the damages from waterboliseake over a defined time period
subject to a fixed annual budget and the populatioramics of the disease. The
damage function could assume a variety of spetidicg; a simple, linear specification

is chosen here:
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D(,) = k;I,, (2.12)
where the damage from the disease called the mtyrdi@mage k;I;); k; is the per-unit
costs of contracting a disease, which is normalieezhe. The final equation included
in the model is a budget constraint on expendifweesuring that the public-health
manager spends exactly the full budget:

X+ xP + xfM = Ey, (2.13)
whereE; is the exogenous level of total expenditure. dthministrator is tasked with
optimally dividing up funds equal #, towards the goal of minimizing the damages
caused by waterborne disease. The valug,aéssentially the size of an administrator’'s
budget determined by either a higher-ranking adstriaior, a local budget board, or
some legislative action, can conceivably vary actose periods and can conceivably
be considered a stock in the case of some manageeggmes. For this essay, the issue

of fluctuating or storable levels &t is not addressed; hendg,is considered as a

constant through time. Mathematically, the probtgrthe administrator is:

max, fOT((—l)k,It)e_” dt, (2.14)
Subject to:
fe= —bl+ (BmAT™ + proual®™ + pO(1 - A — al*")) (1 - 1)

—(8°(I, — a™) + 5™, (2.15)
dgm = LAED yem g pem, (2.16)
= CMa, (2.17)
xPO% = cpougPor. (2.18)

pou

x{(t+xp 0 +xf™ = Ey, (2.19)
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a™ < Iy, (2.20)
al®" <1 - A, and (2.21)
AG™ al" a™ > 0. (2.22)

The objective function and many of the constraivage been discussed
previously. Two additional constraints that regquuirther explanation are equations
2.20 and 2.21. Equation 2.20, if binding, suggessdical services are distributed to the
entire infected portion of the population. Equatib21, if binding, suggests water
services, which can be either CM or POU, are dhsted to the entire population, both
susceptible and infected. Each of these cons$raimoses two important conditions on
the public health manager’s decision issue forcthrgext of many waterborne illnesses.
Many cases could be made where such assumptionsam@nably relaxed. Wealthy
households that already have access to CM watecesmay choose to further
augment the quality of their household water supptih a POU system that serves to
enhance drinking water aesthetics as well as taigegaan additional barrier against the
transmission of disease. Chemical and biologiocataminants are reduced to a target
level by a municipal water provider per specifiaratards set out by the Safe Drinking
Water Act (1974). Specific cases may exist wheraesof these contaminant levels
(e.g, arsenic contamination) can be further redilgellOU devices, thereby giving an
incentive and reasonable justification for housdbdbd adopt both CM and POU
services.

The model assumes there is no terminal value tierestock variable, proportion

infected, or CM infrastructure. Arguably, a negatvalue on the stock of those infected
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and a positive value on the stock of CM would somable assumptions. One
expected result from a positive salvage value bplaged on terminal CM stock would
be to motivate CM investments in later periods carag to results of the model
application. Additional modeling considerations &ft as avenues for future research.

Hamiltonian and First Order Conditions

Developed in this section is a Hamiltonian for b@ealth manager’s decision
(equations 2.14-22). From the Hamiltonian, a $étst-order conditions are generated,
and the economic implications of several of thetforder conditions are discussed. By
first substituting constraints 2.17 and 2.18 dikertto the budget constraint (equation
2.19), the problem is shortened, but qualitativeighanged, and yields the following
Hamiltonian:

H = (-1 (k1)

+2} (bl + (pemag™ + proval®™ + pO(1 - AT — af”*)) (1 - 1)

—(8°U: — a") + 8™af™)

28 (S5 e — yagm)

+¢E(E, — C™a* — CPo*al®™ — x{™)

+¢¢ (I — ar)

+¢Po (1 — AT™ — a?"). (2.23)

The following first-order conditions are generateam this Hamiltonian:

- paloA) _ gE = g (2.24)

dx{™ cem
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a7 = M((BP = B~ 1)) — FCP™ — ™ =0, (2.25)

dH
dat

= A0 - 6™) —pECc™ — " = 0, (2.26)

S =B = B - 1) + A (G —y) P =raf -3 (27)
= (—1)(k))

+24 (=b = (Bemag™ + proval™ + BO(1 — AT™ — ™)) - 5°1,)

+ot =12 — AL, (2.28)
d_H:E_Cm m _ cpou pou __ cm — 2 29
dd)tg — bt a’t a’t xt — Y, ( . )
d‘% =l —a"* =0, and (2.30)

t
d¢,, = (1-4m-a’) =0. (2.31)

Some basic insights can be gained from an intexpioet of this set of first-order

conditions. Rearranging equation 2.24 generates:

M= ¢F (1%,,1) (2.32)
where, in optimality, the marginal value to theaatjve function of another unit of
water supply infrastructurelf), or the shadow price of water infrastructuresgsial to
the shadow price of the budget constragsft weighted by the marginal cost of an
additional unit of CM water infrastructure (i.€5™ /(1 — A{™)). That is, the optimality
rule of equating marginal benefits and costs hollisnilar results are found for POU
services:

A((BP = B — 1)) = $FCP + ¢, (2.33)
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where the shadow value of an additional infectelividual (i.e,AL) multiplied by the
difference in a susceptible individual's infectite with POU services (i.g8P°% —
B2 (1 - 1,)) is equal to the shadow price of the budget sharkiplied by the unit cost
of another unit of POU (i.e¢f cP°%) plus the shadow price of switching an individual
from receiving no water service to receiving eit@& or POU services (i.e?’").

More intuitively, when considering to deploy a uoitPOU to a household, the public
health manager must consider ability of the POUa#eto reduce infections (i.e.,

(BP°% — B%)(1 — I,)) and the value of a marginal reduction in infectidgi.e. AL).
Together, those values are weighed against theinahrglue of the budget change (i.e.,
¢Ecrov), which can be thought of as the POU opportunists, i.e., funds spent on
POU can no longer be spent on CM or medical sesvice

Similarly, for medical intervention, the first-ondeonditions present a
comparison of marginal benefits and costs:

A% —6™) = C™PE + o7, (2.34)
where the shadow value of an additional infectelividual (i.e.,A}) multiplied by the
difference in that infected individual's recoveate with medical intervention (i.e.,

(6° — 6™)) is equal to the shadow price of the budget sharkiplied by the unit cost
of another individual’s medical intervention (i.6™¢£) plus the shadow price of
providing medical intervention to only infected imiduals (i.e.,¢{*). Here, as with CM
and POU water services, the rule of setting matgiosis equal to marginal benefits

holds.
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Switching Points

In the previous section, marginal benefits and matgosts of system controls
are discussed in the context of individual contmolsolation from the other controls.
This section takes that concept one step furtheémdeétusses the comparison of
marginal net benefits across two or more contr@entrols are selected into the optimal
management regime based on their relative margetatontribution to the Hamiltonian.
When two controls have equal marginal net benghtsmanager is indifferent as to the
use of either control. In the event that two colstdo not have equal marginal net
benefits, the control with the greatest marginalo@mefit is implemented first, with the
intensity of that activity limited by either the diget constraint or another system
constraint. As examples, some of the other com$sréhat could be binding are that
only infected individuals can be treated with matitare (equation 2.20); water-service
coverage cannot be redundant (i.e., householdothame both CM and POU provided
by a utility); and water-service coverage cannateex the total population (equation
2.21). If a system constraint is binding and tbddet constraint is not, then any
remaining funds in the budget are applied to theagament activity with the next
greatest marginal net benefit.

The term “switching point” refers to the conditiohequal marginal net benefits,
where on either side of the switching point a ddéfé management strategy is preferred
(i.e., switching point implies the marginal net bBncurves cross each other, and are
not simply tangent). Therefore, upon crossing gcking point, the preferred policy

switchedrom one strategy to another.
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Case 1: POU and Medical Allowed, CM Not Allowed.(i4¢™ = xf™ =0,V t)

This section includes a discussion of several gpeases of the more general
model described above. Starting with the simpdéstuch cases, consider if CM water
services are not feasible (i.d;™ = 0,V t) due to a region’s absence of CM know-how
or the absence of materials. This reduces theghbalth manager’s decision to a
choice between two abatement activities, POU oricaétteatment. In optimality, the
marginal net benefits of these two activities carefjuated as follows:

MNBF°* = MNB[™, or

AP = B = 1) — pFCP* — ™

= 2L(8° — 6™) — C™pF — P, (2.35)

For this case, the marginal net benefits are sirtiyHamiltonian first-order
conditions (equations 2.25 and 2.26). The Hami#ioms linear with respect to these
two particular controls, which yields a solutionevbby the management activity with
the greatest marginal net benefit at any given tsnmplemented to the fullest extent
allowed by the system constraints. Assuming thadlifog levels are insufficient to
deploy either POU or medical activities at maximeapacity (i.eE;/C™ < I,and

E./CP°" < 1), the following condition exists in optimality f@very point in time:

If

ou ou >
MNBE™ _ A((BPOU-O(-10)-¢ECPO-gP™ | T [
MNB* AL(s9-sm)—gpEcm—gp :

<
|( a?®" = E,/CP°",a" =0  POU preferred

then E, =C™a™ + CPal®  Indifferent . (2.36)

La?ou* =0,a"" = E,/C™ Medical prefered
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The results described in equation 2.36 imply thatéctivity yielding the greatest
marginal net benefit is deployed until the budgetxhausted. If the budget constraint is
relaxed (by supposing that the budget is sufficierdeploy all of the most preferred
activity with some amount left over), then the amideft over can be applied to
deployment of the™ most preferred activity. For a graphical des@iptconsider the
numerical example illustrated in Figure 2-2. Ia tiegion to the left of (Figure 2-2),
POU is the preferred activity. Since the x-axjgresents the infected portion of the
community, this is the same region where infectemels are lowest. The intuitive
reasoning for this characteristic is that a comrnyurith lower infected and higher
susceptible portions of the population benefitsrtiwest from preventing the larger
portion of susceptibles from contracting an illness

Additionally, notice the benefits of POU decreasendected populations
increase (i.e., as one moves rightward along theig}. Intuitively, this makes sense
given that POU is a preventive activity. The aiddial value of prevention is lower at
higher levels of infection because there are fesusceptible individuals to gain benefit
from prevention, and those currently infected gathing from further prevention
efforts in the short term.

For Figure 2-2, thé/NB[" curve is assumed to be positive and constaninbut
reality, this may not be the case. Suppose tlierdiice between the spontaneous and
the medically-enhanced recovery rates are minioralpn-existent (i.ed® — §™ = 0).
This situation explains the policy of industrializeegions providing universal water

services. In these regions, individuals who bectihgenerally take autonomous
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disease abatement strategies are
equally beneficial. On either
side of s one of the two

é activities is preferred.
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Figure 2-2.  Marginal net benefit curves (MNB) andswitching point (s) for
waterborne disease management system with two abatent activities, point-of-use
(MNBP°Y) water services (equation 2.25) and medical serés (MNB™) (equation

2.26).
Note: This illustration uses the following parameter esiil = —100, fP°* = 0.01,
B =0.2,pf =1,CP» =3,C™ =6, ¢pP" =1,5° = 0.5, ands™ = 1.0.

measures, i.e., they are wealthy enough to taley @ffl of work to recover. Due to
these individuals’ self-imposed convalescencenbkdically-enhanced recovery rate
stemming from social policies to medicate ill indwals does not greatly improve from
the “spontaneous” recovery rate. Therefore, thegmal net benefits of medical

coverage that specifically targets common waterdesses is small and, if costs are
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sufficiently large, may be negative. In eitheresashether they are negative or positive,
as portrayed in Figure 2-2, the marginal net bémefimedical treatment may be greater
than, equal, or less than the marginal net benafitered by prevention, depending on
the community’s portion of infected.

Considering a different scenario, the case coulthaeall points along the
MNBF°" curve are negative. This might occur as a regul?°* being sufficiently
large. This scenario describes many, if not mostdences of waterborne illness that
are incurred during recreation at a natural watelyb Certainly, the technological
knowledge and ability exists to sufficiently treedter in natural systems to prevent
these infections, but doing so is simply, prohitaly costly. The implication is that
society has revealed its preference to endureiteimmumber of infections and treats
those individuals that get infected with medicétation. Or, borrowing from the case
described in the previous paragraph, those infaotdididuals are wealthy enough to
recover on their own.

The point at whictM NB[" exceed®/NBF°" indicates the most beneficial
disease management activity switches from POU tdicak This point is denoted by
In the aforementioned examples discussed, the &gation of the switching point (i.e.,
the values associated withVB/" andM NBP°") can vary greatly across applications,
depending on the community being considered, thengurce (or sources), and any of
the large array of institutional, cultural, and eomic factors that contribute to

waterborne illness transmission and the coverageealical and water-service systems.
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To serve as an intuitive example, one might comgiuerelative locations of the
marginal net benefit curves for a more specifiaar@r health issue, like those
encountered in the Valley. In 1999, two Valley stes with significant populations of
colonia residents reported notably higher ratasfettion from sanitation and water-
related diseases than found in the rest of TexdshenU.S. (Table 2-1).

Warner and Jahnke (2003) suggest that higher incaseof some of these
diseases could be driven by sanitation conditiarteé colonias. Assuming that greater
infection rates in Cameron County are driven byni residents, then the infection
rates across only the county’s colonia residentslavbe greater still than the rate across
all of Cameron County. From the model, greateelewf infected implies that public
health managers at the colonia-level accountingestéi.e., from their specific
institutional perspective) perceive a communityimch medical treatment is more
valuable than preventative water-service activities

Case 2: All Activities (CM, POU, and Medical) Alledy

CM water services and POU water services confesdinge types of benefits into
the system; that is, both types of services regopeilation transmission rates by factors
of their associated transmission rates, respegfigél® andg?°“. As before, the
optimality condition of equal marginal net benefifsplies, with the/ NBf™ coming

from the first-order conditions equation 2.24:

MNBT" = 24 252 — gF (2.37)

cem
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The marginal net benefits of CM expenditures areencomplex than the other
two activities because the benefits of additiopaingling depend on the stock-level of

CM infrastructure. Consider Figure 2-3 for a griaphinterpretation.

MNBM
s NN POU
MNBXCM
XCM
MNB
a
5
5 S,
m
» ¥ MNBM
ya
E
g S
50 2
i
S ¥ MNB"OY

CM Infrastructure Level (Afm)

Figure 2-3.  Marginal net benefit curves (MNB) and witching points (s, $) for

disease management systems with three managemerntites, centralized-

municipal water services (MNB“™) (equation 2.24), point-of-use water services

(MNB ™Y (equation 2.25), and medical services (MN# (equation 2.26).

Note: This illustration uses the following parameter esiil = —100, fP°% = 0.01,
0=0.2,¢f =1,cr%=3,C™ =4, ¢""" =1,6°=05,6™ = 1.0, v = 0.0,

A =-100, C™ = 4.
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Notice in Figure 2-3 at CM levels to the lefts3f where CM levels are low, the
marginal net benefits of CM investment (the sali@) exceed the other two disease
management strategies. With additional investrteenicrease the stock of CM
infrastructure (i.e., moving rightward along thexs) the marginal net benefit of
additional CM investments declines. Intuitivelyistmakes sense in the context of a
centrally-populated community, where to extend Chtew services to the outskirts of
the community (which could extend into vast andatarocations) becomes
increasingly expensive to both deliver serviceBally and maintain those investments
through time. Eventually, the value of CM expandalls. Then, precisely at, the
most socially-beneficial activity becomes the pas#and distribution of POU water
services.

Infected levels are held constant in Figure 2-8roAs the entire range of CM
infrastructure levels, the marginal net benefit®@fU (dotted line) exceed the marginal
net benefits of medical treatment (dashed lind)e dominance of POU over medical
treatment in this example implies that the infedtaakls are sufficiently low; recall
Figure 2-2, where locations to the leftsofre associated with higher marginal net
benefits of POU.

As another more practical example, consider thaitssccolonia residents in half
of rural households and a fifth of urban househttése is incomplete plumbing
(Warner and Jahnke 2003). In such an environnagmiiblic health manager with a
colonia-level accounting stance perceives a putdalth situation that is relatively lower

in CM (or arguably POU) water services than theagibn perceived by a public health
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manager with a city-wide or county-level accountstgnce. A county-level public
health manager observes a public health environmignta higher level of CM stock,
and, therefore, may prefer to use medical or PQUces in lieu of expanding the CM
at a marginally increasing cost.

2.5 Numerical Results

A discrete version of the model (Appendix A) is ierpented to generate
numerical results. The model is parameterizedgusiformation from Hidalgo County,
Texas (Appendix B) and solved using an evolutiorcamyputation algorithm
(Appendix C). This section presents an exampldiegin of the model, rather than
representing a literal policy recommendation.

The particular context under consideration in tamarical example abstracts
away from several important water-related diseape@s. The numerical application
assumes disease transmission path occurs throeghgdstion of contaminated
drinking water. An argument can be made that dsé@nsmissions also occur as a
result of a combination of insufficient wastewaded sanitation systems and poor
hygiene. In the context of household water usd)B@tems and CM systems may not
provide equivalent protection from disease. Irtipalar, water used for household
hygienic purposes may be treated if the houselsadgbart of a CM system and may not
be treated if the household depends on a POU systeaddition to simplifying the
dynamics of disease transmission, the model iscbasea single public health decision-
maker for the Hidalgo County case study. Suchdmniistrative position does not exist

in Hidalgo County. Public health management fer¢bunty is a product of a variety of
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agencies and groups at many levels of administratie., state, county, city, and
colonia. These realities, and many others, arexplicitly considered in the remainder
of this essay and remain avenues for future researd for greater refinement of the
model.

Baseline Results

The baseline scenario evaluated numerically em@gylanning horizon of six
years. Such a planning horizon can be considexdltort or too long, depending on
the authority and the discipline that is considgtime length of a water-health program.
Many economic development projects, including thdssigned to enhance water and
sanitation services, have relatively short planmogzons, perhaps three years or less.
Water-supply planning, especially at the regioeaél, typically considers a longer
planning horizon. In the context of climate chargesh a planning horizon can equal
and exceed half a century. For this paper, sixsypeovides a time frame of sufficient
length to explore implications of model applicasoriLater sections investigate the
effect of shortening the time horizon from six y&tor two. Such a comparison may be
useful in the context of local, short-term politioffices, such as a mayor, city council,
or county commissioners’ court.

Table 2-2 contains the results from the optimizatbthe baseline scenario
based on Hidalgo county parameters with startidgegfor the state variables coming
from estimated levels of infected population and @kter coverage (Appendix B). In
model year one, the budget share is optimally édidetween POU and medical

activities, with 0.31 going to POU and 0.69 goingrtedical. This means both POU and
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medical-services activities have greater margieabenefit than centralized-municipal

services at that point in time in the program sincenvestment is made in CM. Of

POU and medical, POU has the greater marginalevetfii. This is known because the

water-services constraint is binding (the portieceiving “none” water services is zero),

whereas the medical-services constraint is notgtnrgon of infected receiving medical

treatment is 0.58). In more practical terms, alinig water-services constraint means

Table 2-2. Optimization results for the baselinenodel in the context of water
and health management for Hidalgo County, Texas.

Parameter/Variable Reference

description Model notation Equations

Time t (year) 1 2 3 4 5 6
Budget shares

Centralized-

municipal xf™/E; 2.8,2.9, 213 0.00 0.00 1.00 1.00 0.00 0.00
Point-of-use al®cP JE, 2.6,2.10,2.13 031 1.00 0.00 0.00 1.00 1.00
Medical ai*C™/E, 27,211,213 069 0.00 0.00 0.00 0.00 0.00
Water Services

Centralized-

municipal Agm 2.8,2.9 096 086 0.78 081 0.82 0.74
Point-of-use pou 2.6,2.10 0.04 013 0.00 0.00 0.13 0.13
None 1—Af™ —af™ 2.6 0.00 0.01 0.22 019 0.05 0.13
Medical Services

Infected portion of 2.1,25,27,

total population I; 2.12 0.15 0.09 0.10 0.17 0.16 0.12
Medically-treated

portion of total

population al 27,211 0.09 0.00 0.00 0.00 0.00 0.00
Medically-treated

portion of infected al*/1, 2.7 0.58 0.00 0.00 0.00 0.00 0.00
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that POU devices are distributed to every individmahe community who does not
already have CM, so that universal water servicesehieved; that is, every individual
(or household) has either POU or CM.

Expenditures on medical treatment for year onmgothe second most preferred
strategy, are in the amount of the budget lesetpenditures already made on POU.
Expenditures on CM are zero, indicating that thegmal net benefit of that strategy in
model year one is lower than for the other twotegi@s. An alternative presentation of
selected data from Table 2-2 is illustrated in Fégw2-4 and 2-5, where budget shares
and water-service coverage levels are presentgihigedly.In model year two and for
the rest of the years in the baseline scenaricgvgatrvices are estimated to be more
beneficial than medical treatment. ConsideringuFed2-5, the influence of capital
depreciation is evident. The brick-patterned leare@senting stock levels of CM follows
a downward trend when considering the entire sa¢ y¢anning horizon. The large re-
investment in CM in years three and four (Figu4) 2s reflected in the temporarily
increasing levels of CM stock, portrayed acrosssédaee, four, and five (Figure 2-5).
The CM investments in the middle years are triggénethe declining CM stock levels
in the early years. One assumption of the analyslsat as CM stock declines,
investments in CM become marginally less expensiMgrefore, once CM stock
declined through years one and two, CM investmieateame more desirable because the
marginal net benefits increased per dollar investirieecalling Figure 2-3, the CM
investment is triggered by leftward movement altmgx-axis (declining levels of CM)

until a switch point is crossed. CM investmentwiies cease altogether in years five



39

and six because the decision-maker assumes the watymeceives no value from CM

stock beyond the planning horizon of six years.

100% -
80%

60% |-

40% -

Budget Share (%)

20% %

0%

1 2 3 4 5 6

Time (years)

Figure 2-4. Budget shares in the baseline moddl three disease management
strategies, medical treatment (MED), point of use ater systems (POU), and
centralized municipal water systems (CM).
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Figure 2-5.  Water service coverage levels represamy no water service (None),
point of use systems (POU), and centralized munici systems (CM) in the baseline
model.



40

Conceptually, two dynamic forces are at work thetade investments in CM
stock. One force is the depreciation of CM cagstatk, which results in investment (or
re-investment or maintenance efforts) incur greatarginal net benefits to the
community. The other force is the impending entroé for the modeled decision-
maker, who gains nothing from CM’s durability ortcee in the model ends. The
former force induces CM expenditures in model y#arse and four, and the latter force
reduces (to zero) CM expenditures in model yeaesdind six. This suggests that a
longer planning period could favor CM expendituregears five and six.

The absence of medical care in model years twaifir@ix can be explained by
diarrheal illnesses being relatively common and/agre, and frequently mild cases are
not addressed with medical care. Moreover, theahaloistracts away from disease
virulence. If disease virulence were allowed towan the model, then the social cost
of an infection-induced death would likely increéise marginal net benefits of medical
care activities. Medical care, by increasing tifected group’s rate of recovery, would
thereby reduce the occurrence of disease-inducatisleBut in this essay, the analysis
is targeted towards the Valley and Valley colomidch, while impoverished relative to
the rest of Texas and the U.S., do not have thielgmts of child and infant mortality due
to waterborne illnesses that exist in the more redy@mpoverished parts of the globe.

Figure 2-6 contains an alternative portrayal oftihseline model results where
POU investments are plotted through time in CMIs&mace. In model year one, the
implementation of POU is restricted by the waterses constraint (i.e., the poitxtl

is located on the water service size constraim)model year two, POU implementation
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Figure 2-6.  Optimal control path for point-of-use @f"") with institutional
constraints at different levels of central-municipdinfrastructure ( Af™) using
baseline values of a public health manager's prolhe for Hidalgo County, Texas.

is constrained by the budget as there are inseffidunds to provide the entire
population with water services, and populationiporof size 0.01 goes without water
services (Table 2-2). In model year three and,foaPOU is implemented. Public
health expenditures in these periods are charaetehy full investment of available

funds into CM stock, as shown by the rightward nmeat of the control path between
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years three and four, and four and five. In thalftwo model years, once again, POU is
the most beneficial management activity and is ttamsed only by the size of the
manager's budget.

Varying the Manager’s Budget

One expected result from varying the size of thaeagar’'s budget (i.eE,) is
that damages from the illness fall as expenditareginess mitigation increase. This is
demonstrated to be the case in these sensitivity, the full results of which are
included as Appendix D. The most interesting reisuthis permutation of the model is
the changes in the temporal-distribution of CM stveents.

Budget Set at 50% of the Baseline. Consider Fgyar@ and 2-8 which

represent budget shares and water-service covefagre the budget size is reduced to
50% of the baseline. Relative to the baseline @&stments, in this scenario, CM
budget shares are occurring sooner and consuneatinety of the manager’s budget for
three years instead of two. In the baseline dasemnanager has sufficient funds to build
CM levels to “acceptable” levels starting in yetimsee and four. With a reduced budget,
the manager has incentive to more immediately restd, and obtain the benefits of its
durability sooner rather than later. CM investnsantyear one are zero because in year
one the CM stock is sufficiently high (i.e., margiily increasing costs so high) that the
marginal net benefit to additional CM is lower ththe other two activities. Ultimately,
beginning in years five and six, the end of timetfe manager dominates the

management choice and POU expenditures compridaltimidget.
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Budget Shares (%)
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Figure 2-7.  Budget shares in the model of three diase management strategies,
medical treatment (MED), point of use water system@OU), and centralized
municipal water systems (CM), with the budget sizeeduced to 50% of the baseline.

The water service coverage representation (Figided2splays the results of the
manager’s expenditure decisions. Most notablyicadhe depreciation of CM between
years one and two and years five and six are nagid than between years two, three,
and four, when the budget shares for CM investraentl00%. Comparing the final
level of water services for 50% reduction in budgethe baseline (Figure 2-5), it is
clear that the smaller budget has resulted in agheddcommunity that, at the end of the
time horizon, has less CM infrastructure. Spealfi; the low budget scenario ends
with 68% of the population having CM water servisereas the baseline scenario
ends with 74%.

Budget Set at 200% of the Baseline. As might heigated when the budget

size doubles, the community’s well being improvésis is reflected in cumulative
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Figure 2-8.  Water service coverage levels represeémg no water service (None),
point of use systems (POU), and centralized munici systems (CM) in the baseline
model, with the budget size reduced to 50% of thedseline.

damage levels, respectively 0.54 for the wealtboenario and 0.68 for the baseline
scenario (Table 2-2). Also in the increased budgenhario, the CM investments take on
a much different distribution through time tharttie baseline scenario (comparing
Figure 2-9 to Figure 2-4), and complete water sereoverage (via either CM or POU
service) is maintained throughout all six yearg(ifé 2-10). In terms of budget shares,
rather than having two or three years where CMstments comprise the entirety of the
manager’s budget, as was the case in the two pgyidiscussed cases, the manager
with the larger budget manager invests in CM i ff six time periods with
investments slightly exceeding 50% of the totaldmidn just one year. The end of time

influence on the manager is more evident, visuallyhe wealthier scenario’s budget
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Figure 2-9. Budget shares in the model of three diase management strategies,
medical treatment (MED), point of use water system@OU), and centralized
municipal water systems (CM) in a sensitivity scen# with the budget size
increased to 200% of the baseline.
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Figure 2-10. Water service coverage levels reprederg no water service (None),
point of use systems (POU), and centralized municg systems (CM) in a sensitivity
scenario with the budget size increased to 200% tife baseline.

shares. In Figure 2-9, CM investment peaks irsde®ond year and then investment

levels consistently decline every year thereaéiqualing zero in the final year.
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Varying the Capital Depreciation Rate

Reported in this section is the effect of capigbidciation rate. By assumption,
a higher capital depreciation rate results in loleeels of CM infrastructure. The
reduction in CM stock cannot be overcome by addgicCM investments or
expenditures in other management activities, aacetly results in higher levels of the
portion of infected population persisting throughd. Notice in Figure 2-11 that the
endpoint (i.et = 6) of the scenario with the lowest depreciation fptegram A in
Figure 2-11) is located at the furthest north amgtvof the other endpoints (i.e.,
endpoint of B at = 6 and endpoint of C @ = 6). Because capital depreciation rates in
scenario A are relatively low compared to B andh@,CM stock is more durable,
extending the time that initial CM users can berfedim lower disease transmission
rates. On the other end of the spectrum, the endpbthe program with the greatest
capital depreciation rate (€= 6) is located furthest south and east in the Figuié4,
indicating that the program is associated with ariglisease prevalence and lower CM
stock in the final model year.

Varying the Planning Horizon

Another important factor impacting the solutiorthe planning horizon for the
public health manager. For this scenario, the tiworézon is varied exogenously. Many
development and research related public healtlegi®carry different requirements to
funding entities and government bodies. Some®féguirements may explicitly or
implicitly limit the planning horizon (or extendj very rare instances) for a given public

health manager. To investigate the effect thaffardnce in planning
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Figure 2- 11. Optimal state-paths for the two stdcvariables, CM water services
and infected population levels, as the capital depciation rate (A:y = 0.01; B:

Yy = 0.05; C: y = 0.10) is varied in the context of a public health managr's
problem for Hidalgo County, Texas.

horizons may have on the measured public healttom#, the model is solved using
two different planning horizons, the baseline afygars and a shorter planning horizon

of two years.
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Figure 2-12. Proportional changes in cumulative daages to a community from
infections of a waterborne disease as the capitakdreciation rate () of central-
municipal (CM) infrastructure is varied (A: y =0.01;B: y =0.05; C: y = 0.10)
in the context of a public health manager's problenior Hidalgo County, Texas.

While the ending points of each program may progigggestive evidence that
scenarios with greater capital depreciation ragagsd the community less well off, more
conclusive evidence is found by examining the cativg damages of each scenario.
This evidence is depicted in Figure 2-12. The g&acumulative damages over the 6-
year program are found in the scenario with thetmagsd depreciation of CM capital

stock, the dotted-line representing scenario C.
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To reasonably compare results from two scenaritfs aviferent planning
horizons, the scenario with the shorter time harigosolved in a sequence, recursively,
utilizing outputs from the first run as inputs the second run, and so on. More
explicitly, for the scenario with a two-year plangihorizon, results are generated
solving the model for two years. Using the firaldls of the state variables (CM stock
and portion of infected) from the first iteratios starting values in a subsequent
iteration, the model is solved again. The finatestevels from the second iteration are
again used as inputs into a third iteration. Camnig the results from all three
iterations, each of which was two years, a compask-year result is compared with the
baseline scenario which employs a six-year planhorgzon as discussed previously.

One of the more clearly illustrated differencesnzstn the two planning horizon
scenarios is the difference in CM infrastructuzktaccumulation over time. In
particular, the CM stock in the two-year prograragppitously descends from the
starting value of 0.96 to the relatively lower |leg€0.74. In the six-year scenario,
reinvestment in CM infrastructure during periodsthand four slows the decline of CM
stock. Also, as illustrated in Figure 2-13, thiatige locations of the end points for the
two planning horizons suggests that the six-yeagam is preferred, due to its location
further to the north and west, where CM levelshagh and infection levels are low.
This suggestion is confirmed by examining Figur&42-which displays the cumulative
damages of both programs, and, indeed, the cumeldémages of the two-year
program, while equal or lower than the 6-year paogin five of six years, exceeds the

six year program in the final year of the compariso



50

1.00 . .

0.95r

t

o

o

S
T

0.85r

0.80

CM Infrastructure Level (Acm)

0.75

0.70 ‘ '
0.05 0.10 0.15 0.20

Infecteds Level (It)

Figure 2-13. Optimal state-paths for the two stoclkariables, CM water services
and infected population levels, as the planning haron varies (A:T = 2; B: T = 6)
is varied in the context of a public health manageés planning horizon for Hidalgo
County, Texas.

The difference in cumulative damages across thesteoarios is an example of
the impact and the relevance that institutionalgiesan have on social goals, such as
public health. Public administrators elected quapted to shorter-term offices are
incentivized to manage for the short-run. The onte displayed in Figure 2-14

demonstrates that the modeled public health proggamanaged better when the
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Figure 2-14. Proportional change in cumulative danages of two scenarios, as the
planning horizon varies (A:T = 2; B: T = 6) in the context of a public health
manager's problem for Hidalgo County, Texas.

planning time horizon is longer, given the paramgetsed in this model and focusing on
the end point (i.e., cumulated damages at 6).

Varying the Depreciation Rate and the Panning Hamiz

The objective of this section is to examine théuigrice of depreciation rate and
planning horizon when they are varied togetherother words, does the planning

horizon become more important or less importanterobjective of minimizing
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community damage as the capital depreciation rateases/decreases? The results are
summarized in Table 2-3. With a planning horizotwo years, increasing the capital
depreciation rate from 0.05 to 0.10 increasesdts tamages to the community by 0.20
(or 20%); as compared to increasing the capitatetggtion rate from 0.05 to 0.10 with
a six year program, the total damages to the contgnuncrease by 0.16 (or 16%).

A clear conclusion is that lower capital depreciatand longer planning
horizons improve public health management outconiée far right column of
Table 2-3 indicates that an increasing capital e@ption rate results in less desirable
outcomes. The influence of capital depreciatianseconsiderably stronger than the
influence of time horizon, but this may be a consagre of the parameter values

selected for analysis. Over a smaller range ota&agepreciation rates, it is perceived

Table 2-3.  The present value of cumulative damagé€$D) for four scenarios of
the public health manager’s problem in the contexbf Hidalgo County, Texas,
where the time horizon is varied (T) and the capitbdepreciation rate is varied §).

Capital Depreciatior Proportlon_al change in TD
() (rate) asy increases
from 0.05 to 0.10

0.05 0.10

Time Horizon 2 0.60 0.72 0.20

(T) (years) 6 0.59 0.68 0.16
Propo_rtlonal change in TD 001 .0.05

as T increases from 2 to 6

Note: The cumulative damages are the bolded values.
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the influence on total damages would likely be $enabut still maintain the same
qualitative directions. However, for a communityolved in planning, the time

planning horizon and budget level are essentiayprimary factors to be considered.

2.6 Summary and Conclusions

This paper contributes a model of public health aatkr service management to
the health and economics literature. Though nqtiecally tested, application of the
model can explain the reasoning behind certainipliglalth choices, as a result of a
variety of systemic circumstances, including budgee, accounting stance, planning
horizon, and rates of capital depreciation. Seéwdrthe model’s theoretical aspects are
presented and discussed. The optimal diseasege@eat activities are selected on the
basis of the marginal net benefits that accruaedtamiltonian function. Public health
managers with a relatively narrow scope, such @setivorking exclusively with colonia
residents perceive a greater proportion of infeatdd/iduals and therefore are expected
to perceive greater marginal net benefits to médieatment relative to preventative
measures, such as POU. Greater levels of invesim&@M stock are associated with
lower marginal net benefits to CM expansion. Geebldvels of infection of the public
are associated with reduced marginal net benef#tsaated with POU.

A case study is developed to shed light on instita characteristics of public
health and water systems of the Valley. The madapplied to Hidalgo County, Texas,
where a small portion of the population does nethaccess to standard levels of water
and wastewater services. The numerical resultéareie the importance of budget size,

capital depreciation, and institutional designthie form of public health planning
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horizons, to the welfare of the modeled communiihe size of the manager’s budget
dramatically affects the distribution of CM invesnts through the first years of the
public health program. In the latter years, decirCM investments occur. Thisis a
result of the public health manager’s perceptiothefend of time in the model, after
which the manager receives no additional benedihfthe durability of CM stock.

The manager’s planning horizon and the durabilit¢®l stocks are shown to
play a role in the well-being of society. Greatapital depreciation rates and shorter
time horizons are shown to be associated with l@@ermunity welfare. Scenarios with
shorter planning horizons invested less in CM stdobwer capital depreciation rates
allow the community to benefit from more durable Gdcks, which prevents new
infections and reduces disease damages.

Several limitations and future avenues of resehaste already been mentioned,
but are also included here. This model is higldgeagalized in this essay, but could still
be generalized further, for example, by incorpogathe effects of changes to the
population size. A non-stationary population-gizatters to disease management for
several reasons. Population growth can result fsoth rates, in which case new
members of the population increase the size otiseeptible population, thereby
changing the marginal net benefits of preventatineasures relative to treatment
measures. Alternatively, population growth camubltefsom immigration, in which case
new members of the population may be proportionaltye, less, or equally infected as
the community. Depending if infected people orceypsible people are joining the

community, the optimal public health managemenesahwill change. As one
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example, results from this study indicate thateasing levels of infection decreases the
marginal net benefits of POU water services.

One particularly interesting avenue to explorédesinclusion of disease-induced
death rates, or virulence. Disease mortality endaveloping world is an significant
issue for public health. Including disease mastah the model described in this essay
would likely enhance the marginal net benefit ofdmal treatment. This may explain,
why in areas where there are disease-induced dizathavater-borne diseases, medical
treatments are a greater priority than water-supphyancements. Another avenue to
explore is the allowance of a dynamic budget, wileeeublic health manager could
borrow and/or store funding. Results from the gdy are not intended to be broad
generalizations, as they are contingent on thecehafi parameter values. The data
employed to parameterize the case study are asseéinbin literature and secondary
sources. New data that can be identified or ctdteevould contribute to more
accurately tailoring the generalized model to gateenumerical results specific to
particular regions and illnesses.

Other components of the model that fail to fullptzae reality include the linear
cost and the complete non-durability of POU waevises and medical treatment.
Arguments could be made that POU services have slonability and that medical
services would eventually encounter increasing maftgosts due to, perhaps,
congestion of medical facilities. The continuoasune of CM stock is also an
abstraction. CM investments are generally consdldumpy”. In the case of a single

municipal facility and its distribution system, tfaeility is constructed at a given point
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in time to serve a discrete portion of the cur@rmunity’s population. Additionally,
the effects of capital depreciation to the facilitguld not occur at a continuous rate. A
more realistic description of depreciation is timayeart, CM water service coverage is
100%. Then in yedr-15 after a natural disaster, a construction acciderity some
spontaneous force, a pipeline ruptures and leaa#sr\service coverage at perhaps
82%. Modeling any of these items more explicidyekpected to adjust the relative
positions of the marginal net benefit curves, dredeby have an effect on optimal
disease management activities. The intentionehibdel is to capture the most
important relative characteristics of each of thedévities. For example, the
characteristic that CM infrastructure is more lg&kstock than POU devices, even though
certain POU devices could be considered stocksandsher example, while CM stocks
do not in reality decay at a rate in exact proporto the size of the stock, CM decay is
inevitable and, on average, occurs at some condégunéeciation rate. These types of
modeling challenges are intrinsic to all effortsedied at the generalization and
simplification of complex problems, such as deaidine best approach to manage a

community’s water supply system and public health.
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CHAPTER 1lI
THE WATER MARKET FOR

THE TEXAS LOWER RIO GRANDE VALLEY*

3.1 Introduction

The middle and lower portions of the Rio Granddrba Texas have overall
remained outside of the “Water War” variety of bannews headlines. This
accomplishment deserves attention, given this amgosure to near record-setting
drought (TWDB 1998), shortfalls in water deliveriesm Mexico (Robinson 2002), and
exceptional rates of population growth (U.S. CerBureau 1993, 2007). The Rio
Grande (River) originates from headwaters in Calordlows through New Mexico, and
passes into Texas at El Paso. From El Paso tGuHeof Mexico, the Rio Grande
serves as the international boundary between Mexicothe United States.

Regional water-supply management on the U.S. ditleedower and middle
portions of the Texas-Mexico stretch of the Riveaccomplished through cooperative
efforts of several organizations, including: the Rirande Regional Water Planning
Group (Region M); the Texas Commission on EnvirontakeQuality (TCEQ),
specifically TCEQ’s Office of the Rio Grande Wateaster (Watermaster); and the

International Boundary and Water Commission (IBWQ)ble 3-1). In addition to

*Reprinted with permission from “The Water Market the Middle and Lower Portions
of the Texas Rio Grande Basin” by Andrew J. LeigdiMerEdward Rister, Ronald D.
Lacewell, and Allen W. Sturdivant, 201The Journal of the American Water Resources
Association47, 597-610, Copyright 2011 by the American W&esources

Association.
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Table 3-1. Regional water groups of the Falcon-Amiad region of the Rio
Grande basin in Texas, 2009.

Falcon-Amistad water market area
Cameron, Hidalgo, Willacy, Starr, Jim Hogg, Zapatabb,
Maverick, Dimmit

Counties:

Rio Grande Watermaster Program

Administer, account, and enforce water rights far Texas Rio
Grande Basin

Harlingen Office

Function:

Function: Conduct Watermaster functions for lowasii
Counties: Cameron, Hidalgo, Starr, Willacy, and aap
Eagle Pass Office

Function: Conduct Watermaster functions for midsiesin

Brewster, Dimmit, Hudspeth, Jeff Davis, Jim Hoginrey,

Counties: Maverick, Presidio, Terrell, and Val Verde

Rio Grande Regional Water Planning Group

Coordinate long-range water supply planning byding together
stakeholders representing a variety of interests

Cameron, Hidalgo, Jim Hogg, Maverick, Starr, Wébkljacy, and
Zapata

Function:

Counties:

Rio Grande Regional Water Authority
Assist in water deliveries from Rio Grande, desslon, water
supply, wastewater treatment, agricultural waterseovation, solid

Function: waste, state and federal funds; certify water gdtgld in the
Authority's counties
Counties: Cameron, Hidalgo, Starr, Webb Willacy, and Zapateiuding the

City of Laredo)

Lower Rio Grande Valley Development Council
Serves as an administrative agent for the Rio Gr&ebional Water

Function: .

Planning Group
Counties: Cameron, Hidalgo, and Willacy
Website: http://www.Irgvdc.org/water.html

Source(s)Rio Grande Watermaster Program (2009); Rio GraretgdRal Water
Planning Group (2009); Lower Rio Grande Valley Depenent Council (2009); Rio
Grande Regional Water Authority (2009).
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these groups, the region has a market for the teampase and for the permanent
entitlement of surface water rights from the River.

TCEQ (2009b) refers to water rights in the middid éower Texas Rio Grande
basin as being served by the Falcon-Amistad sysfEme. system is so named for the
two reservoirs servicing the area. Similarly, thésay refers to the water right market
(i.e. trades and leases of water rights) in thesas the Falcon-Amistad water market,
and emphasis is made to classify the market absestion, or a tool, of the regional
water management system. The Falcon-Amistad syst@mmpasses the Texas
counties (Cameron, Dimmit, Hidalgo, Jim Hogg, Masler Starr, Webb, Willacy, and
Zapata) roughly situated along the Rio Grande fjashdownstream of the Amistad

Reservoir to the mouth of the River at the GulMaxico (Figure 3-1).

Indicates areas of the Falcon-
Amistad water market
Kinne:

. County names are bold

Amistad Reservoir

Maverick

Dimmit

Webb]
Laredo
L]

Jim Hogg
Zapata
11 Starr| [Hidalgo
RN N g o/ Willac
i Falcon Reservoir,

McAllenNCameron
L]

o
Brownsville

Figure 3-1. The location of the Falcon-Amistad war market area.
Source(s)adapted from Burke et al. (1994).
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Immigration-fueled U.S. population growth is maintag a strong pace in the
Falcon-Amistad region, and has accelerated sire@%@0s. According to U.S. Census
data from 1970 to 2000, average annual populatiowtty rates of three metropolitan
statistical areas in the Falcon-Amistad regionlrother U.S. cities in high-growth,
water-stressed areas (U.S. Census Bureau 1993).2007

As regions experience water scarcity, water resospecialists, such as those in
the Rio Grande basin of New Mexico, study instgo#il methods to improve water
conservation (Ward et al. 2007), as well as ingesti market mechanisms to manage
drought (Hadjigeorgalis 2008). More generally, sweag the effectiveness of water
marketing and identifying conditions that permitsessful water marketing have been
frequent topics of study in recent years with resdoy Hadjigeorgalis (2009), Chong
and Sunding (2006), and Kaiser and McFarland (199Hg Falcon-Amistad water
market provides an example of such a market-bas#derving a diverse, regional
water management system that is experiencing @nstt supply and increasing
demand.

In addition to population growth, the Texas Loweo Brande Valley (Valley)
(i.e., the collective name for the four southernhomsinties of the Falcon-Amistad
region: Cameron, Hidalgo, Starr, and Willacy) hathessed a series of droughts,
starting in the late 1980s (Figure 3-2) (Nationhi@tic Data Center 2007). None of
these more recent individual droughts have beeewasre as the drought of record

during the 1950s, but combining the length of téomall of these droughts reveals the
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area enduring dry conditions for 60% of the timeneen 1990 and the end of 2007

(Figure 3-2).

Palmer Hydralogic Drught Index

5 | | | | | | | | | | | | | | | | | | | | | |
1885 1800 1805 1910 1915 1920 1925 1930 1835 1240 1245 1950 1955 1860 1885 18970 1875 1980 1985 1990 1935 2000 2005
Years

Figure 3-2.  The Palmer Hydrologic Drought Index fora portion of the Texas
Lower Rio Grande Valley (i.e., Hidalgo and CamerorCounties).
Source(s)National Climatic Data Center (2007).

The Valley is home to a productive agriculture sectSince initial water rights
adjudication in 1971, agricultural users have hi&majority of water rights in the
Valley, as well as in the Falcon-Amistad systertaage (NRS 2006; Stubbs et al 2003).
The quantity of water associated with agricultamadl municipal water rights has not
remained constant. From the initial allocatiod @Y1 to early 2007, in conjunction with
municipal population growth and municipal boundaxpansion, 158 million cubic
meters (Mm3) (or 127,760 acre feet (af)) of waréhbeen added to municipal water
supplies (Jarvis 2007). This addition to the raionunicipal water supply is the result
of a legal and administrative process that conventster right from agricultural use to
municipal use. The reduction of irrigated farmlassociated with the 158 Mm3

(127,760 af) of water converted to municipal waigints during 1971 to 2007 is
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approximately 381 square kilometers (km2) (94,3@@s0r 147 square miles)
(Jarvis 2007).

Beyond being a case study with challenging climatid demographic
characteristics, the regional management of theoRahmistad region exhibits water
management policies that resemble proposed policasare under consideration as
potential modifications to, and arguably improvetsampon, the riparian doctrine that
dominates the eastern and Midwestern U.S. WollrmathEheart (2000) and An and
Eheart (2006) compare two possible water allocatigicies in the context of an
agricultural-irrigation-only corridor of a ripariazone. One policy regime is called a
“Non-prioritized fixed-volume permits” and the othie termed “Fractional flow set-
aside.” Temporarily borrowing their terminologhietFalcon-Amistad system can be
thought of as a hybrid regime of “Fixed-volume p#snfior some; fractional flows for
others.” The real-world experiences of the Faléonistad system can provide guidance
and insight to water managers and stakeholdeipanian areas of the U.S. who are
considering modifications and alternatives to tleeirent policies.

Another feature that is somewhat unique to thedraltmistad system and
relevant to other regional management groups ceriaglnew policy is the ability for
irrigation water rights holders to make use of klde storage capacity in the system’s
reservoirs. Irrigation water rights holders caarik’ their water month to month, and
year to year, in what essentially constitutes awatcount that is administered by the
Watermaster. Giving irrigation water right holdéne option to store their water for

future use makes these agents aware of a spggéoif opportunity cost associated
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with using their water; i.e., water that is diverteday must be at least as valuable in use
as the discounted value of that diversion in thers Diverters aware of this
opportunity cost will engage in more efficient beioa than those under alternative
regimes that adhere to a “use it or lose it” paliGornforth and Lacewell (1981) studied
farm production in the El Paso, Texas, area ancdstrated that the ability for farmers
to store water in the Elephant-Butte Reservoir eiviN\Mexico not only improves net
farm returns, but also decreases the year-to-ya&tion in the returns to farming.
Understanding the institutions of the Falcon-Andssgstem can lead to tools for
regional water management. Institutional knowleldgethat identified in this paper is
an important input for constructing complex modelanalyze polices under a variety of
conditions—Ilike, for example, the Rio Grande basihlew Mexico and west Texas
(Ward et al. 2006; and Booker et al. 2005).

This article discusses the structure and functipnaf the Falcon-Amistad water
market, including the institutions and geograpladipulars that enable the market to
operate. The discussion is facilitated by presemaf data from a variety of sources,
with the majority of the data coming from the Texasver Rio Grande Valley. The
historical trends of water market activity are gr@ed and discussed, followed by a
discussion of the Falcon-Amistad region’s wateated institutions. Finally,
suggestions are presented to anticipate, and ppssitigate, potential complications to
market operations from groundwater depletion anthéoenvironmental well-being of

the River, specifically regarding instream flows.
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3.2 Water Market Definition

Certain criteria must be met for a water marketxist within a regional water
management system. The criteria are, from SahldeBash (1987), (a) that a portion of
a supply system’s right to use water be owned Hdividuals (either people or firms),
(b) those rights must be transferrable among thesket participants, and (c) claims to
these rights must be respected and secured propgrty. This definition implicitly
assumes the transportation of a unit of waterrteva point of use within the region is
technically feasible, which is the case for thecBatAmistad system. Once transfers of
secure rights between two different water rightleas are allowed to occur,
demarcating the location and range of the wateketas essentially the same task as
locating technical and legal feasibility boundatiest apply to these transactions.

Legal boundaries can be built across distancesaruss institutions. For
example, transactions may only be permitted irvargriver basin, such as the Rio
Grande, and may only be allowed among specificaygeaisers, such as agriculturalists
or municipal suppliers. Restrictions on tradesceoning different types of water use
exist in the Falcon-Amistad water market. Spealfi¢ short-term trades (or leases)
between agricultural use and municipal use areibited in the Falcon-Amistad system
(Characklis et al. 1999; Stubbs et al. 2003).

Herein, ‘water market’ is used as an umbrella teeferring to all of the types of
water transactions that may occur within the Faldamstad system. A variety of
transactions are possible (e.g., permanent salataf rights, temporary lease of water-

right entittement, and long-term contracts for watght entitlement). Each type of
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transaction could constitute its own market, dependn the accounting stance of the
market researcher. Within the Falcon-Amistad systal of these transactions are
relatively simple to execute when compared to arpothetical transaction with entities
outside the region. In the State of Texas, in@rbaxansfers of water are subject to a
relatively-extended review process outlined inTleeas Water Code, Chapter 11 (Texas
Water Code 2001).

One objective of this article is to determine i thalcon-Amistad water market
behaves in accordance with economic theory. Itidica that the market is behaving as
theory suggests are evidenced by market transadta transfer water (i.e., permanent
water rights) from those with lower values andhiose with higher values for water.
Further, given the limited supply of water rightgldhe area’s increasing water demand,
driven by population growth, the real price of aevaight in a functioning market
would be expected to increase. If these two carditare upheld and market
externalities are limited, then economists haveardo believe that transactions are
contributing in some capacity to social welfare rimgment. To be more explicit, the
objective is not to demonstrate any degree of fomaaket efficiency. The objective is,
rather, to evaluate if, overall, market transaciappear to be allocating resources to
those groups and individuals who place the greatdae on the resource. In such a
case and with minimal externalities, the market f@gaid to be improving efficiency
(Griffin 2006b). In an analysis of selected trastgms from the Falcon-Amistad water
market, Chang and Griffin (1992) found that thedd#s accruing to water-right buyers

were greater than the opportunity cost of watemrggllers. This study adopts a
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different approach than Chang and Griffin (1992) analyzes an updated catalogue of
water right transactions that have occurred sif9821

An additional objective of this article is to detene what, if any, institutions are
promoting the effectiveness of a market, eithemyimizing externalities, ensuring the
property values of water rights are maintainedyyolowering market transaction costs.
Identifying the role played by institutions in tbperation and functionality of the
market provides a basis for locating areas of g@teimprovement and policy
recommendations to further enhance social welfathe market area. And further,
Falcon-Amistad institutions, once identified asefive, may be replicated in other
regions of the world, by other regional water reseumanagers, whose regions are
enduring water scarcity and who are looking to iover, expand, or diversify their
portfolio of water resource management policies taods.
3.3 Falcon-Amistad Water Market Description

Several articles outline the history and functiggadf the Falcon-Amistad water
market (Chang and Griffin 1992; Characklis et @09; Jarvis 1991, 2007; Kaiser 1987,
Levine 2007; Schoolmaster 1991; Stubbs et al. 2008js 2004). Like much of the
western United States, the majority of the stat€enfas follows the prior appropriations
doctrine, which employs the principle of “firsttime, first in right” (Griffin 2006b).
The Falcon-Amistad region is the only place in Tetteat follows a different system of
water rights. The Falcon-Amistad water rights egstvas essentially put in place
following the conclusion of the Valley Water Suig. State of Texas v. Hidalgo County

Water Control and Improvement District No. @®69), which defined the water-rights
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system for the lower portion of the Rio Grande badiTexas as permitted entitlements
to correlated shares of the River. In 1982, waggts in the middle portion of the Rio
Grande basin of Texas were defined using essentielsame mechanism (i.e., as had
been used in the lower basin since the concluditimeovalley Water Suit) (NRS 2006).
Today the lower and middle portions of the Texas ®iande basin combine to form
what is essentially called the Falcon-Amistad ragiothis paper.

In contrast to the prior appropriations doctrin@jak gives priority to users with
the longest history of withdrawals, the correlatbdres doctrine generally gives no such
priority and usually treats rights holders as hgwaqual priority. Water rights in the
Falcon-Amistad region employ a unique type of datesl shares doctrine that has three
tiers of priority, with priority of the right deterined by the type of use (i.e., DMI or
Irrigation) and by the diversion history (i.e., £$8A or class B) associated with the water
right.

Market Participants

The agents in the Falcon-Amistad water market gdiydall into three
categories: (a) individuals, (b) irrigation distacand (c) municipal suppliers. Irrigation
districts own the majority of irrigation water righand “hold” and divert against a
significant proportion of municipal rights for tihespective municipalities. Thus, they
divert the majority of raw water from the River.uRicipal water suppliers of the region
are privately owned or public utilities. In eithease, the municipal supplier typically
has its water delivered by an irrigation distrimif in some cases, it may divert its own

water or lease water from an irrigation district.
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Types of Rights

The Falcon-Amistad system makes a clear distindigiween water rights used
for irrigation and those associated with domestignicipal, or industrial uses. These
latter three uses are afforded greater priority ih@dgation water in the Falcon-Amistad
system. A DMI water right entitles the right halde 1.23 thousand cubic meters
(TCM) (1 af) diversion per year from the River. Angation water right entitles a right
holder to a share of the inflows to the Falcon Andstad reservoirs. Within the sub-
category of irrigation rights, an additional tidrgiority affords greater reservoir inflow
amounts to two different classes of irrigation tg){class A and class B). Unlike
municipal water rights, which entitle the right tief to a “use it or lose it” type of
annual diversion, irrigation rights are associatéti bankable water accounts at the
Office of the Watermaster. Therefore, irrigatiaghts holders’ account of divertible
water can be low, full, or even overfilled; but Ne@ume of water inside the diverter’'s
account may not exceed 1.4 times the allocatioargduring the original adjudication of
the water rights. Many of these peculiaritiesha Falcon-Amistad system, including
the duties of the Office of the Watermaster andagperations of releases and storages in
the reservoir system, are investigated in greataildoy Characklis et al. (1999), Levine
(2007), Stubbs et al. (2003), and Wurbs (2004).

Transferability of Water Rights

Intrasectoral water rights are fully transferrable ia Fralcon-Amistad water
market, which is to say irrigation water rights &rlty tradable among irrigation users

and DMI water rights are fully tradable among DMkEws. To clarify, ‘fully tradable’
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means a right can be permanently purchased omsoldhe water entitlement can be
leased, contracted, or optioned to other similarsid.e., users in the same sector.
Trades from one sector into anotherimtersectoral trades, are more complicated and
more closely regulated than intrasectoral trad&sch restrictions on water trades are
believed by many economists to be sources of iieffcy. The transfer particulars are
explored in several locations (Schoolmaster 1981hi$s et al. 2003; NRS 2006;
Levine 2007) and are summarized below.

Since DMI rights are afforded a higher priority therigation rights (i.e., one
year’s supply of DMI diversions is reinstated ie tinunicipal reserve monthly),
transferring water rights from agricultural usebll use involves converting an
irrigation right, which is a bankable entitlemeata share of reservoir inflows, into a
DMI right, which is a reserved, fixed quantity oparmitted annual diversion and
otherwise is not bankable. The A and B subdivisiohirrigation water rights also carry
different weights when converted to DMI water rghtConversion rates correspond to
the higher monthly allocation rate accorded toslasights over class B rights. When
class A irrigation water rights are converted ibtd| water rights, the amount of water
associated with the irrigation rights is reduce&@&o of the original (i.e., irrigation)
water value. Similarly, but using a stronger rdatucfactor, when a class B irrigation
water right is converted into a DMI water rightetamount of water associated with the
irrigation right is reduced to 40% of original watmount (Schoolmaster 1991;

Jensen 1987; Stubbs et al. 2003).
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The Falcon-Amistad water-rights system supportgigihg market for leased
water, which is also called “wet water,” “contra)t(water (Chang and Griffin 1992;
NRS 2006), or “spot market sales” (Yoskowitz 19989nlike permanent sales of water
rights, leased water cannot be transferred outdidesector. Leasing transactions of
DMI water to irrigation water or irrigation wates DMI water are forbidden by law
(Characklis et al. 1999). Permanent sales aréothes later in this article, because this
market transaction captures the Falcon-Amistacegystntersectoral trading, which
may be relevant to other regional water systemsaoiigerve competition for water from
two different sectors and the expansion of urbanioipal interests into historically
agricultural areas.

3.4 Falcon-Amistad Water Market Analysis

Historical Trends of Water Allocations

Population growth and the associated expansionuoiicipal boundaries, and
agricultural acreage reductions are driving thdl@eation from agricultural to
municipal use in the Falcon-Amistad water markete data used for much of the
following discussion are from the Watermaster'slidgen Office which covers the four
Valley counties and Zapata County. Since watdrtroigvnership of Zapata County is
less than 12 TCM (10 af), the following figures gresented as Valley-wide data.
Figure 3-3 and Figure 3-4 are displays, respegtiltotal allocations of DMI water
rights and the total allocation of irrigation watgghts in the Valley.

The upward trend of municipal water rights in Figg33 corresponds to an

average annual growth rate of 2.62% in the amoumtumicipal water rights in the
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Figure 3-3.  Historical trends of total authorized vater rights* (use types
municipal, domestic, and industrial; and summed ugas all DMI) allocated in the
Texas Lower Rio Grande Valley.

Source(s)Unpublished data from the Rio Grande Watermastdéfice.

Note:* Data missing for 1990, 1991, and 1992.

Valley from 1989 to 2008. Population projectioran the Region M Water Plan (NRS
2006) indicate an estimated population growth o&t294% for the entire region from
1990 to 2010. The similarity between the growtlesasuggests regional municipalities
are anticipating increasing water demand and aicguivater rights to fill this demand.
Note in Figure 3-3, the total quantity of DMI watgghtsdecreasedrom 2007 to 2008.
This is due to a sequence of transactions betweegity of Laredo, which is not
located in the Valley, and Valley IDs in which tGay of Laredo purchased 3,330 TCM

(2,700 af) of domestic use water rights. The ghomtmunicipal rights is slightly less
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than the estimated growth in population. This digg may be explained by past actions
of the municipal suppliers in which they purchaseder rights in advance of growth
and more recently have been expending those rigétisad of buying new ones.

The decreasing trend shown in Figure 3-4 corresptmdn annual loss rate of
0.50% for total irrigation water rights in the i@}l from 1989 to 2008. Due to
municipal development expansion into the Valleigation districts, agricultural lands
within the Valley irrigation districts were reducatlan annual rate of 0.73% between

1996 and 2006 (calculated from Leigh et al. 200R)e levels of agricultural lands and
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Figure 3-4. Historical trends of total authorized water rights* (use types class A
irrigation, class B irrigation and summed up as allirrigation) allocated in the Texas
Lower Rio Grande Valley.

Source(s)Unpublished data from the Rio Grande Watermastdfise.

Note:* Data missing for 1990, 1991, and 1992.
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demographic landscape shifts towards the urbarsabdrban, water resources are
allowed to shift from the agriculture sector to noypalities and/or industries. Reasons
that the Valley’s irrigation districts’ lands areibg reduced at a faster rate (albeit slight)
than the rate irrigation rights are being reducey tme due to resistance on the part of
the irrigation districts to relinquish their watgghts (e.g., retaining water rights to
insure against shortfalls during extended drought).

A disparity exists between municipal allocationsl amunicipal diversions of the
Valley, because municipalities do not divert thérernvolume of their legal right. This
disparity may be accounted for by municipal supplipurchases of water rights in
anticipation of future growth, such a disparityyipical of urban reliability planning.

Note the level of DMI water reserved for the negays use is based on DMI diversions,
not total right ownership.

Historical Trend of the DMI Water Right Market Peic

Demand growth, a relatively-fixed supply of wat@nd a functioning water-right
market generate price signals in the Falcon-Amistatiem. The price signals are
indicative of an overall trend in rising opportyndosts of water rights in the region
from the early 1980s to the present, with the mnsagiificant price increases occurring
1998 to 2002. An examination of inflation-adjustida reveals the real price of water
rights remained relatively constant during theyea#80s to the late 1990s (Figure 3-5),
with market transactions primarily characterizedshall irrigation rights holders (i.e.,
not IDs) as sellers and municipal suppliers as muf@tubbs et al., 2003; Chang and

Griffin, 1992). By 2000, the municipal supplieees to have sought out and cleared
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the market of many smaller rights holders. In otherds, as demand for water rights is
increasing, as a consequence of population gralwghsupply of water rights is held
fixed, ownership levels by irrigators and irrigatidistricts are not increasing. The
outcome suggested by economic theory is that aarletnexhausts low cost supplies, in
this case water rights’ owners with a low willingiseto-accept for their water rights,
market demanders will face increasing prices, thersoving upward and along the

water rights’ supply curve.
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Figure 3-5.  Historical data of DMI water rights prices in the Falcon-Amistad
water market.

Source(s)Caroom and Maxwell (2005); Chang and Griffin (1992haracklis et al.
(1999); Griffin and Characklis (2002); Levine (200NRS (2001, 2003, 2006);
Schoolmaster (1991).

Note:*Inflation rate = 2% (Rister et al. 2009); base nyisa2008.
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Since 2000, the active agents in the market prigneoinsist of municipal
suppliers and IDs (Stubbs et al. 2003), with mygaktsuppliers purchasing water from
IDs. Even though they are highly involved in maraetivity, IDs seem to be reluctant
to sell water rights for two reasons. First, tBs monthly water account credits
(maintained by the Watermaster) are dependent@npio rata share of the system-
wide total amount of irrigation water rights. Thi8s use the retention of water rights
as “insurance” during drought to maximize their-pata share of monthly account
credits. Secondly, water delivery via irrigaticanals and pipelines is an enterprise with
increasing returns to scale (Chang and Griffin J98%aning that large-volume water
delivery businesses are associated with high irdikad costs, and decreasing average
costs as more clients are brought into the delinetyork.

The typical ID in the Falcon-Amistad system is ewad to meet the demands of
the expanding municipal sector, but the IDs comitauhave legal obligations and
financial incentives to serve the agricultural ssartheir districts. Growing demand
from the municipal sector, the IDs relative lackrafentive to sell water rights, the
2000-2002 drought conditions, and risk aversiofutore drought have contributed to
the real price of a water right increasing by ntbian $1/m3 (or $1,000/af) since 1999
(Figure 3-5).

Anecdotal reports of speculative purchases suggsstr rights as a long-term
investment opportunity may also be contributingnteases in prices (Hinojosa 2009).
A Linear Dummy model and a Liebig model were regeelson the price data

(Figure 3-6). The graphs of these two modelstilaie similar stories about the market’s



76

price trends. Namely, that from 1983 to the |&88Q0s, no apparent change in prices
occurred; and after a point in the late 1990s, @aprately 1998, prices tended to
increase (Appendix E).

The independent variables in the Linear Dummy aetdi model may include
the effect of any of many time-correlated phenomenaime-independent events, which
impacted the Falcon-Amistad region from 1983 to2200hese events may include the
passage of Senate Bill 1 (SB1) (TWDB 2009) in 19%e subsequent execution of the

regional water plans mandated by SB1 may haveasegwater market participants’
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Figure 3-6.  Historical data (1983-2005) of DMI waterights prices in the Falcon-
Amistad water market and the plots of two regressin models, 2009.
Source(s)Analyses and adaptation from nominal prices reparteCaroom and
Maxwell (2005); Chang and Griffin (1992); Charaskdit al. (1999); Griffin and
Characklis (2002); Levine (2007); NRS (2001, 2(X¥)6); Schoolmaster (1991).
Note:*Inflation rate = 2% (Rister et al. 2009); base ryis2008.
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awareness of the quantity and the prospects fardwvater supplies in the region.
Intermittent drought in the mid-to-late 1990s ahd hotable drought in the early 2000s,
during which the Rio Grande ceased to flow intoGf of Mexico (Samson 2008),
may also have contributed to the increase in waiees. As indicated by Stubbs et al.
(2003), once the small irrigation rights holderkigbeir water rights to cities and had
been cleared of the market, possibly around the 2@@0, municipalities were left to
purchase any additional water rights from IDs, whi@ave strong incentives to retain
their water rights.

Characterization of Past Transactions

From July 1996 to January 2009, title changeshanges of permanent
ownership, associated with Falcon-Amistad watdrtsadrave been documented in the
Harlingen Watermaster’s Office. Once again fordiaity, this five-county
administrative area is referred to as the Vallap. analysis was conducted of 418 of
those title changes, which involved a variety afiwduals/private organizations,
irrigation districts, municipal suppliers, governm@gencies, and environmental groups.
Some title changes were omitted from this analys@duding those which appeared to
involve two or more members of the same familyentifying the nature of the title
change was no exact science. The general ruteuofh that this study followed was
that if two or more title change participants hdentical surnames, then the title change
was determined to be a gift between kin and nepeesentative market transaction. Of
the 418 remaining title changes, some could bemarket exchanges of property

between friends, or family members that do notestiae same surname; discerning this
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from the Watermaster’s records was not possiblevektheless, the authors are
confident that the overall trends in title changgsorted in Table 3-2 are qualitatively
similar to the trends of the subset containing genmarket transactions. Table 3-2
displays a summary of these title changes, refdoed transactions, and organized by
the type of right owner involved in the transaction

The summary data presented in Table 3-2 indicatieinilividual rights holders
have been the most active sellers of water botarms of the number of transactions in
which they are involved and by accounting for theatest proportion of water volume
sold. The most active water purchasers in terrmuofber of transactions were also the
individual rights holders. However, municipal sliprs are the greatest volume
purchaser of water rights. IDs are the second-fnegtient user type to participate in
transactions as a seller, participating in apprately 11% of sales (Table 3-2). If IDs
are sellers, the quantity of water transacted témtt& much higher than if individual
rights holders are sellers. From 1996 to 2008atrexage quantity per trade with an
irrigation district as seller is approximately 568M (457 af), while the quantity per
trade with an individual as seller is approximatebd TCM (133 af) (Table 3-2). As
would be expected given the Valley’'s growth in plagion during the 1990s and 2000s
and the Valley’'s expanding municipal sector, myratsuppliers are net purchasers of
water rights and irrigation districts are net sallef water rights.

To further evaluate the nature of these transagticonsider the water use values
associated with the two water-using sectors, alju@al and municipal. The returns to

an acre foot of water used in the Valley agricdtare estimated at $139 (Seawright



Table 3-2.  Summary of recorded water market transactions from May 1996 to December 2008 in the Falcon-
Amistad water market for the Texas Lower Rio Grande Valley, 2009.

Environ Others
Irrigation | Municipal | mental | Government| and
Individuals | Districts | Suppliers | Groups | Agencies Unknown| Total

Total transactions as | # 359 46 7 3 1 2 418
seller percent | 85.89% 11.00% 1.67% 0.72% 0.24% 0.48% 100%
Total quantit§ of TCMP 58,767 25,916 294 389 7 556 85,930
water sold af° 47,643 21,010 239 315 6 451 69,664
percent | 68.39% 30.16% 0.34% 0.45% 0.01% 0.65% 100%
Average quantity sold| TCM 164 563 42 130 7 278 206
per transaction af 133 457 34 105 6 226 167
Total transactions as | # 194 19 176 9 17 2 497
buyer percent | 46.52% 4.56% 42.21% 2.16% 4.08% 0.48% 100%
Total quantity of watef TCM 28,569 3,937 46,624 1,530 4,390 344 85,393
bought af 23,161 3,192 37,798 1,240 3,559 279 69,229
percent | 33.46% 4.61% 54.60% 1.79% 5.14% 0.40% 100%
Average quantity TCM 147 207 265 170 258 172 205
bought per transaction af 119 168 215 138 209 140 166
Total net quantity TCM -30,198 -21,979 46,329 1,141 4,382 -212 9537
purchased af -24,482 -17,819 37,560 925 3,553 -172 -435

Source(s): Unpublished data from the Rio Grande Watermaster’s. office

® To ease data presentation, all water quantities were converted to their DMI equivalents. For example, a transaction
involving 100 thousand m3 (TCM) of Irrigation B water converts to a 40 TCM DMI equivalent in the table.

P¢ Thousand cubic meters referred to as TCM. Acre feet referred to as af.

94 Total buyer transactions differs from total seller transactions because one transaction log entry did not list the buyer. Also,
for this reason, the total net quantity purchased for all users is -537 TCM, the quantity of the log entry with no buyer.

~
(o]
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et al. 2009). In the municipal sector, water treit costs can provide a lower bound on
the value of water to municipal users. Municipalter treatment costs in the Valley
have been estimated in the range of $615 to $968que foot (Boyer et al. 2010).
Considering that agricultural interests, represgbelDs, are net sellers of water rights
and that municipal water suppliers are net puraisasfewater rights (Table 3-2) and that
agricultural water use values have been estimatbé substantially lower than that
estimated for municipal treatment costs, the temsf water from the agricultural sector
to the municipal sector constitutes a transfer atlewrights from lower-valued use to
higher-valued use.

Has the Falcon-Amistad Water Market Been Succéssful

The two criteria established early in this artideletermine if the water market
is functioning according to economic theory areahy large, satisfied by the data
presented in the previous sections. Namely, irfFdleon-Amistad system, water
allocations have shifted from lower-valued agrigtdt uses to higher-valued municipal
and urban uses, with IDs and individuals beingsed#iers of water rights and municipal
water suppliers being net purchasers of watersigBimultaneously, as competition for
water from the growing municipal sector has reshiteincreasing demand for water
from the River, the real market price of a watghtihas increased by more than $1/m3
(or $1,000/af) since 1999.

The rules governing transactions and administraafiche Falcon-Amistad water
market have not changed materially since watetsiglere adjudicated following the

Valley Water Suit of 1969. The system’s successrep adoption of the same doctrine
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in the middle portion of the Rio Grande basin okd® thus forming what is today the
Falcon-Amistad water market area. The endurantiei®fegional water management
system under challenging conditions, namely rapiolutation growth, drought, under-
delivery of water by Mexico, and demand competiti@tween two sectors, is
noteworthy. Three reasons for the market's appa@cess are discussed below.

Howe, Schurmeier, and Shaw (1986) state the “mdmniistrative problem in
water markets is the existence of ‘third-partyeets that take the form of changed
return flows, changed groundwater levels, and wagetity changes.” Third-party
effects are roughly defined as externalities (pesibr negative) imposed on a party not
directly involved in the market transaction. Mamgter markets have limitations and
procedures in place to protect against these lohdssually negative, third-party effects.
Examples of market limitations includ®-injury rules designed to prevent harmful
third-party effects; andrea of origin restrictionsdesigned to keep water in its original
basin (Anderson and Snyder 1997).

A common procedure for curbing harmful return flewternalities are a series of
public announcements of proposed water tradeswellioup by one or more open-to-
public committee hearings, so that any potentiatigacted third-parties can voice their
opinions (Chang and Griffin, 1992), as is the aafsaterbasin transfers in Texas.
While these processes ensure more trades are In@utRareto) efficient transactions,
they do so by ratcheting upward the market’s treii@a costs, thereby inhibiting trade

and possibly slowing the advance towards aggregfateency.
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A consequence of the market’s fairly unique geolgi@pircumstances,
transaction costs that are associated with mitigatturn flows in many—if not most
other—water markets do not affect the Falcon-Andistater market. Schoolmaster
(1991), as well as Chang and Griffin (1992), poiat the relative non-existence of
third-party effects and return flow externalitiesthe Falcon-Amistad water market.
The geographic location of the Valley as the fiegl of the River and the area having its
gravity flow away from the Rio Grande (through asemsive network of drainage
ditches) combine to all but eliminate third-partieets and return flows from being
factors in this market area. In effect, diversitnosn the River downstream of Falcon
Reservoir constitute full and consumptive use efdlverted water, so any would-be
return flows exit the water market arena via therdage ditch system.

“Private property does not enforce itself’ (Friemm2000) and the costs of
enforcement and monitoring may prove to be proivibito market-based tools for water
resource management. In the Falcon-Amistad systemever, the Watermaster heads
up an effective monitoring and enforcement effathwvts costs paid for by revenues
from service fees charged to water diverters inRddleon-Amistad system. Both Chang
and Griffin (1992) and Yoskowitz (1999) note thetéfenaster’s successful
enforcement of water rights. Yoskowitz goes ondte that the Watermaster’'s
enforcement efforts contribute to the overall eifemess of the market. The Texas
Administrative Code empowers the Watermaster te takcessary actions to
effectively cease any unauthorized diversion oraorgiment of state water” (Texas

Administrative Code 1999). The Watermaster caontepe violator to the executive
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director of TCEQ, who can issue fines of up to $0,per day of continued wrongdoing.
The issue can also be taken up in court by the stibrney general.

The allowance for irrigation rights holders to bgok store) their water month-
to-month in the Falcon and Amistad reservoirs istimoof further mention. Brennan
(2008) describes the absence of clearly definepggsty rights over stored water in the
context of a missing market, and presents an asatysn Australian water system
whereby incorporating storage values improves #mehts from engaging in water
transactions. While irrigation rights holders lre t~alcon-Amistad system retain the
rights to their stored water (up to 1.4 times tbRime of their initial water account),
DMl rights holders are not afforded such rightdefiefore, the opportunity costs faced
by DMI rights holders to divert water in the currgear do not include the value of that
water’s use in a future year. This aspect of taeewmarket’'s design does not
encourage efficient use of DMI water across timeqgoks as is done by the bankability
policy that applies to irrigation rights holders.

What Does the Future Hold for the Falcon-Amistadé&Wdlarket?

The rising costs of acquiring Falcon-Amistad suefa@ter rights have been one
motivating force which has increased interest tarahtive water supply technologies.
The Region M water plan identified brackish grouatlv desalination as the second-
largest projected contributor to regional waterm@igs, with acquisition of additional
water from the Rio Grande via market exchangebheasihgle largest contributor (NRS
2006). The most recent geologic survey of the@yationcluded that the Gulf Coast

Aquifer may experience declining water levels aqdier storage given a drought of
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record and a continuation of pumping trends ocngrduring 1980 to 1999 (Chowdhury
and Mace 2007). Chowdhury and Mace (2007) repaxéchction rates from prior to
1999 that are likely to be underestimates of curfiem, 2009) extraction rates, given
that multiple brackish groundwater desalinationgxts have come online after 1999.
Since 1999, the development of brackish groundwdgsalination facilities across the
Valley is expected to have accelerated groundweatedrawals in the area. Because
the Gulf Coast aquifer is hydrologically connectedhe River, reduced water levels in
the aquifer may induce greater seepage from theriRuo the aquifer. At some time in
the future, the operational reserve of the Falcomstad reservoir may require
adjustment, to account for greater conveyance sodge to greater seepage when water
is transported from the reservoirs down the Rigdhte diverters.

A component of the Texas Water Bank, which is oeray the TWDB (Wurbs
2004), is the Texas Water Trust. The Texas WatastToperates as a depository for
water rights that have been voluntarily donatethécare of the state to be “dedicated to
environmental needs, including instream flows, wetelity, fish and wildlife habitat,
or bay and estuary inflows” (Texas Water Code 199 water rights in the records
from the Harlingen Watermaster’s office have beesighated for environmental use
(Texas Commission on Environmental Quality 2009aktream flow allocations may
have been insufficient in past years, such as 208&n the River notoriously failed to
flow into the Gulf of Mexico and a sandbar develbpeross the mouth (National
Research Council 2005; Samson 2008). As a consegqud the sandbar, the

Watermaster’'s Harlingen Office and U.S. HomelanduBgy authorities agreed to
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sustain a minimum flow from the River to the Gufdrevent the development of any
sandbars in the future (Yarrito 2009). Neverthglése current arrangement of instream
flows management may seem inadequate. Market-lpasgdsion of instream flows are
likely subject to a free-rider problem and non-nensrovision of instream flows are
motivated primarily by Homeland Security concerather than environmental concerns.

Two ownership categories exist for Valley farméhgise who own water rights;
and those who are serviced by an ID-owned watét.rifarmers of the first group are
water market participants and the market’'s endsusearmers of the latter group are
only end users in the water market. Since theyateight owners and cannot sell the
water right, they are not considered to be markeigpants. The inability of a water
market’'s end user to directly participate in the'keg is referred to as a disconnect issue
(Griffin 2006a) or a compensation problem (SmitlB9P This may impede market
trading and/or the adoption of water conservingicas. IDs and municipal suppliers
are not disconnected from the market, and arefthverencentivized (to some degree) to
consider the opportunity costs of the water righéy hold and the diverted water they
could conserve by making capital improvements. diseonnect of some of the water
market’s end users (i.e., farmers who are serveahd{p) from the market and, by
extension, from certain water-conserving incentis@sstitute valid grounds from which
to be critical of the current water market’s ingitbnal arrangements.
3.5 Summary and Conclusions

Since the early 1970s, the water market of the tame middle portions of the

Rio Grande basin has functioned like a typical raaf&r a normal good. Demand for
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water has increased, especially from municipal wsuepliers, and the supply of water
from the River is more-or-less constrained by tieddg of nature and the climate. As a
consequence of increasing demand and relativedgfsupply, the price of a water right
in the Falcon-Amistad system has risen to reflegitiér opportunity costs of diverting
water from the River. This market has functionesll\&s a regional water-management
tool, particularly given the region’s experiencesl éhe fact that the Falcon-Amistad
system has remained operational and largely un@tan@ontributing towards the water
market’s success is the region’s geographic lonatdhe terminus of the Rio Grande
and the consequential elimination of return flowngtications to market transactions.
Equally important, the Watermaster effectively ntors and enforces the diversions
along the River, i.e., since water rights are dipadministered, their values are well
maintained.

The Gulf Coast Aquifer may become an issue forrtasket in the future.
Assuming groundwater pumping accelerates, watéegabay fall and reaches of the
River may experience increased seepage. Monitéoingny hydrologic changes may
be important to determine if future adjustment® water market’s operations could be
useful. Protecting instream flows for environmémand seems fairly
straightforward for stretches of the Rio Grandéhm Falcon-Amistad region. Water
rights can be purchased at the market price anddhtered into the Water Trust; even
S0, some environmental concerns over the River $edia ongoing. In spite of these

potential issues and the compensation problenfalmn-Amistad system provides,
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what is overall, a positive example of the effeetigss of a market-based tool used in

regional water management, within the context adterg institutional arrangements.
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CHAPTER IV
HYDROECONOMIC ANALYSIS OF
THE TEXAS LOWER RIO GRANDE VALLEY WATER SUPPLIES URNER

URBANIZATION AND CLIMATE CHANGE

4.1 Introduction

Hydroeconomic models are computer-based water-nesmeigt and water-
research tools that incorporate aspects of hydyadmg economic behavior to advise
and provide implications for the water managemewcision-making process and water
management practices (Ward 2009; Harou et al. 2089)iroeconomic models can take
a variety of forms and include a variety of compasedepending on the particular
guestion(s) being addressed. Issues addressqaphgation of hydroeconomic models
in Texas and the southwestern United States méydecwater planning (Gillig et al.
2001), groundwater management (McCarl et al. 19@@yeational uses (Ward and
Lynch 1996, 1997), water market institutions (Clollia et al. 1999, 2006; McCarl et al.
1999; Cai and McCarl 2009), water pricing (Ward &uido-Velaquez 2008, 2009),
environmental and species-habitat uses (McCatl &089), and climate change and
drought (Booker et al. 2005; Ward et al. 2006; &a McCarl 2009). Recently, the
important components and basic structures of thesels have been summarized by
Ward (2009) and Harou et al. (2009).

The study area for this paper includes three aljui@lly-prominent and

municipally-diverse southern Texas counties: Camgdrdalgo, and Willacy. These
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counties are located along the Texas U.S.-Mexiecddyaat the mouth of the Rio Grande
(the River) (Figure 1-1). Decision makers acré®sregion are considering several
alternative water-supply and water-managementreitemes to address water issues,
including brackish groundwater desalination andvsgar desalination (NRS 2008,
2010b). In the next 50 years, more than a douldfrthe current population is
anticipated in this region (NRS 2010a). This papoh growth will expand municipal
borders into what is currently productive farmlam! will require substantial quantities
of water from the river system that has traditibpnbaeen used to support the irrigated
agriculture sector. Compounding increased waterpatition on the demand side,
global climate change may permanently and subsifnélter the natural yield of the
region’s primary water source, the River, as welttee physiological performance of
agricultural crops.

The River serves as an international border, asdbgect to several long-
standing water-sharing agreements between neigithoations and states
(Martin 2010). As recent as a decade ago, sortigst terms were tested when
Mexico defaulted on obligations to deliver watethie River for use on the U.S. side
(Robinson 2002). These circumstances portrayiamegat likely will experience rising
water scarcity in the coming decades and, as guokiide an impetus for research such
as this essay to better understand the region'srsapply alternatives, water
management institutions, and projected impactgidRal stakeholders have
demonstrated forward resolve to address presenfusane water-scarcity issues (Rister

et al. 2011). The goal of this paper is to provgdélance to those efforts, offer a picture
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of what the future may hold for the Valley’s watesources, and suggest policies to
mitigate foreseeable challenges to regional wataragement.

The description of a hydroeconomic model develdpedhe Valley,
incorporating aspects of urban-agricultural chaindgeoth water and land resources, is
included in this essay. This model captures mdrlgeounique institutions of the
Valley, including the modeling of two different rheds of water right reallocation, one
explicitly linked to land-use change and the otagplicitly divorced from land-use
change. The model is parameterized to representears 2010 and 2060, providing an
assessment of the probable effects that 50 yegospaflation growth, land-use change,
water-use change, and climate change may haveeaedgion’s municipal water supply
system benefits and agricultural productivity. Essay proceeds with a presentation of
the model, including descriptions of the econorhidrologic, institutional, and
dynamic components. The model description is Vedld by a presentation and
discussion of the results from several scenarhosummary of results and implications
comprises the final section.

4.2 Model Description

The hydroeconomic model is an optimization progreomstructed and solved in
the General Algebraic Modeling System (GAMS)™ (GAR8velopment Corporation
2011). The objective of model application is toxma@ze social gains across the
agricultural and urban sectors. Controls imbedddte model include the choices of
crops, acreages, farming practice (irrigated olaahy), and municipal water supply

technologies. Optimization is subject to seveyarblogic and institutional constraints
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designed to represent the conditions found in tAkkeY. A variety of literature sources
and discussions with local experts were consuligtie attempt to build a model that
reasonably represents the Valley’s hydrologic,itusbnal, and economic environment
(Hinojosa 2009; Leidner et al. 2011b; Thompson 19%9DB 2007, 2009;

Yarrito 2009).

Objective Function

The objective function maximizes the net benefitagricultural production and
municipal consumers’ consumption of water. Thersewf agricultural water is from
River water that is transported from diversion p@@ong the River, but is otherwise
untreated. Municipal water use can come from ¢k &iver water, brackish
groundwater treated by reverse osmosis desalinairseawater (available only in
coastal Cameron County) also treated by reversesisrdesalination. The benefits that
accrue to the agricultural sector are calculatethfthe revenue of crops, less the costs
of production. Municipal water-consumption berseéte calculated as the area under a
projected linear demand curve, less the costs tdniieatment. The maximized

objective function is as follows:
Y {Zp (Zi (acrec‘i‘p(pricel-yieldl-,p —prodCosti‘p))

—expandC ostexpansion‘p)

+ ZS [fW DS (Ztreatment Wc,s,treatment)dw

- Ztreatment(tre atCostireatment Wc,s,treatment)

- dlStCOStdistribute Z treatment(Wc,s,treatment)
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_p”CewaterWc,s,treatment=conventional]

= Yiransrer(transCostiransrer WRight  transrer) )} (4.1)

The objective function sums across all counties Mmwherec € (Cameron,
Hidalgo, Willacy). Agricultural net returns (benefits) are totalerue minus costs
per acre, multiplied by the number of acres emplagegrowing crop, wherei €
(cotton, sorghum, corn, cantaloupe, onion, cabbage, citrus, sugar cane); and
using farming practice, wherep € (irrigated, dryland). In the model, only cotton
and sorghum produce positive net returns undeaddybr no irrigation. The final cost
term in the agricultural benefits component of dhgective function is the cost of
expanding agricultural practices, or where: irrigated, expandCosteypansion,p
represents the per acre cost of expanding irrigateghges into dryland acreages; and
wherep = dryland, expandCosteypansion,p F€Presents the per acre cost of expanding
dryland acreage into ranchland. The expansiomydéld and irrigated acreages are
allowed only in the model year 2060 scenarios.

The benefits of water consumption s 1cqrment @re SUMMed across seassms
(spring, summer, fall, winter). Seasonal consumer surplus comes from integrating
over a demand curvg, (-) (Appendix F), which takes as an input the totalrgity of
municipal water from all possible types of wateatment systems,

Ytreatment Ws,treatment, Wheretreatment € (conventional surface water,
groundwater desalination, seawater desalination). The cost components for the

municipal sector include a per unit treatment ¢08ttCost;reqatmen: @8N @ per unit
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water transaction costyansCost yqnsrer, DY type of transfer whetgansfer €

(lease, sale, exclusion). A water lease, as considered in this study te&ygorary
(single-year) transfer of a water right entitlemeAtsale is the permanent transaction of
a water right in the water market. An exclusioa iwater right transaction that is
explicitly linked to the transaction of land whibhas been under the purview of an
irrigation district. When such land is transactie, land and its associated water rights
are excluded from the district. The use of conwetly-treated surface waters from the
Rio Grande also incurs an opportunity c@stce,,.:.,» €qual to the market price of a
Falcon-Amistad water right.
Land Use

Land use for each county can either be urban acwtyral, with agricultural
land subdivided into land employed in either irteghor dryland agricultural practices.

In the 2010 model year, the acreages of each laadype are constrained to be less

than or equal to recorded levels (iw:banLand,, irrLand,., anddryLand,).
Throughout the model description when there isq@kfor ambiguity, parameter
values that are taken from literature (and notrd@teed endogenously in the model) are
indicated as having a fixed value with a bar owertop of the variable name.

urbanAcre, = urbanLand,. + newUrbanAcres., V c. (4.2)
newUrbanAcres, = }.,, convertedAgAcres.,, V c. (4.3)
Y acreg;, < urrLand, — convertedAgAcres., + newlrrAcres., ¥V c and

where= irrigation. (4.4)
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Y acregi, < dryLand, — convertedAgAcres,, + newDryAcres., V ¢ and
wherep = dryland. (4.5)

In the model year 2060 scenarios, land use is alliote change, with new urban
land represented lmewUrbanAcres,.. New urban acreages are the result of
converting either irrigated agricultural lantbfivertedAgAcres p-irrigatea) OF
dryland acreages¢nvertedAgAcres, ,—qryiana)- The agricultural sector may in turn
expand either irrigated acreagewlrrAcres.) or dryland agricultural acreage
(newDryAcres,), within the constraints of water availability alachd.

Crop Acreage Choice

The crop choice in the model is subject to sevaraktraints that ensure model
application behaves according to documented, lisiidsehavior in the Valley, called
flexibility constraints. Optimized acreages of leacop in each countycre,; ,, are
held equal to or below the acreages reported ilCresus of Agriculture (USDA-NASS
2010),acre,; ,, inflated by an exogenously imposed technologyédo rate u,,, that
increases in the model year, In this way, model year 2060 scenarios are atbw
greater levels of all crop types (but total acreiagaill constrained by equations 4.4 and
4.5). Therefore, a reasonable expectation fontbdel's behavior is for higher-valued
crops to be employed over a greater portion of f@nchin model year 2060 than

occurring in 2010.
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acrec;, < acreg;, * (1 +uy,), v ¢, wherep = irrigated, and where €
(cotton, sorghum, corn, cantaloupe, onion,cabbage, citrus,
sugar cane). (4.6)

For the model’s two dryland crops, cotton and songhthe crop choice
constraints are more complicated. To accommodatetimg the full effects of a
drought, model acreages associated with the Vallewgtorically vast tracts of irrigated
farmland must be convertible to dryland practicEsr this reason, the model’s dryland
cotton and dryland sorghum acreages are only cnstt to be in the same ratio as
previous years, which is also inflated by a techggladoption ratey,. This requisite
ratio preserves the common practice of periodiqaltgting farmland out of cotton

production, which is thought to maintain soil protivity (Bullock 1992).

AacCreéci=cotton,p < AacCreéci=cotton,p

* (1 + uy), vV c, wherep = dryland, and

acreéci=sorghum,p acreéci=sorghum,p

wherei € (cotton, sorghum). 4.7)

Irrigation Water Use and Conveyance Loss

On-farm water consumption is defined as the prodtiper acre water use by
crop,waterReq.;, and the number of irrigated acres associated eutit crop,
acre;,. The on-farm water use is summed across all dropach county and then
added to the specific county’s conveyance losgelass rateconveyanceloss, is
multiplied by the county’s irrigated acres. Thefarm water use and the conveyance
losses (for both agricultural and municipal watistrecbution) must be less than or equal

to the water available in each county’s agricultwater account (equation 4.8). This
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stipulation implicitly accounts for the irrigati@ystem infrastructure being used to
supply urban water users and agriculture incurcmgveyance losses related to urban

water.
i (acrec‘i,pwaterReqC,l-) + (acrec,i,p) conveyanceLoss,g
+ urbanAcre.conveyanceloss,,, < agWater,,V c

and where = irrigated. (4.8)

Allocation of Irrigation Water from Rio Grande

The model allocates River water into the accouhtsaoh of the county’s
irrigation agents according to the following forraul

Hc(inflow — Y Xs Westreatment — envFlow) = agWater,, ¥ c, and

wheretreatment = conventional surface water. (4.9)

The term in the parentheses is the total usealbieudtgral inflows for the
region, which is the annual total reservoir inflofws all human usesnflow, less the
portion that is used by the municipal sectdls,>.s W¢ s treatment, @and less the annual
amount (if any) apportioned for environmental flopwsvFlow. The region’s total
useable agricultural inflows are divided into coulgvel allocations based on the
portion of total agriculture water rights held wtreach county, which is represented by
0.

Allocation of Municipal Water from Rio Grande

Two equations constrain the amount of water thaseable by the model’s
municipal sector. Each equation is activated baseithe availability of reservoir

inflows for municipal uses. The first equatiorassociated with reservoir inflow levels
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that are in excess of the municipal sector’s ledjatation of River water (equation
4.10). In this “non-drought” case, a county’s aamntonventionally-treated water
supplies Es We s trearment) are less than or equal to the number of that tytsiowned

water rights . ,wneq) PIUS any additional rights acquired through tfarss

Ctransfer(Wetransfer ). The next constraint (equation 4.11) is assediatith severe
drought-level inflows, whereby reservoir inflowsl faelow the legal entitlement of the
municipal sectors. In such a drought scenari@graultural sector receives any water,
and the municipal sectors of each county are akacavater based on the portion of

municipal rights owned in each county.

Ys Westreatment < Weownea T Ztransfer(wc,transfer)’ V¢, and
wheretreatment = conventional surface water. (4.10)
Xs Westreatment < ¢c(inflow) — urbanAcre lossRate,,, V c,
and whergreatment = conventional surface water. (4.11)
In selected drought scenarios in the model appdicaif reservoir inflows are
insufficient to supply each municipal agent’s legatitlement to water, then equation
4.11 is activated with equation 4.10 ignored. hiis tase, the municipal agents must
divide the flows between them according to eacmég@ortion of water rights owned,
¢., while also being charged for any conveyance bsséhe municipal distribution
network,lossRate,,,. In non-drought scenarios, conveyance lossesdtr urban and

agricultural reduce agricultural water accounts.
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Conveyance Loss Rates

Conveyance losses included in the model for theealural sector are
represented as a weighted average of lined andaghiirigation canal seepage rates per
mile of canal [ossRate;;,.q andlossRate;i,.q, Weighted byp;;,.4). This loss rate per
mile of irrigation canallossRate,q4,4, iS multiplied by the density of canal miles per
acre of irrigated farmlandi{(ilesPerAgAcre). The equations that govern conveyance
losses for agriculture are as follows:

lOSSRateagAvg = plinedIOSSRatelined + (1 - plined)IOSSRateunlinedl (4-12)

conveyanceloss,g = lossRate,ga,gmilesPerAgAcre = },; acre;,, V ¢ and
where= irrigation. (4.13)
The other conveyance loss term used in the mogdetsents per acre
conveyance losses of waters that are distributedigih the urban sectdgssRate,,,.

This value is directly calculated from previousdséis of the Valley’'s water distribution

system seepage lossesrveyancelLoss;,tq;1), the model application estimation of

agricultural-related seepage lossasfpeyanceLoss,g), and urban acreage

(urbanLand.) (equation 4.14).

(conveyanceLosstotqi—conveyanceLossqag)

lossRate,,, = (4.14)

urbanLand.

Groundwater
Since the majority of Valley groundwater is in gmémarily brackish Gulf Coast
Aquifer (Chowdhury and Mace 2007), the availabibfygroundwater for irrigation

purposes is assumed to be negligible. Apart fioenGulf Coast Aquifer, the only other
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tabulated source of groundwater for the three-gotedion of interest to this study is
found in Hidalgo County (NRS 2010a), which idem#i10,000 acre feet in “other
aquifers”, which includes primarily the Rio Granéiguvium. By way of comparison,
for the three-county region, where the “other agpsif contain 10,000 acre feet, the Gulf
Coast Aquifer and surface water yields from theeRamount to almost 0.25 million
and 1.9 million acre feet, respectively (NRS 2010ayilding on the assumption that the
Gulf Coast Aquifer contains mostly brackish watkrsalination is the technology
required to put Gulf Coast Aquifer to use in themeipal sector. The extraction and
production capacities of brackish groundwater fanmipal purposes are limited by the
estimated physical scarcity of the groundwaterussa
Xs Westreatment < Wepbrackish V € and whergreatment = groundwater
desalination. (4.15)
Since brackish groundwater is a relatively-innoxativater supply technology
when compared to conventional surface water treatna@ additional institutional
constraint is placed on the development of bracgrslindwater desalination facilities,
whereby a county’s treatment capacity is linkethecounty’sn situ desalination
activities prior to 2010. Following a similar ciraint on crop choice (equation 4.6),
the municipal water produced from brackish des#&bneof groundwater,
s Westreatment, Cannot exceed the production level establishégdsn 2000 and

2010,w, treatment, inflated by a technology adoption ratg,

Xs Westreatment < Wetreatment * (1 +v,), V ¢ and whergreatment =

groundwater desalination. (4.16)
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Seawater

Allowed in the model is seawater desalination im&eon County, but not
Willacy or Hidalgo Counties. In terms of physisahrcity, no limit is placed on
seawater desalination. While potential water segdrom seawater are physically vast,
the economic potential of the resource is limitgdHe costs associated with seawater
desalination production technologies. The costeaiwater desalination technology is
relatively greater than either of the other twemdatives (i.e., conventional surface
water or brackish groundwater desalination). Eynard capital required to treat
relatively more saline seawater contribute to tigldr costs associated with seawater
desalination (Leidner et al. 2011a).

Urban Water Use

The value to consumers of urban water use is ewdriay calculating consumer
surplus under a demand curve in the objective fanctAdditionally, the model
imposes minimum per capita water consumption levels

Xs Westreatment = population perCapitaUse. (4.17)

Population Growth and Land-use Change

Population growth affects the model in two direetys. First, population growth
increases municipal water consumption, which iseggnted by increasing the
population, in equation 4.17. Secondly, population growthangs urban boundaries
into agricultural land, which reduces land avaiatdr agricultural production and, by a
process known as exclusion, reduces water avaitabbgricultural irrigation by

transferring excluded water rights to the municgsdtor.
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newUrbanAcres, = %. (4.18)
newUrbanAcres, = ¥, (convertedAgAcresC,p), Vc,p. (4.19)

We transfer = convertedAgAcres.,, wheretransfer = exclusion andp =
irrigated. (4.20)

In the model, the amount of acreage that is coaddrom agricultural use to
urban use in each county is the anticipated chantgal populatiompopulation,
divided by the density of the new populatiampPopDensity.. These newly-converted
acresnpewUrbanAcres,, diminish the county’s acreages in irrigated ofdaind
agriculture. A relevant assumption made in the eha&lthat new urban acres initially
expand into irrigated farmland and then followedelpansion into dryland acreages.

As a consequence of converting irrigated acresharuacres, represented by
convertedAgAcres,, Wherep = irrigated, a transfer of the Falcon-Amistad water
rights associated with those formerly irrigatedeages occurs from the irrigation agent
to the municipal agent. In the Valley, irrigategtiaultural land that is developed into
urban or municipal tracts constitutes those acrebgag excluded from the irrigation
district’s purview; therefore, these types of wdtansfers are called transfers by
exclusion (as opposed to strictly market-based mvaghts transfers). In either the case
of exclusion or a market transfer, irrigation watghts are converted to municipal
rights at a rate of two to one, which is a simpéfion of the actual transfer process

described more completely by Leidner et al. (2011b)
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Climate Change

For selected model year 2060 scenarios, climategehadjustments are made to
crop yields and crop water usages, where the yatdsvater requirements under

climate change (i.eyield;:

Lp,a

andwaterReq;g) are a function of the 2010 yields and
water requirements (used in equations 4.1 anddu®)plied by a proportional change

(i.e., 567 522T) due to changing climate.

1 l’p’a )
yieldS, , = yield;, * (1+ 8752,V i,p, a. (4.21)
waterReq{$ = waterReq; * (1 + 6/2°") V i, a. (4.22)

Yield effects associated with climate change ackugted for all crops under both
irrigated and dryland practices. Changes in wagerare only included for the irrigated
crops. The availability of water across the ergiystem, specifically inflows into the
Falcon-Amistad system, may also change as a refsclimate change. This possibility
is modeled by adjusting the inflow levels into Riwer system as follows:

inflow® = inflow * (1 + §™""). (4.23)
where, as with equations 4.21 and 4.22, the clirobsmge-influenced parameter is the
product of the original parameter (used in equadidrl) and a proportional change,
6inflow.

4.3 Data Description and Empirical Parameterization

Data used to parameterize the model are foundrariaty of sources, including

extension publications, regional and state wat@nqhg documents, published

academic literature, and personal communicatiotis @igineers and water planners in
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the Valley. Many of these parameters are descrbad completely throughout this
document, where Table 4-1 is a guide to the lonataf those descriptions and more
information on the parameterization. A few compusen Table 4-1, such as the
assumed price of irrigated farmland ($15,000/aane) the price of a water right
($2,218/af) do not have representation in the mpdeke. These prices are used to
calculate wealth trends for the model following tpgimization step. The term ‘relic’
refers to values found in the literature, whichveeas an anchor to the values selected

for the model, e.g., the usewfbanlLand,.

Table 4-1.

Cameron, Hidalgo, and Willacy counties in Texas.

Summary of selected parameters for theydroeconomic model of

Description Notation Unit Citation / More Details
Crop prices price; $/unit Appendix G

Crop yields per acre yield;, unit/acre Appendix G

Crop production costs per cost;,, $/acre Appendix G

acre

Water right price N/A $/acre foot Leidner et al120
Agriculture land price N/A $/acre User defined

Water treatment costs COStireatment $/acre foot Table 4-6

Urban water distribution COStyistribute $/acre foot Appendix |

cost

Water market transaction  costy qnsfer $/acre foot User defined

costs

Relic urban acreage urbanLand, acres Leigh et al. 2008

Relic irrigated acreage wrland, acres Table 4-2

Relic dryland acreage dryLand, acres Table 4-2

Relic crop acreages acre;, acres Table 4-2

Crop adoption rate Ly rate/year User defined

Crop water usage waterReq,; acre feet/acre Table 3, Appendix H

Reservoir inflows inflow acre feet/year Calculated from TCEQ
2009a

Environmental flows envFlow acre feet/year User defined

Agricultural inflow shares 6, portion Calculated from TCEQ

2009a
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Table 4-1 continued.

Description Notation Unit Citation / More Details

Owned municipal water W owned acre feet/year NRS 2010b

rights

Seepage loss in lined canal lossRate;j,0q acre Leigh and Fipps 2011
feet/mile/year

Seepage loss inunlined  lossRate,piineq acre Karimov et al. 2009

canal feet/mile/year

Portion of lined canals Plined portion Based on Fipps 2000

Total conveyance losses  conveyanceLoss acre feet/year Based on Fipps 2000

Canal miles per irrigated  milesPerAgAcre mile/acre Appendix J

acre

Municipal inflow shares O portion Calculated from NRS

2010b

Relic brackish desalination Wy qckish acre feet/year NRS 2010b

Brackish desalination vy rate/year User defined

adoption rate

Population level population, persons NRS 2010a

Per capital water use perCapitaUse  acre feet/year Based on Thompson 1999

Population growth Apopulation,  persons NRS 2010a

Crop yield climate change gYield portion Beach et al. 2009

effect v

Crop water use climate 5i‘fjlam portion Beach et al. 2009

change effect

Reservoir inflow climate ~ ginflow portion Based on Chen et al. 2001

change effect

Source(s)Beach et al. (2009); Boyer et al. (2010); Chen.gR801); Fipps (2000);
Karimov et al. (2009); Leigh et al. (2009); LeighdaFipps (2011); NRS (2010a, 2010b,
2010c); Thompson (1999).

4.4 Model Year 2010 Results

Results from model application for 2010 are preseim this section. These
results primarily serve as validation that the mdddaves reasonably with respect to
expectations and previously published records degaithe agricultural and municipal
water use for this three-county region (Cameroudalgjo, and Willacy counties) of

south Texas.
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Agricultural Sector

Displayed in Table 4-2 are 2010 baseline agricaltacreages alongside the
values from the Census of Agriculture (USDA-NASS3Q)) Crop acreage changes are
in the direction of higher-valued crops. The otlgp acreages decreasing are irrigated
and dryland sorghum, which have the lowest per @ttens among both irrigated and
dryland crops. The acreages of the more profitatps are increasing within the
confines of the assumed rate of new technologytamloryland acreage expands
overall for Cameron and Hidalgo counties due toridweire of the crop choice constraint
on cotton and sorghum. The results in the rigtgdltolumns of Table 4-2 represent
proportional changes of model acreages as compaugtteages documented in the
Census of Agriculture (USDA-NASS 2010). These prtipnal changes are
gualitatively the same as percentage changes, vih@seequals 5%. Notice that
acreages from the model are not more than 0.05 tharedocumented acreages, except
for dryland acreages of cotton and sorghum in HKjol&ounty. This occurrence is due
to dryland acreages being constrained by the chtootton to sorghum (equation 4.7),
instead of the actual acreages as with the otlopsdiequation 4.6).

Water use in the agricultural sector for the 261ddlel year is summarized in
Table 4-3. On-farm water usage as well as sedpages are displayed with seepage
losses accounting for 0.22 of the total agricultwater use. This result assumes that
exactly one-half of the irrigation distribution metrk uses lined canals and the other half
uses unlined canals, which corresponds to the rahlgged and unlined canals

identified by Fipps (2000).



Table 4-2.

Cropping acreage (in 1,000s of acres) for a three-county region (Cameron, Hidalgo, and Willacy) in

Texas, a comparison between Census of Agriculture data in 2007 and the 2010 model year.

Modeled proportional
Census of Agriculture 2007 Hydroeconomic Model 2010 changes in acreage
County County County
Crops Cameron Hidalgo Willagy Cameron Hidalgo Willacy Cameron Hidalgo Willacy
> Cotton 16.45 3.36 41.20 17.20 3.75 42.78 0.05 0.12 0.04
0O Sorghum 63.25 111.81 96|17 62.97 118.99 95.10 0.00 0.06 -0.01
Cotton 9.71 14.86 3.30 10.20 15.60 3.47 0.05 0.05 0.05
Sorghum 51.29 57.82 8P1 50.18 53.28 8.74 -0.02 -0.08 -0.02
5 Corn 0.00 15.56 0.00 0.00 16.34 0.00 n/a 0.05 n/a
% Cantaloup@ 0.24 1.01 0.00 0.25 1.06 000 0.05 0.05 n/a
? Oniorf 0.79 7.% 0.00 0.83 7.93 0.00 0.05 0.05 n/a
B Cabbag 0.92 2.D 0.00 0.97 2.84 0.00 0.05 0.05 n/a
Citrud 256 2479 0.05 2.68 26.03 0.05 0.05 0.05 0.04
Sugar Carfe 8.07 24.39 0.14 8.48 25.61 0.14 0.05 0.05 0.05
All Irrigated 73.59 148.69 12.40 73.59 148.69 12.40 0.00 0.00 0.00
All Dryland 79.70 115.17 137.86 80.17 122.74 13y7.87 0.01 0.07 0.00
All Cropland  153.29 263.86 149,76 153.75 271.43 150.27 0.00 0.03 0.00

Source(s): USDA-NASS (2010) and modeling results.
& For the Census of Agriculture, all reported acres are assumed to be irrigated.

90T
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Many of the vegetable and fruit crops, such asatanpe, onion, and cabbage,
have lower per acre on-farm water use than cott@ohum. The crop budgets
(Extension Agricultural Economics 2011) assume thathigh-value fruit and vegetable
crops are grown using drip irrigation systems aspared to furrow irrigation. Furrow
irrigation is assumed for cotton, sorghum, citusg sugar cane. Sugar cane and
sorghum are associated with a majority of all atign water use (164 and 162 thousand

acre feet, respectively).

Table 4-3. Summary of agricultural sector water us€in 1,000s of acre feet) for a
modeled three-county region (Cameron, Hidalgo, an@Villacy counties) in Texas in
model year 2010.

Annual On-Farm Water Use Summary

Model Results

Per Acre Water 1,000s On-Farm Water Use
Irrigated Crops| Use (acre-feet) Irrigated Acres (1,000s acre-feet)
Cotton 1.72 29.27 50.34
Sorghum 1.44 112.19 161.55
Corn 1.85 16.34 30.23
Cantaloupe 1.20 1.31 1.57
Onion 1.07 8.77 9.38
Cabbage 1.29 3.81 491
Citrus 3.19 28.76 91.76
Sugar Cane 4.79 34.23 163.98
Totals 234.68 513.72

Agricultural Sector Water Use Totals

Use Category Water Use (1,000 acre-feet) Portions
Total On-Farm Use 513.72 0.78
Seepage Loss 146.14 0.22
Total Agricultural Use 659.86 1.00

Source(s)Extension Agricultural Economics (2011) and modgliesults.
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Municipal Sector

Model results for the use of water in the municipedtors are presented in Table
4-4. Water use through the year follows a seaguai#érn where use in the growing
seasons of spring and summer that during exceefdlttend winter. This seasonality in

municipal water demand has been established iliténature (Griffin and Chang 1991).

Table 4-4. Summary of municipal sector water useybseason (in 1,000s of acre
feet) for a modeled three-county region (Cameron, tdalgo, and Willacy counties)
in Texas in model year 2010.

County Region
Season Cameron Hidalgo Willacy | Totals Portions
Spring 23.36  30.67 0.90| 54.93 0.25
Summer 23.40 42.73 1.25| 67.38 0.31
Fall 18.95 32.75 0.96| 52.66 0.24
Winter 17.82 25.70 0.75| 44.28 0.20
Annual 83.53 131.86 3.87| 219.25 1.00

The Falcon-Amistad water rights system and the entiwnal treatment of
surface water diverted from the Rio Grande compmikege portion, 0.91, of regional
municipal water supplies, with brackish groundwakesalination comprising or
contributing the remaining 0.09 (Table 4-5). Indabyear 2010, only the Willacy
County municipal agent was projected to purchazselé water to meet urban water use
requirements. Such leasing is possible due toetktea” water rights owned by
municipal agents in Cameron and Hidalgo. The Cam&ounty municipal agent owns
nearly twice the number of water rights than apedslly used each year. This result is

similar to findings in Leidner et al. (2011b), whenunicipal rights holders possessed
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many more water rights than used annually, presiyrtalprepare for the anticipated
rapid levels of population growth along the US-Mmxborder. For the entire three-
county region in model year 2010, conventionakated water, both owned and leased,
accounted for approximately 0.72 of the regiontaltasmunicipal water right ownership

being utilized.

Table 4-5. Summary of municipal sector water use bwater treatment method
(in 1,000s of acre feet) for a modeled three-countggion (Cameron, Hidalgo, and
Willacy counties) in Texas in model year 2010.

County Region

Treatment Method CameronHidalgo Willacy [Totals  Portions
Conventional producéd  72.61 125.14 2.7 200.49 0.91
Brackish produced 1092 6.72 1.12 1876 0.09
Brackish capacify | 1092 672 113 1876
Rio Grande/Falcon Amistad Water Rights

Owned 135.17 14453 1.00 280.71 1.00
Used 72.61 125.14 1.00 200.49 0.71
Leased 1.75 1.75 0.01

& The amount of municipal that can be produced byeotional water treatment is only
limited by the availability of water rights.

b Brackish capacity and the amount of water rightsesivby each county are taken from
the Region M water plan (NRS 2010c).

Hidalgo County has the greatest use of municipaérase of 132 thousand acre
feet followed by Cameron County at 84 thousand tege Willacy County is located to
the north with a limited urban population and oases 3.9 thousand acre feet of
municipal water. Future population growth is expddo be especially strong in

Cameron and Hidalgo counties (NRS 2010b).



110

A summary of municipal water supply costs are presin Table 4-6. Across
the modeled three counties, the total estimatetifoothe ownership, treatment, and the
delivery of municipal water is more than $150 roiflifor 2010. The largest component
of municipal supply system costs is the conventitneatment of water diverted from
the Rio Grande at 0.70 of total cost. The own@rsbsts of water rights associated with
the Rio Grande or the Falcon-Amistad water markestitute the second-largest
component of the municipal water system costs24i 0f total cost. The desalination of
groundwater and distribution constitute smaller ants of total system costs. No cost
is incurred from seawater desalination becausenhtdr treatment technology does not
enter the 2010 solution during optimization. Seaweesalination has a substantially
higher per-unit cost of production, approximatebyble that of the other two municipal
water treatment alternatives (Table 4-6).

Consumer Benefits and Returns to Agricultural Pigiohun

The benefits to urban consumers from urban watgplgisystems exceeds by
almost double the estimated costs of urban waggslgu In Table 4-7, the results for
model year 2010 are presented alongside the rdsulise baseline for model year
2060. Additional 2060 scenarios are investigateldter sections. The consumer
benefits double from 2010 to 2060 because the ptipalin the region is presumed to
more than double. From 2010 to 2060, the agricallsector receives revenue from
land and water sales. Interestingly, despiterggtiiacts of land and water rights over 50

years to the urban sector, returns to agriculfpradiuction also increase over the 50-
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Table 4-6. Summary of municipal sector water systeroosts for a modeled
three-county region (Cameron, Hidalgo, and Willacycounties) in Texas in model
year 2010.

Model Results

Per Unit

Cost($ Quantity Portions

Per Acre- (1,000 Total Cost of Total
Water Service Cost Type Foot) Acre-Feet) ($1,000s) Cost
Water Treatment Methods
Conventional Treatment 525 200.49 105,226 0.63
Brackish Groundwater Desalinatign 665 18.76 12,483 0.07
Seawater Desalination 1,340 0.00 0 0.00
Others Costs
Falcon-Amistad Water Rights
Ownership (average annual) 143 207.33 29,649 0.18
Distribution 91 219.25 19,864 0.02
Totals 219.25 167,222 1.00

Table 4-7.  Summary of benefit and cost measurementism $100,000s) in the
municipal and agricultural sectors for a modeled tlee-county region (Cameron,
Hidalgo, and Willacy counties) in Texas in model ya 2010 and 2060.

2010 2060

Annual Benefits and Costs

Urban Consumer Benefits 2,738 6,172
Urban Water Treatment Costs 1,662 3,604
Net Urban Consumer Surplus 1,075 2,567
Returns to agricultural production 4,007 5,302
Cumulative Revenues

Water right sales revenue 0 320
Land sales revenue 0 3,371
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year period. This increase in agricultural prdifiliy is due to the relaxation of the crop
choice constraints (equations 6 and 7), allowingafoes of higher-valued crops to
expand across the three-county region.
4.5 Model Year 2060 Results

To provide further insight on implications for 2Q&@rious scenarios are
imposed on the model and those results are presamtieis section. The scenarios are
characterized by different assumptions regardiegettpected pattern of land-use
changes, institutional changes, and the poterffed¢ts of climate change. Presented
first are the land-use change and institutionahades, followed by several climate
change scenarios.

Population Growth and Land-use Change

Each scenario for 2060 is associated with a sassiimptions regarding urban
population density, the adoption of brackish gromaigr desalination technology, legal
institutions relevant to the price of excluded watghts, and climate. The scenarios
and their assumptions, and their selection araidssx below. Selected results from the
2060 scenarios are presented in Table 4-8 and Aable

Baseline 2060. The Baseline 2060 scenario is fmsealpoint of reference and
comparison to the other model year 2060 scenafibg. assumptions in this scenario
include: The density of population assigned to melwan growth is maintained at the
2010 level, calculated from population levels foumd).S. Census (2011a; 2011b; and
2011b) and urban land area found in Leigh, Barrard,Fipps (2009). The price of

excluded water rights is fixed at the 2010 leve$®f218/af. The technology adoption
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rate with respect to brackish groundwater desatinas held constant at the observed
rate that occurred between 2000 and 2010, i.etye\®years, municipal agents are

allowed to replicate the brackish desalination capahat was added between 2000 and

Table 4-8.  Summary of water- and land-use changesunicipal water supply
sources, municipal water-system benefits and costd agricultural production
levels for a modeled three-county region (Camerordidalgo, and Willacy counties)
in Texas in model year 2060.

Baseline
Scenario: 2060 El Paso Laredo
Population densit Constant at| New growth| New growth
P Yt 2010 level | 50% denserl 500% denser
2010 2010
Excluded water right price: Market Market 2010 Market
Price Price Price
, L . Replicate /| Replicate /| Replicate /
Maximum desalination adoption rate: 10yrs 10yrs 10yrs
Drought Level: None None None
Ag water rights converted to municipal dse
Water market (1,000s acre feet) 0 0 29
Exclusion (1,000s acre feet) 224 206 58
Agricultural Water Sales Revenue ($100,000 320 294 124
Ag Land converted to municipal Use
From irrigated (acres) 224 206 58
From dryland (acres) 125 26 0
Agricultural Land Sales Revenue ($100,000) 3,371 2472, 562
Municipal water supply sources
Rio Grande (1,000s acre feet / year) 389 378 351
Brackish (1,000s acre feet / year) 129 129 129
Seawater (1,000s acre feet / year) 0 0 0
Urban Benefits and Ag Returns ($100,000)
Urban Consumer Benefits 6,172 6,077 5,838
Urban Water Treatment Costs 4,244 4,132 3,941
Net Urban Consumer Surplus 1,928 1,945 1,897
Returns to Agricultural Production 4,982 5,137 8,06

& Cumulative difference between 2010 and 2060:n@. an annual return.
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2010. Added capacity from 2000 to 2010 is founthmnRegional Plan (NRS 2010Db).
Climate change effects are ignored for this scenan no changes to crop production or
water availability are assumed. Model solutiorelevfor water supply system sources,
land-use changes, water-use changes, and agraytaduction are reported in

Table 4-8.

El Paso. This scenario is named “El Paso” becthespopulation densities of
new municipal growth in Cameron and Hidalgo cowmn{i@éameron and Hidalgo are the
focus of these population density scenarios, dineg are more populated than Willacy
county) are assigned levels that are approximaiglyal to that of El Paso County,
Texas. The city of El Paso is another border agld-growth community located on the
Rio Grande, but much farther upstream than theiti the Valley. El Paso, and later
Laredo, provide natural points of comparison (ranges of potential population
density) as to the type of population growth arfshardevelopment that may occur in
the Valley. Specifically, new municipal growthaiti of the three counties is assumed to
be 50% denser in this scenario than the level i02Apart from population density,
this scenario is the same as the baseline, usifd $2cre foot for the exclusion water
right price; the prior assumed replication speedent desalination capacity; and no
climate change effects. Compared to the basdbmesr acres are converted from
agriculture to urban and less acre feet of watetalkken by exclusion. Benefits to urban
consumers and production returns to agriculturesemse slightly, but the projected

changes are not dramatic (Table 4-8).
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Laredo. This scenario assumes new population tygesimilar to that of Webb
County, Texas, i.e., location of the City of Lared&ebb County is far denser than El
Paso or any of the Valley counties; the resulery Valley urban density is set at 500%
the 2010 levels for this scenario. As with thé®Bko scenario, all other institutional and
climatic constraints remain the same as they atlear2060 Baseline. Results for this
scenario (Table 4-8) indicate that with denser jatpan growth, less agricultural land is
converted to urban land. This reduces the amdunater rights acquired by
municipalities through the process of exclusionitiViewer excluded rights obtained,
the municipalities are forced toward the water raaitk obtain additional water rights.
Since less agricultural land is converted to urlagnmicultural returns to production for
the region increases. The agricultural sector @ses not receive as many returns from
the sale of land and water.

BD-Fast. This scenario assumes baseline levgismilation density and
exclusion water right price, but allows for faséeloption of brackish desalination
(i.e., BD-Fast). Specifically, brackish desalinatcapacity is allowed to expand at a
rate that doubles the 2000-2010 capacity everyeHdsy The cost of conventional water
treatment added to the ownership cost of River miatslightly higher than the cost of
brackish groundwater desalination (which has no@aased ownership cost).
Additionally, River water that is not convertednmnicipal use can still be used to
produce returns in irrigated agriculture. For #hbso reasons, the model prefers

brackish groundwater as a source of municipal seppb conventional surface water.
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This scenario explores the benefits of substituggragindwater for surface water in the
region. Apart from the adoption of brackish desation technology, all assumptions are
the same as in Baseline 2060.

Results for this scenario are found in Table ¥A%re the amount of acre feet of
municipal treated water produced from brackish gdwater increases to 163 thousand
acre feet per year from the baseline level of hi2@isand acre feet per year. This
increase is offset by a decrease in the acre feduped by conventional water
treatment. Water-use changes, land-use changgsgaicultural productivity all remain
at the same levels as the Baseline 2060 case.

SB3. Scenario SB3, which is shorthand for SendtdBree (Texas Legislature
Online 2011), imposes a recent institutional madifion to the exchange of land and
water between municipalities and irrigation digicThis bill grants Valley
municipalities the right to petition the purchasexcluded water rights at a modified
price equal to 68% of the price posted by the Rian@e Regional River Authority
(2011). Theoretical analysis by Yow (2008) suggésat, on the margin, such a policy
would result in a comparative advantage windfatiraing to the treatment of surface
water via conventional water treatment. In thigdelpsuch an advantage would
manifest itself in the substitution away from briatkgroundwater desalination and into
more conventional surface water treatment of mpaicivaters. This scenario tests
these theoretical findings within a slightly-moragrical context than pursued by Yow

(2008).
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Summary of water- and land-use changesiunicipal water supply

sources, municipal water-system benefits and costd agricultural production
levels for a modeled three-county region (Camerordidalgo, and Willacy counties)

in Texas in model year 2060.

Scenario: BD-Fast SB? Avg
Population densit Constant at| Constant at| Constant at
P Y 2010 level | 2010 level | 2010 level
; . 1. 2010 Market| 68% of 2010 2010 Market
Excluded water right price: Price Market Price Brice
: L . Double /10| Double/ 10| Replicate/
Maximum desalination adoption rate:
yrs yrs 10yrs
Drought Level: None None 35%
Ag water rights converted to municipal Use
Water market (1,000s acre feet) 0 0 0
Exclusion (1,000s acre feet) 224 224 224
Agricultural Water Sales Revenue ($100,000) 320 217 320
Ag Land converted to municipal Use
From irrigated (acres) 224 224 224
From dryland (acres) 125 125 125
Agricultural Land Sales Revenue ($100,000) 3,371 378, 3,371
Municipal water supply sources
Rio Grande (1,000s acre feet / year) 355 355 360
Brackish (1,000s acre feet / year) 163 163 129
Seawater (1,000s acre feet / year) 0 0 11
Urban Benefits and Ag Returns ($100,000)
Urban Consumer Benefits 6,172 6,172 6,015
Urban Water Treatment Costs 4,243 4,140 4,183
Net Urban Consumer Surplus 1,929 2,031 1,832
Returns to Agricultural Production 4,982 4,982 350

& Brackish desalination capacity can expand rapidly.
P Senate Bill Three water prices assumed.
¢ Cumulative difference between 2010 and 2060;n@. an annual return.

To ensure that any technology substitution thatazaur (between conventional

surface treatment and brackish groundwater trea)meihoccur during the

optimization of the model, this scenario adoptsréped rate of technology adoption of

brackish groundwater used in the BD-Fast scendnidhe same vein, population
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density is maintained at 2010 levels. This le¥g@pulation density imposes a high
(relative to the El Paso and Laredo scenarios) leMand-use change from agriculture
to municipal, so that municipalities will obtairethighest amount of excluded water
rights to use in their supply system. The redoltshis scenario (Table 4-9) indicate
that little substitution away from brackish desation occurs in the model. One clear
finding from the reduction in the price of an exadd water right is that agricultural
revenues from excluded water rights sales decffeasethe baseline.

Climate Change. The scenario referred to as Aegants results from a model

run that averages crop water use and crop produetfects for four climate change
models. Subsequent sections discuss climate chrasgks in greater detail. In addition
to crop production effects, the Avg climate scemaresented in Table 4-9 imposes a
35% reduction in available reservoir inflows. Tdlienate effects reduce yields on
dryland cotton and sorghum production, such thgadd agriculture is abandoned in
the region. The reduction in inflows makes theagnmg irrigated acreages composed
entirely of high-value citrus, vegetables, and swgae, which now have greater yields
and increased profitability under this climate svém(relative to profitability without
imposing climate effects). The greater value ekt already high-value, crops make
the sale of additional water rights to the urbast@esub-optimal. For this reason, the
model chooses to introduce an (admittedly smallpamh of seawater desalination into
the optimal portfolio of municipal water supplies.

An additional model-run scenario, which is not presed in the Tables 4-8 or 4-

9, restricts the flexibility constraints on crop@age selection (equation 4.6) so that the
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maximum acres of high-value crops (vegetables,rstayze, and citrus) are equal to the
level in the Baseline 2010 scenario presented bi€f4-2. One argument for
maintaining maximum crop acreage levels for highu@arops at the 2007 or 2010
level, even for 2060 scenarios, is based on tlkeansrsion of farmers and institutional
limits. This suggests farmers plant a mixturerops to hedge against unforeseeable
changes in prices or yields of a single crop ouir{McCarl 2011). This scenario is run
as a robustness check on the model to examineetireel to which the modeled
flexibility in crop shifts contributes to agriculal sector productivity.

As may be expected, the scenario with the grekeibflity (i.e., Baseline 2060)
contains proportionally-greater levels of higheluea crops. In particular, the Baseline
2060 scenario has greater (as a portion) acredgasus (0.14), irrigated cotton (0.02),
cantaloupe (0.01), onion (0.04), cabbage (0.0gJassoane (0.001), and dryland cotton
(0.1). With respect to lower-valued crops, thedliag 2060 scenario has fewer (as a
percentage) acreages of irrigated sorghum (0.02parland sorghum (0.12). These
crop shifts resulted in the Baseline 2060 scerfaiong $164 million in additional
annual returns to agriculture (0.33 of Baseline@furns) over the scenario with the
flexibility constraints in place. While the effeat the lack of a flexibility constraint
allows the agricultural sector to shift the cropxnoawards higher-valued crops seems
large, accounting for approximately one-third osBléne 2060 returns, the qualitative
direction of results within a given scenario grque., the group of land-use change
scenarios or climate change scenarios) is likelyetonchanged, whether the flexibility

constrain are included or not. While the directodnthese results may not change,
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imposing the flexibility constraints may affect thagnitude of those shifts. Sensitivity
to different assumptions about crop choice adopsdeft for future research.

Climate Change

This study employs four different General CircwdatModels (GCMs) to give a
range of possible future states of climate, thempunting for some of the uncertainty
that is inherent when climactic conditions are éas into the future. The GCMs used
here are also used by Beach et al. (2011). Th&d<Gnclude two developed by the
Geophysical Fluid Dynamics Laboratory, denoted GKIM2.0 and GFDL-CM2.1.

This study includes another GCM developed by thea@mn Centre for Climate
Modeling and analysis, denoted as CGCM3.1. Thed fBCM used in this study was
developed by the Meteorological Research InstitutiEapan, denoted as MRI-
CGCM2.2. Crop effects for each GCM are found irp&pdix K.

Each of these GCMs assumes a particular scenasaided in the International
Panel on Climate Change (IPCC), Special Reportrais&ons Scenarios (SRES)
(Nakicenovic and Swart 2000). The SRES scenarjg®&rad in the GCMs used in this
study is denoted as the A1B scenario, which assamesnber of global economic
development levels including: global populationksemid-century and declines
thereafter, new and more efficient technologies@aglily adopted, and energy use does
not emphasize either fossil fuels or non-fossildyBeach et al. 2009). Each GCM
forecasts temperature and precipitation data ®stiuth Texas region in the year 2050.
This model assumes population growth levels fol02@6 climate forecasts for 2050 are

not ideal. However, this group of GCMs represéimésmost recently generated and
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most up-to-date climate forecasts available. $hisly assumes that the 2050 crop

effect changes will be similar to any of the crdieets ten years later in 2060.

Table 4-10. Summary of climate effects for the Unétd States from several
General Circulation Models (GCMs) used to generatelimate change effects in the
modeled three-county region (Cameron, Hidalgo, ant@lVillacy counties) in Texas in
model year 2060.

Change in Max Change in Min Change in
GCM Season Temp (C) Temp C)  Precipitation (%)
GFDL- Spring 2.78 241 -7.4
CM2.0"  Summer 4.34 3.44 -8.5
GFDL-  Spring 1.66 1.72 0.6
CM2.2*  Summer 4.03 3.45 -16.5
CGCM3 P Spring 2.45 241 2.1
Summer 2.27 2.17 0.7
MRI- Spring 1.23 1.37 9.5
CGCM2.Z  Summer 1.28 1.57 8.7
Avg Spring 2.03 1.98 1.2
Summer 2.98 2.66 -3.9
No GCM  Spring/Summer 0.00 0.00 0.0

Source(s)Modified from Beach et al. (2009).

& GCMs developed by Geophysical Fluid Dynamics Latooga
P-GCM developed by Canadian Centre for Climate Maougli

“ GCM developed by Meteorological Research Institutéapan.

® Averages the climate effects from the four otheMa(resented

Several relevant climatic effects for the entire @f®ach GCM are displayed in
Table 4-10. These attributes include that ovenallIGFDL-CM2.0 and GFDL-CM2.1
scenarios are hotter and drier than CGCM3.1 and-®IBCM2.2. All of the climate
scenarios predict increased temperatures. Theapyitifference between GFDL-

CM2.0 and GFDL-CMZ2.1 is their forecasted distribatof rainfall across seasons.
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GFDL-CM2.0 forecasts rainfall changes in similargmidudes for spring and summer
months. But, GFDL-CM2.1 forecasts much more sexardall changes for the
summer than for the spring. The scenario denotggli®\an average across the other
four scenarios.

Figure 4-1 is an illustration of the agriculturaturns to land under six different
climate scenarios as the inflows to the Falcon-Aadigseservoirs are exogenously
varied. Five of the scenarios are based on GChMeritked in Table 4-10. “No GCM”
assumes no change in crop responses to climatky. o®a scenario, GFDL-CM2.1,
exhibits more valuable returns to agricultural léing@n the No GCM scenario. In fact,
over much of the range of the varied reservoiiong along the x-axis of Figure 4-1, the
GFDL-CM2.1 returns are almost double the No GCMmet. GFDL-CM2.1 is
characterized by relatively hotter and drier sunsvagrd milder springs than the other
scenarios. However, results for the other thredi&Cenarios as well as the Avg
scenario exemplify a much less prosperous futuradaculture over most of the range
of inflow reductions (Figure 4-1).

In all of the climate scenarios, the significan€eeservoir inflows is evident.

As soon as reservoir inflow levels decrease by@pprately 0.40, the agricultural

sector realizes decreasing returns to productieconaequence of shifting acreages from
higher-valued irrigated crops to less-profitablglaind crops. No recent hydrologic
model for the lower Rio Grande basin could be idieqlt for use in this study to estimate
the change to reservoir inflows, or watershed flevels, based on a particular GCM.

However, a previous study of the south-central $argion suggests that climate
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Figure 4-1.  Agricultural returns to production in t he modeled three-county
region (Cameron, Hidalgo, and Willacy counties) inTexas in model year 2060
under different climate change scenarios.

change may reduce water available to regional veteage systems in south-central
Texas around the Edwards Aquifer on the order2® @o 0.50 (Chen et al. 2001).
Therefore, from Chen et al. (2001), the currendgtextrapolates that climate change
may induce similar reductions in the water systémme neighboring lower Rio Grande
basin. To further ensure model results are robndtevaluated in appropriate context,
the model is solved under a sequence of assumplomg reservoir inflow levels for
each GCM. The inflow reduction levels used ini@del range from 0.0 to 0.5, where
0.0 indicates no deviation from historical averagaual reservoir system inflows and a

0.5 indicates a reduction by half (or 50%) of arimaaervoir system inflows.
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4.6 Assumptions and Limitations
This model is parameterized and solved under aitonddt of assumptions for the
region as it may be in the year 2060. A few ofabsumptions are listed below as

caveats to an overgeneralized interpretation ofrtbdel’s results:

» Crop, water, and land prices are held constant.

» Crop and water production technologies (excepaftmption rates) are held
constant.

* Ownership costs (opportunity cost of ownershippmaickish groundwater and
seawater are assumed to be zero in 2060.

» Crop, water treatment, water delivery, and landalsnge costs are held
constant.

» Several smaller-acreage crops are excluded fromysaga@ue to unavailable or
unreliable data.

* Per capita urban water consumption is held constant

» Price elasticities of water consumption are helastant.

» Urban water consumption is not subject to tempegaturecipitation, or any
other climate-related elasticity.

» The portion of lined and unlined canals is heldstant.

* Proxies are used for the climate effects of onicabpage, and cantaloupe.

* Municipal water consumption is not a function ofmuipal water prices,

including any conservation pricing schemes sudn@sasing block rates.
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» If sugar cane acreages fall below 30,000 acressubar mill for the region may
not be economically viable.
« Seawater desalination can only be used in Cameoontg.

All reasonable efforts are made to represent tidedeconomic system of the
Valley in the most realistic and plausible framekvpossible. Nevertheless, these
assumptions imply profound limitations on the iptetation of the model results. The
most reliable results include the model's more i@tale, or relative and consistent,
findings. One example is that the climate chamgmarios exhibit, on average, reduced
returns to the agricultural sector relative to agjture production in the absence of
climate change. Assigning a great amount of wedgltsignificance to any specific
guantitative finding (such as the exact level ai@gdtural returns under any given
climate scenario) is not advised, in light of tlssemptions and limitations listed in this
section.

4.7  Summary and Conclusions

The construction and the implementation of a hydoaemic model are
described in this paper. The model representsrwegeurce management for a three-
county region in south Texas that includes Camefiaalgo, and Willacy counties.
The model is calibrated to resemble documentedviehiaa 2010 and then the model is
solved under a variety of scenarios representiagéar 2060. Model year 2060
scenarios include a variety of assumptions abawl-iese changes, institutions, and

climate. The model is generated to capture as roathe most relevant aspects of
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Valley water management, but in many cases cateatger-generalization of results
are warranted.2

The land-use scenarios are defined by differentrapions about population
density. In these scenarios, as population deirsitgases, spatial expansion of urban
lands is reduced. This results in less land sale=nue and less revenue from excluded
water rights accruing to the agriculture sectohisTeffect becomes more apparent
moving from the El Paso to the denser Laredo sa@n#ém the Laredo scenario, urban
expansion is so dense and consequently new wgtdratquisitions by exclusion so low
for urban agents, that urban agents enter the mirkeirchase water rights required for
municipal use. While returns to agricultural protion increase as the scenarios assume
greater urban population density, agricultural @estvenues from land sales and water
sales decline.

In the two institutional scenarios, where brackdsisalination adoption is
accelerated, quantities of brackish desalinati@dpced expand until production
capacity reaches the resource’s physical limitthtaSB3 scenario, a reduced price on
excluded water rights is imposed. This reduce&mssles revenues to the agricultural
sector and reduces the opportunity costs of wegatrhent in the municipal sector.
Lower treatment costs result in an increase inmueater consumer surplus, but do not
shift urban supply sources away from brackish gdowater desalination.

The climate change scenarios impose on the modehie-based crop effects
and system-wide reductions in reservoir inflowsclimate change substantially reduces

the average inflows to the reservoirs serving dggon, seawater desalination may
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optimally constitute a small component of regiomater supplies. These results hold
given certain highly-profitable irrigated crops mi@in and/or increase in profitability
under climate change. Of the five climate changeeis used in this analysis, only one
is associated with significant gains to the agtigall sector. If climate change
substantially reduces reservoir inflows, then thecaltural sector is likely to face losses
in production and economic benefits.

One of the broad goals of the model presentedisnedsay is to generate useful
information to water resource planners and mandgele Valley. One broad issue that
follows from the population density scenarios is tlegree to which regional water-use
planning groups communicate with their counterpartggional land-use planning
groups. This essay demonstrates that land-useebaim particular the expansion of
urban areas into previously agricultural land, hdraamatic effects on production returns
to the agricultural sector as well as on waterland sales revenues to the agricultural
sector. Therefore, one policy implication followifrom this finding is that such groups
(i.e., land and water planning groups) may betiefin greater communication and, to
some degree, conjoint management of their legallyald resources.

Another policy recommendation includes a suggeghanthe groundwater
resources of the Valley be more explicitly undergtand incorporated into regional
water planning. From this essay, the cost-competiess of brackish groundwater
desalination is likely to induce a greater portdriuture municipal water supplies
coming from brackish groundwater. From the secessay of this dissertation, the

hydrologic relationship between the River and #gian’s aquifer has not been recently
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studied, especially in light of increasing grountkvgoumping for brackish groundwater
desalination activities. Since the aquifer islyk® be a continuing, if not a growing,
source of water for the region, understanding tgacity of that resource will become
more important in the coming decades. Many pabigtfons are available to manage
such a resource, such as imposing pumping limitgrmundwater users (which is
essentially modeled in this essay) and installisgsiem of property rights (such as
those used to manage surface water in the region).

A final broad issue underscored by this essaydsrtiportance of anticipating
and preparing for climate change. Four out of @illmate change scenarios discussed
are associated with less prosperity for the agucal sector, with greater losses in
productivity as reservoir inflow levels decline. fidal issue is the importance of
technology adoption in the portfolio of municipahter supplies. Brackish groundwater
desalination can provide a substitute to singutgnrethdence on the River, whose flows
may become less reliable and less sizable overdke50 years. For this reason, the
most expensive municipal water supply alternatbeswater desalination, enters the
model’s optimal portfolio of municipal supplies wardch climate change scenario with a

0.35 reduction in River system inflows.
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CHAPTER V

SUMMARY AND CONCLUSIONS

The focus of this dissertation is water issuefienTexas Lower Rio Grande
Valley, geographically the region of south Texaarrte mouth of the Rio Grande. The
common threads across the three essays presealadeithe impact and relationship
between water resource institutions and the wetighef the Valley community. A few
of the institutions at work across the region ideua functioning water market,
governmental and regulatory agencies, and watgrieup to both municipal consumers
and agricultural producers. The challenges tofley water management system are
abundant. The region is relatively economicallpipoompared to the United States and
is experiencing rapid population growth in the urlsactor. Increasing population levels
in the urban sector drive greater municipal watanand, which brings out equity
concerns between the growing municipal sector haddangstanding agricultural sector.
Additional equity concerns exist within the munigigector, where newly-formed
immigrant communities do not have access to waténeastewater services that are
assumed to be standard across much of the UniatelsSt

Another issue that is likely to impact and testrgion’s water management
institutions is the need for future water plann@agsidering both the rapidly-increasing
population and the potential of global climate dpato permanently alter the reliable
yields of the region’s natural water sources. Thepes are addressed through a

theoretical study of water and health inter-relaglups, a conceptual study of water
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management institutions, and a computational evialuaf present and future water
supplies for regional well-being. The underlyingtiation for the selection of these
topics is a strong interest in the inter-relatiopstbetween water resources, public
health, and economic well-being.

The first essay highlights water and public headtlated issues of the Valley. A
theoretical model of water-related disease manageimeleveloped. The essay
discusses an empirical case study that is basétidaigo County, Texas. The results
from this study underscore the importance of capgegareciation, institutional design,
and how the two are linked by a water manager’srptay horizon. Greater capital
depreciation rates and shorter planning horizoeshown to be associated with lower
community welfare. When these two undesirableg®m@mbine, even less desirable
consequences for the community are produced. Mlesgable water and public health
management objectives can be achieved by eithenéixtg the planning horizon of the
manager and/or by investing in long-lasting, rekdi-durable capital in municipal
water supply systems.

Implications from the first essay are that a pubkalth accounting stance is
important. Public health managers with a relayivedrrow scope, such as those working
exclusively with colonia residents, perceive a tgeproportion of infected individuals
than, for example, state-level public administratofrom the results of the control
model, perceiving a greater portion of infectedxpected to inflate the perceived
marginal net benefits to therapeutic disease mamagestrategies, such as medical

treatment, relative to preventative measures, agalater treatment. Another finding
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from essay 1 is that greater capital depreciatbesrand shorter time horizons are
shown to be associated with lower community welféeenarios with shorter planning
horizons invested less in centralized-municipatistoLower capital depreciation rates
allow the community to benefit from more durabletcalized-municipal stocks, which
prevents new infections and reduces disease damages

The second essay is a largely, qualitative evaloaidf the performance of the
region’s water market. This water market is shaoavaffectively reallocate water
resources from low-valued agricultural use to hrghe@ued municipal and urban use.
As the region’s population growth and urban exp@msias progressed over the last few
decades, the price of a water right in the watekatéhas risen to reflect the rising
scarcity of water and change in structure of tlygore These are encouraging signs that
the market is operating to the benefit of societyaavhole. As the region anticipates
large population growth and potentially significahanges to physical water availability
due to potential climate change, complications @axése that pose a concern for the
functionality of the water market and pose a cimgleefor regional water managers.

More specific findings from the water market stuniglude that the real price of
a Falcon-Amistad water right has approximately dedisince the mid-1990s. During
approximately the same period across the regi@ntimbers of agricultural water
rights have fallen and the numbers of DMI watehtsghave increased. The major
purchasers of water rights were individuals (33%g eunicipal water suppliers (55%).

Major water rights sellers included individuals ¥6Band irrigation districts (30%).
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Overall, municipal water suppliers were the only megrchasers of water rights, with
individuals and irrigation districts being net sed.

The final essay addresses a few of the potentalestges raised in the second
essay by constructing and implementing a hydroemonianodel for the region. The
model represents water resource management foee-tiounty region in south Texas
that includes Cameron, Hidalgo, and Willacy counti&#he model is calibrated to
resemble documented behavior in 2010 and then duehms solved under a variety of
scenarios representing the year 2060. Model y@@d &cenarios include several
assumptions about land-use changes from agricutbureban with population growth,
water-related institutions, and climate changepdrticular, the results from the
hydroeconomic model highlight the importance of ylapon density, land-use change
policy, and technology adoption. Land-use and was$e institutions in the region are
explicitly linked, through excludable water rightansactions. As such, coordinated
management of water and land resources may bevisabte course of action in the
future. The adoption of innovative technologiesxpected to play a larger role in the
region’s municipal water supply system, particylanl the case of climate change,
which may result in significant reductions to infl® into the region’s reservoir system.

In particular, the 2060 scenario results indichtd greater population density,
which reduces the amount of land converted froncatjural-use to urban-use, leaves
more agricultural land in production and so incesae agricultural sector’s returns to
production. However, this increase in productietums comes at the cost of reduced

revenues from the sale of land and water rightsthé scenario with the most dense
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assumption about the density of new population gnptihe municipal sector could not
attain sufficient water rights by the exclusiongess and therefore entered the open
market to purchase additional water rights fromagecultural sector. According to the
2060 scenarios, climate change may have a profeffact on the region’s water
supplies and water-related economic activity. Assig climate change brings a 0.35
reduction in reservoir system inflows, seawateatiestion may constitute a small
portion of the region’s municipal water supplids.only one General Circulation Model
scenario, do the climate change effects on crddyignd water use result in a
prosperous estimate of 2060 agricultural productilonthe other General Circulation
Model scenarios, returns to agricultural productieclined. In all scenarios,
agricultural production falls dramatically as gexateductions on reservoir inflows are
imposed. As a final word of caution, all of thePQresults constitute long-term
predictions conditional on an array of assumptiemnd, therefore, any interpretation of
the 2060 results should be limited. Overgenertdina or unqualified interpretations of
those results would not be prudent.

Overall, this dissertation examines several charetics of a region with
challenging and looming water-resource planningraadagement issues. The ability
for regional water managers to address these issagslepend on their understanding
of the nexus of institutions and environmental ¢boxs that affect water resource
planning and management. Institutions may be ehg#d by changing demographics
and changing climate; and emerging demographicchmétic realities may drive the

adoption of new institutions.
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Several important issues are likely to face théoregh coming decades, such as
finding water supplies for an urban population tisaxpected to double in the next 50
years. Many of these new residents are likelyetanmigrants from Mexico with
limited means to support municipal water infrastioe investment. The degree to
which and the means by which these new resideoésve municipal water, wastewater,
and sanitation services are likely to continuedadsues of importance. Finally, if new
municipal water supplies are to be reallocated ftbenagricultural sector, by either the
process of exclusion or the open market, thenffieeteon the agricultural community
requires additional study and understanding. Hiirue especially in the light of
climate change, which may reduce water suppliesrayt also adjust the profitability of

crops in south Texas.
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APPENDIX A

THE DISCRETE VERSION OF THE CONTROL PROBLEM

This discrete version of the optimal control problpresented in equations

(A.1-7) was used to generate the numerical results.

max, Y1 ((=k;I)(1 + d)~t) (A1)
subject to:
—blo+(BYAY +BPal +p5(1-4Y —ab) ) (1-16) - (8°Up—al)+5™al)
I =1, + 0 ( 0 ag+B°( 01_3;)0)) 0 0~ a0 Qo (A2)
(1-47)

V=AY, 0y - vAY (A.3)
x{* =C"a* (A.4)
x! =cral (A.5)
x"+xP +x = E; (A.6)
a <1, (A7)
af <1-4Y (A.8)

AY,af,al! > 0. (A.9)
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APPENDIX B

DETAILS ON THE PARAMETERIZATION OF THE NUMERICAL AMLYSIS

The numerical results come from a parameterizesioveiof the discrete model.
Numerical values for the parameters are displayélthble B-1. The sources of these
values come from literature sources and from restderapproximations, in many cases
derived from literature sources. The sources dividual parameter values are

discussed below in greater detail.
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Table B-1.  Baseline parameter values for numericaolution of public health
manager's water-services and waterborne disease apization model for the case

of Hidalgo County, Texas.

Model
Parameters Notation Values
Population birth rate a 0.02
Population death rate b 0.02
Spontaneous transmission rate i 0.462
CM transmission rate pem 0.11
POU transmission rate P 0.11
Spontaneous recovery rate 5° 0.786
Medically-enhanced recovery rate 3™ 1
Initial Infected Level o 0.15
Initial CM Level Ao 0.96
CM cost factor " 1
POU cost factor ($10 Million) o 3.874
Medical cost factor ($10 Million) (@ 3.990
Capital depreciation rate Y 0.1
Manager's budget ($10 Million) tE 0.5
Social time preference rate r 0.06
Morbidity damage factor 1 1
Total Population Level 424,762
Medical cost per person ($) 93.79
POU cost per person ($) 91.2

Source(s)WHO and UNICEF (1998); Jones (1999); Komminenilefreo date);

Sargent-Michaud et al. (2006); Miguel and Guge2§05); Reynolds (2000); U.S.
Census Bureau (2011b); Reynolds et al. (2008); Mersst al. (2006); Imhoff et al.
(2004); Moe et al. (1991); Snyder and Merson (1982)

Medical Services Costs (cMed)

Assuming the medical treatment occurs at a commatiitic and the treatment

is the relatively inexpensive Oral Rehydration Sétetween $0.06 - $0.10 per dose at

an average of two doses per case) (WHO and UNIG®B)1the largest component of
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medical costs to the public health system is time @nd productivity opportunity costs

of the patient and the medical staff. This com@iokarge is approximated as wages for
a single day for the patient ($7.25/hour * 8 hou®58.00) and wages for one half hour
for the medical staff, consisting of a general ptianer (0.5* $50.04/hr = $25.02/case)
and a registered nurse (0.5 * $21.38/hour = $108%) (Jones 1999). The sum of these
costs yields a total medical cost of ($58.00 + 825: $10.69) $93.79 per case.

The per case cost times the populations of intémdstdalgo County (424,762 in
2010), Hidalgo County colonias (114,284 in 2007y &lidalgo County “Red” Colonias
(17,253 in 2007) is equal to: $39,838,428 for HiygaCounty, $10,718,697 for all
Hidalgo County colonias, and $1,618,159 for redsislé@m Hidalgo County “Red”
colonias. Medical payments of this magnitude femagle county are unrealistic, but
these amounts reflect the cost of providing evesyiorHidalgo County with medical
treatment for diarrheal disease were they all tonfexted. Since at one time only a
fraction of total residents are infected, full neadicoverage would cost a fraction of the
amounts listed above. For the numerical portiothisf study, the value for all of
Hidalgo county is set equal td"Owhich, during optimization, is then multiplied By,
the portion of the total population that actualtgeives treatment.

Point-Of-Use Costs (E°Y)

The per household cost of providing POU servicesisnated by considering
the costs to install and operate an in-home wdteation systems for a year.
Kommineni et al. (no date) report monthly costsR@U reverse osmosis systems at

$50/month and POU adsorption systems at $38/maritis is equal to an annual cost of
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$600/year for RO and $456/year for adsorption. sEhalues are likely to exceed the
costs for the health issues studied in this papealise the Kommineni et al. values also
include an annual arsenic test of $15/year. Thasaal costs from Kommineni et al.
are relatively close to annual costs for similaatment processes reported by Sargent-
Michaud et al. (2006).

Multiplying the annual POU household costs by thmhber of households in
Hidalgo County, which is taken to be total popuwatdivided by an assumed average
household size of five individuals (424,762 / 54352 households), yields the total
cost of distributing POU to the entirety of Hidal§ounty, which is found in the range
of $38,738,294 (84,952 households * $456/yr) anlthv end and $50,971,200 (84,952
households * $600/yr) on the high end.

Initial Centralized-municipal Service Level (47.,)

To approximate the initial level of centralized-nipal water services, this
study identifies the number of reported coloniadests that were reported to have no
access to either potable water or wastewater dadpwokich is 17,253 individuals in
Hidalgo County (USGS 2010b), approximately 15%haf tounty’s colonia population
and about 4% of the county’s total population. é\a@thile this number of individuals is
the number counted in 2007 and since then manysmebeholds may have acquired
drinking water or wastewater services, it nonetbelepresents the best available
information on the subject. Therefore the initealel of A°"is set equal to 96% (i.e.,

AY_,=0.96).
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Centralized-municipal Costs and Depreciation

Cost structuring the stock of CM infrastructurensre complicated than the
either of the other two disease management stestedihis involves taking equation 2.8
and imposingd{™ = 0, and rearranging to yield the following reIatic%éZ— = AS™. This
relation (and its assumptions) captures the idaaitha community with no existent CM
stock, all expenditures on CM are weighted %t yield the corresponding amount of
CM infrastructure that will be available in the h@eriod. A reasonable value to use for
c"Mis not known. A value of ™ = 4 suggests that in a given year, the community can
go from 0% of the population having CM service2%66 having CM services by
expending all of the disease management budgdahbieaio a community on CM. A
guarter of the population of a community the sikéliolalgo County is more than
100,000 individuals.

An estimate for the value of the annual capitalrdejation rate is similarly
difficult to identify. Miguel and Gugerty (2005¢port that in western Kenya nearly 50
percent of borehole wells dug in the 1980s, andagiently maintained using a
community-based maintenance model, had fallendrsieepair by 2000. This decay
level, 50% lost in a period of 20 years correspdoda annual decay rate of about
0.035. Such arate is likely too high for a macteremically developed location
characteristic of Hidalgo County For robustnesseral depreciation rates will be used

0.01, 0.05, and 0.1, and the resulting system cheniatics explored.
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Recovery Rates

There are two recovery rates associated with thdetnooming from the
recovery functiond(a™) = §°(I, — al*) + §™al*. The medically-enhanced recovery
rate is assumed to & = 1, which implies that all individuals included inetiportion
of the receiving medical care move to the susckptlass the next time period.
Intuitively, medication results in a full and coraf# recovery.

Morbidity danger associated with waterborne illessis different depending on
a population’s level of young, old, and otherwisariune-compromised individuals
(Reynolds 2000). Estimation of a value for thergpneous recovery rafé begins
with considering the infected population as beiagposed of immune-compromised
and immune-sufficient individuals. The immune-caoompised individuals are defined
as being children under the age of five and adwés the age of 65. In Hidalgo County,
these individuals make up, respectively, 9.5% anh@%, of the population (U.S. Census
Bureau 2011b). This suggests that if a randonibcsad person in Hidalgo County gets
a diarrheal disease 21.4% of the time that persthin&immune-compromised and the
other 78.6% of the time that person will be a re&y healthier adult. By this
reasoning, the spontaneous recovery is set’as: 0.786. Intuitively, this rate implies
that as individuals get infected and do not recemreglical care, those individuals are
moved back into the susceptible class (i.e., teegver) at a rate equal to the portion of
the healthy adult population. By this assumptlweglthy adults recover in one time
period and the immune-compromised portion of thiedited lingers in the infected class

for at least one more time period.
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Transmission Rates

The transmission rates for diarrheal illness witbess to treated drinking water
comes from the review by Reynolds et al. (2008)p wditing Messner et al. (2006) and
Imhoff et al. (2004), summarize that gastrointestiliness prevalence that is
attributable to drinking water is equal to 0.11lesdperson/year. Since no distinction in
those studies is made with respect to drinking maéatment technologies, this essay
assumes both technologies have equal effectiversedsvices to prevent diarrheal
episodesp™ = pP°% = 0.11. A limitation of this study is that the model,dan
specifically, this transmission rate, abstractsyaf@am other sources of diarrheal illness,
which can occur through infection routes that maybrelated to water quality (Moe et
al. 1991).

In one of the earlier world-wide surveys of diamhdisease burden studies,
Snyder and Merson (1982) report that the averageru of episodes for individuals in
Asia and Latin America were, respectively 2.013 &ri¥5 per person per year, with
increasing episodes with the youngest age groDopsing the 1960s and 1970s, when
these studies were conducted, water service cozenaose regions was likely
minimal. So, arguably, these values provide aarasle proxy for a baseline
transmission rate that might occur in the abseheater treatment. The worldwide
episode rates for individuals younger than (oltian) five years are 1.91 (0.27)
cases/person/year. By weighting these two rateedgemographic percentages for

Hidalgo County found in U.S. Census Bureau (20t total estimated population
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transmission rate for population portions with natev treatment of any kind is assumed

to bep® = 0.462.
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APPENDIX C

DESCRIPTION OF NUMERICAL COMPUTATION

The numeric computation procedure follows a fastigndardized formula for
genetic algorithm computation (Forrest 1993; Halld®92). At the beginning of the
program, several thousand candidate solutionsaagomly generated. The objective
function values of each candidate solution areenggd and the best solution is recorded.
For this study, “best” is equivalent to “greatesit)ce the objective is to maximize
Z{((—k,lt)(l + d)‘t). Next, for each of the candidate solutions, thleie of a single
control variable is changed slightly. Once aghmprogram is designed to review the
objective function values of the candidate soludiand record the best solution from the
new generation. This process is repeated for aktresusand generations of solutions.
The best solution from each new generation is coaetp the best solution from all
previous generations. The program terminatesea¢tial of a specified maximum
number of generations and then outputs the besti@o! The following pseudo-code
describes the program more succinctly:

1. Initialize the population of solutions

2. Evaluate the objective function values of eachtsmiu

3. Record the best solution in the generation

4. Generate a new set of solutions from the previouparent, generation
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Check that each new solution is located in feasblation space and if the
solution is not feasible, then move the solutioth®nearest feasible
solution.

Record the best solution in the generation

Compare current generation best solution to prevganeration best

If maximum number of generations has been reached,terminate; if not,

return to step 4.
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Table D-1.

APPENDIX D

Baseline results from the public health manager’s disease
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management problem for the case of Hidalgo County, Texas, using the baseline

budget level (g = 0.5)%

Time: 1 2 3 4 5 6
Control

xM 0.00 0.00 0.50 0.50 0.00 0.00
aov 0.04 0.13  0.00 0.00 0.13 0.13
a 0.09 0.00 0.00 0.00 0.00 0.00
State Variables

Infected 0.15 0.09 0.10 0.17 0.16 0.12
Centralized-municipal 0.96 0.86 0.78 0.81 0.82 0.74
Budget shares

Centralized-municipal 0.00 0.00 1.00 1.00 0.00 0.00
Point-of-use 0.31 1.00 0.00 0.00 1.00 1.00
Medical 0.69 0.00 0.00 0.00 0.00 0.00
Water Services

Centralized-municipal 0.96 0.86 0.78 0.81 0.82 0.74
Point-of-use 0.04 0.13 0.00 0.00 0.13 0.13
None 0.00 0.01 0.22 0.19 0.05 0.13
Medical Services

Portion of Total Population 0.09 0.00 0.00 0.00 0.00 0.00
Portion of Infected 0.58 0.00 0.00 0.00 0.00 0.00
Cumulative Damage$§ 0.15 0.23 0.32 0.47 0.59 0.68

a.
b.

E = 0.5 refers to a budget size that is equal to the baseline.
x“M are the expenditures on centralized-municipal water servi€85isahe portion

of population receiving point-of-use water service.issthe portion of the infected

population receiving medical treatment.
¢ Cumulative damages are measuregiOTz(s—l)k,It)e‘”.
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management problem for the case of Hidalgo Countylexas, using a budget level
reduced from the baseline to 50% (E= 0.25)*

Time: 1 2 3 4 5 6
Control®”

xM 000 025 025 025 0.00 0.00
a v 004 000 000 000 006 0.06
a” 0.02 0.00 0.00 0.00 0.00 0.00
State Variables

Infected 0.15 0.10 0.14 0.16 0.17 0.16
Centralized-municipal 0.96 0.86 0.81 0.78 0.76 0.68
Budget shares

Centralized-municipal 0.00 1.00 1.00 1.00 0.00 0.00
Point-of-use 0.62 0.00 0.00 0.00 1.00 1.00
Medical 0.38 0.00 0.00 0.00 0.00 0.00
Water Services

Centralized-municipal 0.96 0.86 0.81 0.78 0.76 0.68
Point-of-use 0.04 0.00 0.00 0.00 0.06 0.06
None 0.00 0.14 0.19 0.22 0.18 0.26
Medical Services

Portion of Total Population 0.02 0.00 0.00 0.00 0.00 0.00
Portion of Infected 0.16 0.00 0.00 0.00 0.00 0.00
Cumulative Damage$§ 0.15 0.24 0.37 0.51 0.64 0.76

& E; = 0.25 refers to a budget size that is one quafttre baseline.
x“M are the expenditures on centralized-municipal megtevices. & is the portion

b.

of population receiving point-of-use water service is the portion of the infected

population receiving medical treatment.
¢ Cumulative damages are measuregIOTa(i—1)k,1t)e‘”.
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management problem for the case of Hidalgo Countylexas, using a budget level

increased from the baseline by 100% (& 1.0)%

Time: 1 2 3 4 5 6
Control®”

xM 025 051 042 034 0.09 0.00
a v 004 013 015 017 020 0.26
a” 0.15 0.00 0.00 0.00 0.04 0.00
State Variables

Infected 0.15 0.07 0.10 0.10 0.10 0.09
Centralized-municipal 0.96 0.87 0.85 0.83 0.80 0.74
Budget shares

Centralized-municipal 0.25 0.51 0.42 0.34 0.09 0.00
Point-of-use 0.15 0.49 0.58 0.66 0.76 1.00
Medical 0.60 0.00 0.00 0.00 0.15 0.00
Water Services

Centralized-municipal 0.96 0.87 0.85 0.83 0.80 0.74
Point-of-use 0.04 0.13 0.15 0.17 0.20 0.26
None 0.00 0.00 0.00 0.00 0.00 0.00
Medical Services

Portion of Total Population 0.15 0.00 0.00 0.00 0.04 0.00
Portion of Infected 1.00 0.00 0.00 0.00 0.37 0.00
Cumulative Damage$§ 0.15 0.22 0.31 0.39 0.47 0.54

& E, = 0.25 refers to a budget size that is one quafttre baseline.
x“M are the expenditures on centralized-municipal megtevices. & is the portion

b.

of population receiving point-of-use water service is the portion of the infected

population receiving medical treatment.
¢ Cumulative damages are measuregioTa(i—1)k,1t)e‘”.



164

APPENDIX E

DETAILS ON PRICE TREND REGRESSION

The regression results supporting the models ptedem Figure 2-6 are
displayed in Table E-1. Table E-1 contains estuaalues for coefficients, p-values
for estimates, measures of explanatory power Reand Adjusted B, and the F-test
values for the models. These models were seléaeause, visually, prices in the

market appear to be relatively constant duringytrea's 1983 to approximately 1998,

Table E-1.  Regression analyses on real market pas for water rights in the
Falcon-Amistad water market, 2009.

Model statistics

Model Adj-

Name Model Formufe® | Coefficient value$ R? R° | F-tesf
- . bo by b,

Liebig E;tfg Dot bi*D2 + 1y 608-1.73 [ 0.157 0.873| 0.859 | 64.99
2 0.000| 0.003| 0.000

. b3 by bs

Linear p=Dh;+h*t+

Dummy b5** Dy 0.675| 0.003| 0.042| 0.892| 0.880 | 78.08

0.000| 0.778]| 0.000

Source(s)analyses of nominal prices reported in Caroom aadvixll (2005); Chang
and Griffin (1992); Characklis et al. (1999); Gnfand Characklis (2002); Levine
(2007); NRS Consulting Engineers (2001, 2003, 2086hoolmaster (1991).
%y is the time-adjusted real market price, using@iflation rate and 2008 as the base
ear.
tis years in the sample, with year 1 starting%g3L
Dy, D,, D3 are a dummy variables for, respectively, the y@8683-1991, 1999-2005,
and 2000-2005.
dp-values are listed below coefficient estimate$ pivvalues in bold corresponding to
coefficient estimates that have a level of sigatfice of 5% or less.
®F-test values in bold correspond to a level of ificamce of 5% or less.
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and thereafter prices appear to be increasing.farneal description of the Liebig
model presented in Figure 2-6 is presented in emu&-1, below:

p = max (by, by + byt), (E.1)
where the predicted price trend (i2.and/or the dashed line in Figure 2-6) is a fumctio
of the maximum value of either the constant priead in the early years of the sample

(i.e., by), or the increasing price trend in the latter porof the sample (i.eb; + b,t).
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APPENDIX F

DEMAND CURVE PROJECTION

The consumer surplus values for municipal watesamption were projected by
assuming a linear demand form (Nicholson and Sn¥@@8), as follows:

w =mp + b, (F.1)
wherew is the quantity of water consumed,(equal todw /dp) is the slope of the
demand curvey is the price of water, andis a constant. The inverse demand equation
is found by inverting equation F.1 to yield:

p=(w-—hb)m1 (F.2)

Equation 4A.2 is the demand equation included éndbjective function as
D.(+). Integration ovew results in the equation for consumer surplus, (£) that is
used to compute the consumer surplus componeheadhijective function value:

cs=|, ((w—b)m )dw = 0.5w?m™! —wbhm™1. (F.3)

To compute this value, the following parameters tvesidentified or assumed:
w, m, andb. The quantity of watew, is calculated in the model. By substituting in a
single data point for quantity and price and invgkan estimated price elasticity from
literature, the slope of the demand cumwmg can be calculated. The formula for price

elasticity is (Nicholson and Snyder 2008):

—dap
€= (F.4)
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Replacingg with w, and rearranging results in the following estinfatehe slope of the

demand curve:

dw w
m = E = S;. (F5)

Once the value fam is calculated from assumed values of elasticigtew
guantity, and price, the constant tesmgcan be calculated by solving the linear demand
form for b (using the same assumed single data point fortiqy@md price):

b=w-—mp. (F.6)

This study averaged over monthly price elasticitegsorted in Bell and Griffin
(2006) to generate seasonal price elasticitiestekNpantities by season and county are
calculated from unpublished county-level diversitata collected by the Watermaster’s
office in Harlingen. The price of municipal watsrassumed to be $679/acre foot (or
$20.67/1,000 gallons). This price is selected adadively-low, conservative value
based on a recent survey of water rates (Ohio EPAR A demand curve is calculated

for each county and each season.
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RELEVANT DATA FROM VALLEY CROP BUDGETS

Crop budgets developed by AgriLife Extension (Esten Agricultural

Economics 2011) were used to advise the selectiorops to include in the agricultural

component of the model. In most cases, paramatees for yield, prices, and

production costs were taken directly from crop keidg Those values are listed in

Table G-1.

Table G-1.

Crop prices, yields per acre, and cosfger acre used in the model of a

three-county region (Cameron, Hidalgo, Willacy couties) in south Texas.

crop () practice p) | Price ($) | Yield (per acre)| Cost ($/acre)
cotton dryland 0.81 596.17 Ibs’ 416
cotton irrigated 0.81 997.64 Ibs 609
sorghum dryland 8.50 22.00 cwt 159
sorghum irrigated 8.50 43.00 cwt 207
corn irrigated 490 100.00 bu 285
sugar cane irrigated 19.00 50.00 tons 803
onion irrigated 12.00 550.00 sacks 3,374
cantaloupe irrigated 10.00 600.00 crtn 4,581
cabbage irrigated 8.00 930.00 crtn 3,501
citrus irrigated 100.00 23.00 tons 1,066

Source(s)Extension Agricultural Economics (2011).
& According to the crop budgets, cotton crops producemarketable items, lint and
seed. For this model, seed revenues are convattedint-yield equivalent”. These

lint-yield equivalents were then added to the dsadget's documented lint yields to
produce the values reported in the table.



169

APPENDIX H

CROP WATER CONSUMPTION TABLES

Estimates for water application by crop using thigation values reported in the
Valley’s crop budgets. Following consultationsiwibcal crop scientists, the crop
budget water use values were modified and theviatig table of crop water use values

is applied in the model (Table H-1).

Table H-1.  Selected crop water usages (acre feat)the Texas Lower Rio Grande
Valley for one acre of a given crop adjusted fromrop budget data, 2011.

Season

Spring Summer Fall Winter Annual
Cotton (irrigated) 0.76 0.96 1.72
Cotton (dryland)
Sorghum (irrigated 1.08 0.36 1.44
Sorghum (dryland)
Cabbage 0.18 0.66 0.45 1.29
Sugarcane 1.17 2.33 0.94 0.35 4.79
Citrus 0.84 1.18 0.75 0.42 3.19
Cantaloupe 0.80 0.40 1.20
Onion 0.15 0.55 0.37 1.07
Corn 0.69 1.16 1.85

Source(s)Crosby (2011); Extension Agricultural Economicsi2)) Jifon (2011); Koo
(1975); Texas Board of Water Engineers (1960); \&iiéield et al. (2004).
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APPENDIX |

DISTRIBUTION SYSTEM COSTS

The calculations used to estimate the cost of niypaligvater service distribution
is presented in Table I-1. The assumptions arecas a municipal water distribution
expansion project for a water supplier located idattjo County (Correa 2011). The
piping details are related to the water suppliewstent distribution size. The pumping
details are based on a possible expansion of gtersy The estimated costs are

$26/year/person served, or $91/year/acre foot eV (Correa 2011).



Table I-1.

Assumptions and calculations used to gerate a per unit cost
($/year/acre foot) of municipal water distribution (i.e., without treatment) for a
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modeled three-county region (Cameron, Hidalgo, antVillacy counties) in Texas.

Piping details
System capacity (gallons per day) 16,000,000
System capacity (acre feet per year) 17,922
Approximate service size (population served) 64,144
Piping ($) 20,932,636
Amortization period (years) 50
Discount rate (rate) 0.06125
Annualized piping cost ($/year) 1,351,285
_Annualized piping cost ($/year/acrefoot) |  75.40
Pumping details
System capacity (gallons per day) 8,000,000
System capacity (acre feet per year) 8,961
Approximate service size (population served) 36,697
Pumps ($) 519,000
Pump installation and housing ($) 389,250
Piping, controls, valving, apperturances ($) 1,000
Pumping capital subtotal ($) 2,105,250
Amortization period (years) 50
Discount rate (rate) 0.06125
Annualized pumping cost ($/year) 135,902
_Annualized pumping cost ($/year/acre foot) | 15.17
Continuing cost details
Operations and maintenance ($/year) 48,180
_Annualized continued costs ($/year/acre foot)] 0.04
Cost summary
Annual costs per capita served ($/year/person) 86.0
Annual cost per acre foot delivered ($/year/acre
foot) 90.60

Source(s)Correa (2011) and user defined.
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APPENDIX J

IRRIGATION AND DRYLAND EXPANSION COSTS

Table J-1. Estimated costs of land-use changes, e@nsion of dryland
agriculture to irrigated agriculture and conversion of ranchland/wilderness to
cropland for a modeled three-county region (CameronHidalgo, and Willacy
counties) in Texas.

Irrigation Expansion Cost

Estimated irrigation infrastructure cost/mile 320,000
Agricultural acres per mile 242
Cost per acre $17,355
Amortization period (years) 50
Discount factor 0.06125
Annualized cost ($/acrel/year) $1,120.36

Dryland Expansion Cost

Estimated dryland expansion cost/acre GEL,0
Amortization period (years) 50
Discount factor 0.06125
Annualized cost ($/acre/year) $64.55

Source(s)Correa (2011) and user defined.

Some of the key assumptions used in the calculatidime per mile cost of
irrigation infrastructure are as follows (Corred 2P (Figure J-1): canal size and flow
capacity are based on 10,000 acre delivery areacs® summer-season sugar cane
production, where water deliveries occur duringl2#s in the three-month summer
season. These assumptions reflect the greatestlpla volume of water to be conveyed
through an irrigation canal and imply a rate ofS0cibic feet per second per acre.

Restricting maximum flow velocity through the cat@abe less than two feet per second,
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the physical design parameters are calculatedf@asthen canal that is 120.6 feet wide
at the base and 52.2 feet wide at the top, witB &t of water surface and two 12-feet
wide, drivable embankments on either side of theemsurface. The canal is 17.1 feet
tall, with the bottom of the water channel locatiecke feet above natural ground and the
top of the embankments located three feet abovdeabigned water surface. The
assumed price of earthen fill (delivery, manipwaatiand compaction) is $12.40 per
cubic yard (Correa 2011). The canal is also asdumbe equipped with a 4-inch thick

concrete liner, with an assumed, in-place cos#é0%per cubic yard (Correa 2011).
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Figure J-1. Cross-sectional view of hypothetical canal used to calculate the cost of expanding irrigation
infrastructure to dryland agricultural areas for a modeled three-county region (Cameron, Hidalgo, and Willacy
counties) in Texas.

Source(s): Correa (2011).
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APPENDIX K

CROP EFFECTS BY GLOBAL CIRCULATION MODEL

Following Beach et al. (2009), climate forecastsrfrthe GCMs are used as
inputs into Environmental Policy Integrated Climatedels (EPICs), which output
changes in yields and water consumption for seweogls in south Texas (cotton, corn,
soybeans, soft red winter wheat, hard red wintezathdurum wheat, hard red spring
wheat, sorghum, rice, oats, barley, silage, hayasoane, sugar beets, potatoes,
tomatoes, energy sorghum, sweet sorghum, orangg®efauits, grazing oats, grazing
wheat). For several crops included in the hydroeaac model of the Valley discussed
herein, crop response data are unavailable; thogs enclude onion, cabbage, and
cantaloupe. For this study, the crop responsetsft# sugar beets are assumed to be a
proxy for missing effects for onion. Tomatoes assumed to be the proxy for cabbage
and cantaloupe. The climate effects on crop waterand crop yield are presented in

Table K-1.
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Proportional changes in crop yields anarop water use for the south

Texas region from several General Circulation Moded (GCMs) used to generate
climate change scenarios in the a modeled three-aay region (Cameron, Hidalgo,
and Willacy counties) in Texas in model year 2060.

Global Circulation Model (GCM)

crop ) practice  crop CGCM MRI- GFDL- | GFDL-
(p) attribute | 3.1 | CGCM2.2| CM2.0| CM2.1| Avg
Cotton dryland vyield 0.13 -0.30 -0.42 2 -0.30
cotton irrigated yield 0.00 -0.12 -0.03 0.07
cotton irrigated water usg -0.07 0.44 -0.09 0.30 0.14
sorghum  dryland yield -0.02 -0.10 -0.111 39 -0.15
sorghum irrigated water use -0.05 -0.28 -0.02 0.41 0.01
sorghum irrigated yield -0.07 0.23 -0.15 0.11
corn irrigated vyield -0.09 -0.57 -0.03 -0.07
corn irrigated water usg -0.04 0.17 -0.18 0.66 0.15
sugar cane irrigatedyield -0.02 0.58 -0.07 0.30
sugar cane irrigatedwater use -0.05 0.52 -0.09 0.60 0.24
onion irrigated vyield 0.08 1.00 0.17 0.33
onion irrigated water usg -0.03 -0.62 0.19 -0.58 -0.26
cantaloupe irrigated yield -0.09 -0.57 -0.03 -0.07
cantaloupe irrigated water usg -0.04 0.17 -0.18 0.66 0.15
cabbage irrigatedyield -0.09 -0.57 -0.03 -0.07
cabbage irrigatedwater use -0.04 0.17 -0.18 0.66 0.15
citrus irrigated yield -0.33 -0.61 -0.02 -0.15
citrus irrigated water use -0.24 0.22 -0.60 0.52 -0.02

Source(s)Modified from Beach et al. (2009).
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