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Market Exchange Impact on Water Supply Planning
with Water Quality

Messele Z. Ejeta, P.E., M.ASCE1; J. Thomas McGuckin2; and Larry W. Mays, P.E., F.ASCE3

Abstract: A market-based water supply problem is modeled as an optimization problem maximizing net benefit from water use
all the concerned parties use an economically optimal allocation considering damages due to total dissolved solids(TDS) and institutiona
constraints. These institutional constraints include water supply requirements under international treaty and historical allocation
to agriculture. The income from water in municipal use, based on the concept of consumer surplus, is utilized in the objectiv
along with benefit from agricultural uses, supply costs, and damage costs due to poor quality water, which are estimated usin
data. The research assesses the impact that system-wide optimal allocation of water will have in increasing monetary benefits a
water salinity levels in terms of TDS along the reach of the Rio Grande from Elephant Butte, New Mexico, to Fort Quitman, Te
analysis is performed under three institutional constraints, which include flow regulation at the reservoir, restrictions on trade
states, and allowing trade between the states. Among these scenarios, allowing trade between the states results in the best sol
of both net benefit and reducing damage due to poor quality water.
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Introduction

This research assesses the economic benefits and impact on
quality of system-wide optimal allocation of water in the R
Grande Project, which consists of the Elephant Butte Rese
and its associated 320 kms200 mid of canals in southern Ne
Mexico and western Texas. Currently, water allocation is
stricted to certain historical uses and legal entities—particu
irrigation districts. Because of projected water deficits, par
larly in groundwater supplies, municipal entities will need to
quire additional surface water supplies. The emphasis of the
concerns the impact that system-wide market allocation of w
will have on reduced water salinity levels in terms of total
olved solids (TDS) along the reach of the Rio Grande fro
Elephant Butte, New Mexico, to Fort Quitman, Texas. Ma
allocated water reduces levels of TDS to which agriculture, u
use, and riparian habitat are exposed.

The project is a series of dams and canal systems on and
the Rio Grande and the only surface water supply in this
region. The Elephant Butte Reservoir with a storage capac
2.6 billion m3 s2 million acre-ftd is the primary feature of th
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project, which consists of approximately 52,610 ha of irrig
agriculture; the rapidly growing cities of El Paso, Texas;
Cruces, New Mexico; Ciudad Juarez, Mexico; and other sm
cities and towns. The combined population in the area is in e
of 2 million. The Percha, Leasburg, and Messilla diversion d
serve acreage in the Elephant Butte Irrigation District(EBID) in
New Mexico; whereas, American and Riverside diversion d
serve the El Paso County Water Improvement District(EPCWID)
No. 1 in Texas. These diversion dams are scattered ove
project region and serve specific irrigation areas in their res
tive irrigation districts, which are located in Rincon, up
Messilla, lower Messilla, upper El Paso, and lower El Paso
leys.

Historically, project water has been allocated for agricul
with an annual release of approximately 975 million3

s790,000 acre-ftd. All water, except 74 million m3 s60,000 acre
ftd allocated by treaty to Mexico(7% of the annual release), goes
to two irrigation districts: EBID and EPCWID No.
These two irrigation districts receive approxima
514 million m3 (416,000 acre-ft or 57%) and 387 million m3

(314,000 acre-ft or 43%) of the total release to irrigation distric
respectively. Municipal water utilities serving urban areas h
relied on groundwater; however, population growth has gr
increased depletion to the point that the viability of underly
aquifers are a serious concern, resulting in a constraint to f
growth. In response to the depletion of groundwater aquifers
ies proximate to the project have developed groundwater co
vation plans. Although these plans typically call for reduced w
use by urban end-users, population growth will necessitate
cities secure additional surface water supplies. Table 1 pro
surface water use for El Paso and Las Cruces with the assum
that neither of these cities can increase their level of ground
pumping(Boyle Engineering Corp. and Parsons Engineering
ence, Inc., unpublished report to the New Mexico-Texas W

Commission).

AND MANAGEMENT © ASCE / NOVEMBER/DECEMBER 2004 / 439



the
de-
user

rying
eam
into
with
pm.
ur-
will
mee

d
pm.

alinity
s an

water
nde

tion
oject
inal
that

One o
n on
gen-
elow
off
stan-

uires
ctive
arket-
tion
tem
timal
-

t
and
and
of
ned

ect by
by

-

tud-
es for
sulted
ience,
rage
by

water
oyle

gies
ream
st all
some
n of

und

,000

,200

ngi- p.
98
Salinity and other contaminants build up in the water of
Rio Grande as it is used and reused. Irrigation return flow
creases water quality and presents a problem to downstream
because a portion of the water supply returns to the river, car
high levels of TDS that affect the water quality of the mainstr
flow system downstream. The drainage water first infiltrates
the subsurface aquifer, after which it flows to the mainstream
a fairly uniform TDS content approximated at about 1,500 p
One of the difficulties of using Rio Grande water for urban p
poses is that high salinity and other pollutants in the water
require costly treatment to reduce economic damages and
the U. S. Environmental Protection Agency(EPA) recommende
safe drinking water standards of a maximum TDS of 1,000 p
By the time the Rio Grande reaches El Paso and Juarez, s
concentrations are high enough to cause economic damage
exceed EPA recommended standard as a source of drinking
Fig. 1. Fig. 2 indicates the historical flows in the Rio Gra
Project.

Objective

Under current allocation policies and institutions, the irriga
districts are the primary beneficiaries of the Rio Grande Pr
water. A market-based reallocation will guarantee that orig
water users be protected as priority water-right holders but
other users can purchase necessary water at market prices.
the unresolved issues is the implication of such a reallocatio
water quality in the system. Regulations by EPA and local a
cies recommend that the TDS level be maintained b
1,000 ppm. As indicated in Fig. 1, salinity levels during the
irrigation season reach higher levels than the 1,000 TDS

Table 1. Rio Grande Project Annual Urban Water Use(acre-ft)

1998

Year Total Surface

El Paso 135,733 58,741

Increased
surface water use

Las Cruces 20,020 0

Increased
surface water use

Fig. 1. Historical total dissolved solids(TDS) levels in the Rio
Grande Project(Source: Boyle Engineering Corp. and Parsons E
neering Science, Inc., unpublished report, 1998)
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f

dard. For this water to be used for municipal purposes, it req
very expensive treatment to reduce salinity levels. The obje
here is to model the Rio Grande water-supply system as a m
based allocation of water. It is formulated as an optimiza
problem maximizing net benefit from water use in the sys
such that all the concerned parties get an economically op
allocation, given the following constraints:(1) the water require
ment under the international treaty is satisfied;(2) minimum re-
quirements for industrial purposes are satisfied;(3) the net benefi
from irrigation and municipal water supplies is maximized;
(4) the TDS damage is minimized. As noted by Burness
Quirk (1979), an economically efficient optimal allocation
water approximates the allocation that occurs with well-defi
water rights and leasing of project waters.

Several studies have been done on the Rio Grande Proj
different agencies and consulting firms, including those
Engineering-Science, Inc.(1991a,b) and jointly by Boyle Engi
neering Corp. and Parsons Engineering Science, Inc.(unpub-
lished report, 1988). The general approach utilized in these s
ies is to identify and assess different management alternativ
the project using available data so that the alternative that re
in the best management may be selected. Engineering-Sc
Inc. (1991) has assessed various opportunities for water sto
facilities and the possibilities of additional water supplies
transmountain diversion and by salvage of losses so that
shortages in the project region are overcome. The study by B
Engineering Corp. and Parsons Engineering Science, Inc.(unpub-
lished report, 1998) has been aimed at drain mitigation strate
so that acceptable water quality is maintained for the downst
users in the project area. According to the studies, almo
selected strategies reduce the problem of quality issues to
extent. However, the studies do not consider the formulatio
the problem as a single optimal problem.

2043

und Total Surface Gro

,992 405,319 355,319 50

296,578

020 96,116 75,916 20

75,916

Fig. 2. Historical flows by season(Source: Boyle Engineering Cor
and Parsons Engineering Science, Inc., unpublished report, 19)
Gro
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Model Formulation

A general problem on a regional or watershed scope is consi
and all the water users in the watershed are first identified
general water- supply customers include municipalities, indu
hydropower, irrigation, ranching, recreation, aquaculture, e
ronmental protection, remediation, and so on; whereas, ge
water sources include instream flow, groundwater pumping,
cipitation, interbasin transfer, and return flow or drainage. T
the watershed is divided into a total ofI reaches, where the d
lineation of a reach is based on whether there is one or
diversions and/or one or more return flows at only one “poin
the reach(Fig. 3). In each reach, a total ofJ activities are
considered.

Continuity Equations

An arbitrary reachi in Fig. 3 is considered to develop the con
nuity or mass conservation equations. In this figure, all the
sible flows associated with reachi are indicated. The point o
diversion, or return, in the reach is the subject of the contin
equations, expressed as

o
k=si−nd

i−1

o
j=1

J

sQrkji
− Qskji

d + Qdsi
− o

j=1

J

Qdij
− Qussi+1d

= 0 s1d

whereQrkji
=the return flow from demand pointj in reachk to

reach i skÞ id; Qskji
=the seepage loss in the return flow fr

demand pointj in reachk to reachi skÞ id; Qdij
5the diverted

flow from reachi for demand pointj , wherej represents any kin
of demand for watersi =1,2, . . . ,I , j =1,2, . . . ,Jd; Qdsi

=the flow

Fig. 3. Schematic representatio
at the downstream end of reachi, that is, instream flow into the

JOURNAL OF WATER RESOURCES PLANNING
point of diversion in reachi, referred to herein as a node;Qusi
=the flow at the upstream end of reachi; and n=the maximum
number of reaches a return flow travels before draining into
main stream. The same equation holds true for the other rea
with some adjustment for boundary conditions for the re
flows near the upstream and the downstream ends of the w
shed. Also, for each demand point, the following continuity e
tion can be derived:

Qdij
− Qsij

+ Qpij
− Qlij

− o
k=si+1d

i+n

Qrijk
= 0 s2d

for all i and j whereQsij
=the seepage loss in reachi on the way

to demand pointj ; Qpij
=the pumped flow of groundwater fro

reachi for demand pointj ; andQlij
=the consumptive use in rea

i at demand pointj . Within each reach, the following continu
equation governs:

Qusi
+ Qbi

+ Qppti
− Qdsi

− Qsi
= 0 s3d

for all i whereQbi
=the interbasin transfer to reachi; Qppti

=the
flow into reachi accountable to net precipitation contribution;
Qsi

=the instream seepage loss in the stream in reachi.

Water Quality Equations

A quality parameter considered in this study is the TDS in
water supplied. Generally, however, multiple water-quality
rameters may be considered because the other constituent
tions are similar. The quality constraint for the point of divers

he hydraulics of a typical watershed
n of t
in reachi is expressed as

AND MANAGEMENT © ASCE / NOVEMBER/DECEMBER 2004 / 441
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o
k=si−nd

i−1

o
j=1

J

Crkji
sQrkji

− Qskji
d + Cdsi

Qdsi
− CwiFo

j=1

J

Qdij
+ Qussi+1dG = 0

s4d

where Crkji
represents the quality parameter in the return

from demand pointj in reachk to reachi skÞ id; Cdsi
represent

the quality parameter inQdsi
; and Cwi

represents the weight
quality parameter inQdij

or Qussi+1d
. The flow out of the nodes wi

have the same quality assuming “perfect” mixing condit
(Yang, et al. 1999), which can be expressed as

Cwi
= Cdij

= Cussi+1d
s5d

Defining Cwij
as the weighted quality parameter at any dem

point j in reach i, the constraints for demand pointj can be
expressed as

Cdij
sQdij

− Qsij
d + Cpij

Qpij
− CwijFQlij

+ o
k=si+1d

i+n

QrijkG = 0 s6d

for all i and j . Similar equations can be also derived for
instream flow in each reach as

Cusi
Qusi

+ Cbi
Qbi

+ Cppti
Qppti

− Cdsi
Qdsi

− SCusi
+ Cdsi

2
DQsi

= 0

s7d

for all i. Note that the average TDS concentration is used fo
seepage loss in reachi assuming that the change in the conc
tration in the reach is approximately linear.

Flow Regulation

In Fig. 3, the flow system represents the general scenario in w
diversions and pumping in any reach and return flows from
reach to any other reach downstream are possible. Howeve
may not be the case in practice because, for instance, the n
of demand points in one reach may not be equal to those in
reaches. Introducing coefficients with values of 0 or 1 for eac
the arcs can regulate these flows, where 0 is used to turn o
1 is used to turn on a flow along a given arc. The instream fl
Qusi

andQdsi
do not require the 0 or 1 coefficients because t

flows always exist. A similar approach of using binary varia
for turning off and on flow arcs has been used by Ward e
(2001). The use of such coefficients has advantages in sens
analysis to the optimization model. All uncertain activities can
turned on or off in the model and their results evaluated.

Let Kdij
be the coefficient of flow forQdij

, Kpij
be the coeffi

cient of flow for Qpij
and so on. Then, the above continuity a

TDS equations are modified as follows:

o
k=si−nd

i−1

o
j=1

J

sKrkji
Qrkji

− Kskji
Qskji

d + Qdsi
− o

j=1

J

Kdij
Qdij

− Qussi+1d

= 0 for all i s8d

sKdij
Qdij

− Ksij
Qsij

d + Kpij
Qpij

− Klij
Qlij

− o
k=si+1d

i+n

Krijk
Qrijk

= 0 for all i and j s9d

Qus + Kb Qb + Kppt Qppt − Qds − Ks Qs = 0 for all i s10d

i i i i i i i i

442 / JOURNAL OF WATER RESOURCES PLANNING AND MANAGEMENT
r

o
k=si−nd

i−1

o
j=1

J

Crkji
sKrkji

Qrkji
− Kskji

Qskji
d + Cdsi

Qdsi

− CwijFo
j=1

J

Kdij
Qdij

+ Qussi+1dG = 0 for all i s11d

Cdij
sKdij

Qdij
− Ksij

Qsij
d + Cdij

Kpij
Qpij

− CwijFKlij
Qlij

+ o
k=si+1d

i+n

Krijk
QrijkG = 0 for all i and j

s12d

Cusi
Qusi

+ Cbi
Kbi

Qbi
+ Cppti

Kppti
Qppti

− Cdsi
Qdsi

− SCusi
+ Cdsi

2
DKsi

Qsi
= 0 for all i s13d

Cwi
− Cdij

= 0 for all i and j s14d

Cwi
− Cussi+1d

= 0 for all i s15d

Cwsi−1d
− Cdsi

= 0 for all i s16d

Additional Constraints

Apart from the mass balance constraints, other physical an
source constraints affect the system. The capital expen
available for pumping the water and the amount that ca
pumped may be limited. Environmental regulations may req
that the TDS level at any point be kept below some accep
level. Such constraints generally can be given as

Kpij
Qpij

ø A s17d

CsKpij
Qpij

d ø B s18d

Kwij
Cwij

ø C s19d

whereA=a constant;B=a constant or a function of the amoun
pumped water;C=a constant or a function of the quality para
eter in the supplied water; andCsKpij

Qpij
d=the cost of pumping a

demand pointj in reachi.

Objective Function

The objective function can be expressed in terms of the net
efit from the water resources allocated at each of the de
points, the costs associated with each allocation, and the da
from TDS levels at each point. DefiningPsQdij

,Qpij
d as the profi

of allocated supplies(both surface and groundwater), CsQdij
,Qpij

d
as the cost of allocation, andDsCdij

,Cpij
d=DsCwij

d as the damag
from salinity, the objective is to maximize the net profitZ, given
as

Z = PsQdij
,Qpij

d − CsQdij
,Qpij

d − DsCwij
d s20d
subject to constraint Eq.(8)–(19).
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Model Application

The model developed is applied to the Rio Grande Projec
considering seasonal time frames. Groundwater and Caball
ervoir’s average annual release are the water sources; wh
water requirements for irrigation and municipal purposes are
mary demands.

Surface Water Release and Drought Scenario

Although the 790,000 acre-ft per year release from Caballo
ervoir is the full allocation, with 60,000 acre-ft of it reserved
Mexico, releases have historically been variable, particular
there is a spill or limited storage. To assess the impact of lim
release, we assume a 50% reduction in water to 395,000 a
with 60,000 acre-ft still allocated to Mexico. This limited rele
scenario is explained in the “Model Results” section.

Municipal Value of Water

The net benefit of water in municipal use is the integral of w
demand(consumer surplus) minus the cost of supply and dist
bution. Griffin (1990) outlines a methodology for measuring c
sumer surplus of municipal water, which is used here. The a
sis uses estimates of water demand by Michelsen et al.(1998).
The parameters for the city of Las Cruces are in this repor
using data for the independent variables from the city of El P
the model predicts with a high degree of accuracy. With th
Paso rate structure, the model estimates that overall water de
has −0.115 demand elasticity. Fig. 4 shows the predicted d
dant residential monthly consumption plotted against the a
use in El Paso for 1988 to 1996. Note that this is an out-of-sa
comparison. The functional form of the return is given as

R= aQ− S b

N
DQ2 s21d

whereR=the return in dollars/year;Q=the yearly domestic wat
supply in acre-ft;N=the number of households in the city/tow
anda andb=constants. The number of households in El Pa
approximately 120,000, based on the number of water acc
with El Paso Water Utility(EPWU). Hatch, Las Cruces, and A
thony have accounts of 1,000, 19,000 and 2,000, respect
Hatch, Las Cruces, and El Paso are located in the Rin
Mesilla, and El Paso valleys, on the opposite sides of the ir
tion areas of Percha, Leasburg, and El Paso, respectively
thony is located in the Mesilla Valley, below the Mesilla irrigat
area. Table 2 gives the values ofa andb for different towns/citie

Fig. 4. Predicted versus actual monthly household water use
Paso(Source: Based on results by Michelsen et al.(1998)
in the project area.

JOURNAL OF WATER RESOURCES PLANNING
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The costs of supply and distribution of municipal water
obtained from a previous analysis by Boyle Engineering C
(1992). The cost of processing surface water for domestic
sumption(surface water treatment and distribution) is estimated
at $503.7/ acre-ft; whereas, the cost of supplying groundwat
the towns/cities(limited treatment and distribution) is estimated
at $325/ acre-ft per year(Boyle Engineering Corp. 1992). These
costs and the consumption benefits from Eq.(21) result in ne
benefits.

During periods of drought, the value of water will obviou
increase. As long as water can be allocated to agriculture
value in use of those activities will determine marginal w
values and prices in a water market. However, at some p
water can only be allocated to the urban sector, and reductio
that sector will take place. Here there is a trade-off between w
reductions for the user(loss of consumer surplus) versus the cos
of external supplies. By using estimates of the cost of ext
water sources(desalination and water import reported in
Boyle analysis), we are able to impute water values during th
periods.

Agricultural Use

Agriculture is the dominant user of water in the project and
determines the economic value at the margin. If industry
cities cannot obtain water through market purchases to pr
for growth in consumption, then the value of water increases
matically. However, as long as a city such as El Paso can pr
the water it needs, the value of water at equilibrium has the v
in agricultural use. Using cost and return data from the
Mexico Cooperative Extension and Texas A&M University,
model derives the economic value of water in agriculture.
value of water is assumed as the residual return after all
costs are paid. For example, a crop may have $1,000 total
per acre and $900 of non-water expenses, leaving a $100 re
value that can be attributed to water availability. If the crop
3 acre-ft per acre, the value of water is about$33/acre-ft. An
important factor in the value of water is the role of fixed cost
farmer has extensive capital investment in farm equipment,
gation systems, land, and other improvements. If the fa
leases water for a short period, he will essentially idle the o
capital associated with farming. He certainly will not lease
water unless he gets a return for both water and idled capita
a longer time frame, say a lease of 20 years or the permanen
of water, the farmer may sell farm equipment, even sale the
and not require a payment for these factors of production.
long-run value of water is less than the short run. Another c
plicating factor is land tax implications for idling cropland
selling off water. Agricultural production receives favorable
assessment rates. If an agricultural water user sells or leases
for a long period of time, he loses his agricultural tax status

Table 2. Values ofa andb in Eqs.(21) and (25) for Different Cities in
Project Area(1999/2000 Estimates)

S Number
Town/city

name a value b value
Number of
households

b/N
value

1 Hatch 8,948 7,480 1,000 −7.47

2 Las Cruces 21,604 18,050 19,000 −0.9

3 Anthony 8,948 7,480 2,000 −3.73

4 El Paso 8,948 7,480 12,0000 −0.0
The income from the irrigation water supply results from the
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two major irrigation districts within the project region: EBID a
EPCWID No. 1. The average yearly return from the EBID dis
is estimated to be about $258 per acre of land, which needs a
of 4.4 acre-ft of water per year. Of this water requirem
3 acre-ft of water is usually obtained from diverted surface w
from the Rio Grande and 1.4 acre-ft of water from aqui
pumped in the vicinity of the irrigation area, which then ha
direct effect of reducing the flow in the main channel. For E
WID No. 1, the average return per acre of land irrigate
$205/ year,(Table 3). The corresponding amount of water de
ered to farms is 3 acre-ft.

The value of water in agriculture is based on average
returns, not marginal returns. The urban values, howeve
dominate the solution that agriculture becomes simply a res
claimant. With a slow evolution to a market allocation of wate
is expected that more marginal valued crops will be reduced
(cotton and grains with 18 and 37% of water use in EBID
EPCWID, respectively) as water is converted from agriculture
urban uses; whereas, higher valued crops(pecans, chilies, an
alfalfa) will be reduced last. Reviewing the net returns for th
lower valued crops(Libbin 2002), the value of water in us
is about $43/ acre-ft for both districts in grains and cott
When these agricultural uses are completely retired,
marginal value of water in use will increase to approxima
$65/ acre-ft. Table 3 gives the incomes from different crops
the weighted average return per acre of irrigated land an
value per acre-ft in each crop type. Because agriculture i
residual claimant, it is possible to estimate the opportunity
associated with water from the values indicated above and p
tial market prices that might exist. The price scenarios tha
reported in the results section employ the concept of local
ginal pricing used in electricity(Hogan 1992). For major node
along the river, demand for water diversion is increased
1 acre-ft. The local marginal price is then measured as the ch
in the overall objective function, Eq.(20), compared to the solu
tion without the 1 acre-ft increase.

All the water for irrigation purposes in EPCWID is obtain
from surface water. Because of its adverse salinity effect on
growth, groundwater is not used for this irrigation district. Diff
ences in net income between the two districts may be due t
salinity impact on crop yield, but there is not sufficient data

Table 3. Agricultural Value of Water by Crop in EBID and EPCWID

Irrigation district Grains

EBID Acreage 4,550

Benefit ($/acre) $60

Water per acre(acre-ft) 2.5

Value per acre-ft($) $24

Accumulated water use
(acre-ft)

11,375

EPCWID Acreage 6676

Benefit ($/acre) $65

Water per acre(acre-ft) 2.5

Value per acre-ft($) $26

Accumulated Water use
(acre-ft)

16,690

Total water use 28,065

Marginal value
per acre-ft

$25
analyze the complete salinity effect as described below. Costs of
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district supply and distribution are based on EBID and EPC
No. 1 revenue requirements and the assumption of nonprofi

Economic Damages from Saline Water

The economic damage that results from supplying saline wa
domestic uses and irrigation districts is generally small, bu
preciable. The damage results from the reduced lives of h
hold appliances such as dishwashers, water heaters, food
disposers, water softeners, and evaporative coolers(Darn et al
1988; Ragan 2000). In the towns/cities that are present in
study area, the damage caused by salinity is estimated at 3
per household per ppm of TDS per year. TDS damage is
pressed as

D = 0.03NCsQd s22d

where D=the damage in dollars per year;N=the number o
households for whichQ is supplied; andCsQd=the TDS concen
tration in Q. Damage to crops because of the salinity of the
gation water occurs in the form of reduced yield of irrigated c
caused by toxic and osmotic effects(Ayers and Westcott 1989).
Salinity damage to agricultural production is estimated usin
equation developed by Maas and Hoffman(1977), which is given
as

Y = 100 −asECs − bd s23d

whereY=relative yield to maximum potential;a andb are crop
specific coefficients; andECs=soil salinity measured by elect
conductivity (deciSiemens per meter, dS/m). Soil salinity is re
lated to irrigation water salinity by employing a leaching frac
in irrigation. We assume a 12% leaching fraction for irriga
practices in the two districts. With this fraction, soil salinity
related to irrigation water salinity by the equation

ECs = 0.2ECws1 + 1/LFd s24d

whereLF=the leaching fraction andECw=the salinity of irriga
tion water. The model keeps track of TDS, which is linearly
lated to ECw by a factor of 650. Aggregate loss functions
developed for the irrigation districts by summing individual cr
losses weighted by historical crop-acreage percentages. On

ton Chile Pecans Forage Ave

048 17,459 13,767 24,240 —

6 $278 $300 $350 $25

5 5 5 4.4

2 $56 $60 $70 $59

19 149,814 218,649 339,849 —

,968 1464 5047 11331 —

3 $253 $287 $319 $20

5 5 5 3.9

4 $51 $57 $64 $53

94 59,914 85,149 141,804 —

,113 209,728 303,798 481,653

3 $53 $59 $67 —
Cot

17,

$12

3

$4

62,5

11

$13

3

$4

52,5

115

$4
tor that is not included in the model is the degree that salinity has

© ASCE / NOVEMBER/DECEMBER 2004



o. 1.
, and
linity
per-

many
does
the
m of
d at

each
diver-

ach,
ing,
here

cifies
own-
icipal
TDS
r for
as is
ely
e for

ough
it is

or
lysis,
for
tually
ali-
gible

pends
vapo-
nsti-
cook-
at is

, it is
mu-

strial
each

from
The

sea-
pends

and
year

Feb-
vem-
e sea-
n in

ater
towns,

t Eq.
is
ricul-

rated
water
sons.
as is
d 15.
ed in
costs

r and
and
the
e
ilarly,
s is
the
from
d by
mands
parts
ns 1,
DS
r the

ead
dur-
aining
n. No
in-
sea-

ious
l ac-
the

ution

mber
changed cropping patterns between EBID and EPCWID N
EBID has greater acreage percentages of alfalfa, chili, onions
lettuce. These are high return crops but are sensitive to sa
levels above 1,000 ppm TDS. EPCWID No. 1’s low acreage
centages possibly reflect the effects of salinity, but there are
other factors that determine crop selection. Salinity damage
not occur at levels below 500 ppm for the crops grown in
project. Thus, the relevant range for damage is over 500 pp
TDS level. Annual damages to EPCWID No. 1 are estimate
$0.044/acre, per unit increase in TDS over 500 ppm.

Reach Definition

The project area is subdivided into a total of 17 reaches. In
reach, five water uses are considered, namely, the point of
sion, two potential irrigation areas(one on each side), and mu-
nicipal and industrial purposes. At each demand point in a re
water supply is obtained from diverted water or from pump
except for agricultural purposes in reaches 12 and 15 w
groundwater is too saline for this purpose. The model spe
return flows from each demand point to the stream as far d
stream as four reaches below the reach. Pumping for mun
and industrial purposes is from deeper groundwater with a
level of approximately 250 ppm. The source of pumped wate
irrigation at the Percha, Leasburg, and Mesilla irrigation are
from shallow groundwater with a TDS level of approximat
1,500 ppm. Before the diverted water reaches the point of us
irrigation, a significant amount of seepage loss occurs. Alth
this water is a loss to the immediate purpose for which
diverted, it will find its way back to the river as a drainage flow
percolate deep into the groundwater storage. For this ana
45% for EBID and 55% for EPCWID of the water diverted
irrigation purposes is lost and becomes seepage flow, even
draining back to the river. The return flows from the municip
ties take place through conduits, and thus, there is negli
seepage loss.

At each of these demand points, the consumptive use de
on the type of use. In agricultural areas, this constitutes the e
transpiration; whereas, at the municipal points of use, it co
tutes the consumptive uses for purposes such as drinking,
ing, and so on. For industrial use, it constitutes the amount th
used in the industrial byproduct. To account for these effects
assumed that about 50% of the water used for irrigation and
nicipal purposes and about 70% of the water used for indu
purposes are consumptively used. The remaining water from
point of use drains back into the river.

The seasonality of the management of the project results
activities that occur only during certain seasons of the year.
irrigation activities occur during the spring, summer and fall
sons. For each city/town, urban water demand magnitude de
on the season; it is maximum during the summer season
minimum during the winter season. Therefore, the planning

Table 4. Approximate Demand Proportions by Different Activities a

Activity December—February

Municipal (fractions) 0.15

Agricultural (unit proportions)
Diversion —

Pumping —

Subtotal —
is divided into four seasons, and the problem is formulated as an

JOURNAL OF WATER RESOURCES PLANNING
NLP problem. The seasons considered include December to
ruary, March to May, June to August, and September to No
ber as seasons 1, 2, 3, and 4, respectively. The approximat
sonal demand proportions by the different activities are give
Table 4.

The general form of the objective function for urban w
demands is the sum of the seasonal demands. For the cities/
the income(benefit) from the supply is expressed as

afQsS1d + QsS2d + QsS3d + QsS4dg

−
b

N
fQsS1d + QsS2d + QsS3d + QsS4dg2 s25d

whereQsSzd denotes the demand during seasonz wherez=1, 2, 3,
or 4. The other parameters are as defined earlier. Note tha
(25) is the same as Eq.(21) except that the total yearly demand
substituted by the sum of the four seasonal demands. For ag
tural activities, it is assumed that the total income is gene
only during the harvesting season, i.e., season 4. However,
demands for this purpose prevail during the last three sea
Thus, the total income per acre of land in the agricultural are
$266 in reaches 1, 4, and 7 and $187 in reaches 12 an
Similarly, the water-supply costs and the TDS damages us
the objective function are taken as the sum of the seasonal
and damages. The yearly cost of supplying surface wate
groundwater to the towns/cities are taken as $503.7
$325/acre-ft, respectively. The cost of supplying water from
river to the irrigation districts is$15/acre-ft for the last thre
seasons of the year, i.e., during the diversion seasons. Sim
the cost of supplying groundwater to the irrigation district
estimated at$10/acre-ft during the two seasons of pumping to
irrigation districts. The seasonal TDS damages that result
both the urban and the irrigation supplies are approximate
assuming the same proportionate values as the seasonal de
(see Table 4). Thus, the seasonal urban TDS damages per
per million are 0.45, 0.75, 1.05 and 0.75 cents during seaso
2, 3, and 4, respectively. Similarly, the estimated irrigation T
damages per parts per million are 1.6, 2.4, and 0.4 cents fo
last three seasons, respectively.

Total drainage flow from the agricultural activities is spr
over two seasons, with about 75% of the drainage occurring
ing the same season as the diversion season and the rem
25% of the drainage occurring during the subsequent seaso
diversion or pumping activity for irrigation exists during the w
ter season. However, there is carryover drainage during this
son from the diversion during the fourth season of the prev
year. Because the drainage from the municipal and industria
tivities take place in conduits, it is assumed to occur during
same season of diversion and pumping. To write this distrib
of drainage flows over two seasons in equation form, letQlmszijd

rande Project

—May June—August September—Nove

5 0.35 0.25

0 2.20 0.50

0 0.50 —

0 2.70 0.50
t Rio G

March

0.2

0.3

1.5

1.8
be the return flow from reachi from the diversion for purposej
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during seasonm and returning during seasonz to l reaches down
stream. Then, the two general drainage flow distributions
two seasons can be given as

Qlmszijd = 0.75fQlmszijd + Qlsm+1dszijdg s26d

Qlsm+1dszijd = 0.25fQlmszijd + Qlsm+1dszijdg s27d

To better illustrate the notations used here, consider, for inst
Q22sS2,R1,A1d. This is the return flow from reach 1sR1d from the
diversion for agricultural activity 1sA1d during season 2 an
returning during the same seasonsS2d to two reaches down
stream.

Institutional Constraints

There are three institutional constraints that affect the operati
the system:(1) Water is only released during the irrigation seas
flow in the river channel during the off-season being entirely
turn flow; (2) Water can not be traded between states; a farm
New Mexico has no mechanism for selling water to the city o
Paso; and(3) The current allocation of water in Elephant Butte
designated as 57% to EBID and 43% to EPCWID No. 1. A
cial agreement with the U.S. Bureau of Reclaimation(USBR)
allows EPCWID to sell water to municipalities on the Texas
of the border.

Institutional constraints have been incorporated into the m
in terms of release amounts at the dam, flow requirements
Texas border, and allowable use of surface water by munic
ties. The effects of the constraints are compared against a
constrained model to assess the economic implications of the
straints. There are three scenarios considered:(1) water is no
released during the off irrigation season and water trade can
occur intrastate;(2) water can be released seasonally, but it
not be purchased by El Paso from New Mexico interests(3)
water can be released according to demand during the year a
parties are allowed to trade water rights. The model formula
was prepared as a GAMS/MINOS input code and was so
using the latest release(version 2.50) of GAMS/MINOS software

Fig. 5. Historical annual river flo
(GAMS Development Corp, Washington, D.C.).
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Time Period

The model is intertemporal only in a seasonal context; how
municipal demand can be projected for population growth.
model can be optimized for a specific future year given a p
lation projection. The El Paso and Las Cruces municipal a
have been growing at 2% per year, which doubles their respe
populations in approximately 36 years. The water supply iss
cast mainly in future terms. As such, the results are analyze
the year 2040 when El Paso and Las Cruces have more
doubled in size. Other municipalities are assumed to grow a
same rate.

Model Results

Fig. 5 indicates the model track of river flows compared to
torical average flows. With some minor variations, the model
tures the general trend of water in the channel as it is rele
from Elephant Butte Dam and flows down the Rio Grande pa
Paso. Table 5 outlines the gross and net benefits of water o
tions under the three scenarios. The table also indicates s
damages.

No Trade or Winter Release

This is the baseline scenario, which shows very little chang
water use for agriculture. Municipalities, particularly El Pa
must obtain expensive water from other sources. The cos
such water supplies are considerable thus leading to lowe
benefit. Seasonally, water flows and TDS levels do not ch
from historical conditions. The objective function for this s
nario (the baseline) is $501 million annually.

Restricted Trade and No Winter Release

In this scenario, urban water users in Texas can purchase
from EPCWID No.1. In New Mexico, urban water users can
chase from EBID. Because there is no joint agreement in w
use, Elephant Butte Dam operating rules continue to allow

sus flow predicted by model(2003)
w ver
for spring and summer releases. During off-season months, mu-
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nicipalities must use groundwater resources(it is also possible t
inject surface water into groundwater for storage, but at co
erable costs). Seasonally, water flows and TDS levels do not
nificantly change from historical conditions because the dive
point for El Paso municipal water coincides with the divers
points of EPCWID. However, trade allows El Paso to obtain
ditional surface water from agriculture rather than expensive
ports. As a result, net benefits increase in the model to
million, an increase of $60 million relative to scenario 1.

Unrestricted Trade

This scenario allows New Mexico and Texas municipalitie
purchase consumptive use water rights from any irrigation di
to facilitate growth in water demand. The institutions that wo
facilitate such trade do not exist, so it must be understood tha
analysis is concerned with potential benefits that will result f
the reallocation approximate to a free-trade system. The co
implementing a trade system is not analyzed here. The net o
tive function value obtained for this solution is $584 million. T
optimal seasonal releases are obtained as 104,000 a
196,000 acre-ft, 260,000 acre-ft, and 162,000 acre-ft for the
second, third, and fourth seasons, respectively. By 2040, El
has completely purchased all water rights to EPCWID No. 1
even out supply, El Paso requests that its share of water b
tially released during winter months. The effect is a signific
increase in winter and fall instream flows(Fig. 6). Another facto
is that El Paso purchases water rights from New Mexico farm

Table 5. Objective Function Values for Different Scenarios(dollars)

Scenario
Gross

benefits

Scenario 1a

Agriculture 17,759,749

Municipal 638,185,409

Total 655,945,158

Scenario 2b

Agriculture 14,959,749

Municipal 690,681,416

Total 705,641,165

Scenario 3c

Agriculture 15,851,706

Municipal 703,626,364

Total 719,478,071
aNo trade and no winter release
bIntrastate trade but no winter release
cInterstate trade and winter release

Fig. 6. Unrestricted trade: Seasonal water flow in Rio Gra
(acre-ft)
JOURNAL OF WATER RESOURCES PLANNING
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As acreage in New Mexico is taken out of production and the
less diversion and return flow. Furthermore, there is more ch
water to dilute return flow salinity. The net effect is a signific
decline in TDS during all seasons(Fig. 7).

The increased instream flows counteract the return flow s
ity and lower TDS levels below the EPA recommended stan
level. Assuming a sustained 2% growth rate, El Paso n
to obtain 87% of its water supply from surface sources
2043, diverting 400,000 acre-ft and Las Cruces dive
100,000 acre-ft of water. The results are relatively insensitiv
the assumption concerning urban demand elasticity becaus
face water is available from agricultural uses at a relatively
cost; whereas, demand for water by the urban sector is ve
elastic. Agricultural acreage goes down fr
121,000 to 60,000 acres. Table 6 indicates the decreases i
cultural acreage in the two districts, diversion of water, re
flow, and groundwater pumping. Also indicated is the local m
ginal price (LMP) calculated at two major diversion da
(Mesilla diverts for EBID and American Dam diverts for Jua
EPCWID, and the city of El Paso). The time pattern for LMP i
predictable, reflecting the marginal values of water in agricu
adjusted for conveyance losses. Note that the value of wate
not change during the time frame, indicating a basic result:
face water is not increasing in scarcity during this period. T
net economic return to water from reallocation increases by
to $83 million. Note that agricultural users will not be worse
because, as the holder of water rights, they may either s

t
s

Salinity
damage

Net
benefits

,749 1,168,510 12,731,

0,861 13,900,466 488,434

0,610 15,068,976 501,165

,749 1,114,064 9,985,9

1,364 13,745,344 551,084

1,114 14,859,408 561,070

,706 612,303 11,087,

6,364 12,234,377 573,665

8,071 12,846,680 584,753

Fig. 7. Unrestricted trade: TDS levels by season in the Rio Gr
Project(ppm)
Direc
cost

3,859

135,85

139,71

3,859

125,85

129,71

4,151

117,72

121,87
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lease water to the municipalities. The model reflects this ch
in use but does not input a value to water rights. If the net be
from agricultural water use and water rights sales is totaled
benefit to this sector increases significantly.

Finally, the sensitivity analysis to total annual reservoir rele
indicates three important ranges: a higher marginal increa
benefit when city demands are the dominant factors, followe
irrigation demands, and finally, a small marginal increase ca
by improved salinity levels in the river because of larger relea
i.e., dilution effect. By using a 50% release of water from
reservoir compared to a typical release, there would be no
cultural production by 2023; available water would be comple
allocated to urban demands. The consequence of water sh
also results in rapidly increasing LMP by 2023. The LMP at
Mesilla Dam increases to$243 per acre-ft in 2023 for a 50
release, reflecting the opportunity cost of obtaining exte
sources of water for El Paso.

Conclusions

Although salinity is a problem in the Rio Grande as the wat
progressively converted from agricultural to urban use, a low
solution is to allow all current water users in the project the a
ity to trade or lease their water rights. As municipalities req
additional water, these entities can purchase the water th
market exchange. It is in El Paso’s interest to purchase a po
of its water upstream from EBID water-right holders. It is pre
able not to divert this water into agricultural conveyance sys
but allow it to flow in the main river channel thus reducing
effects of high salinity return flows. Given a small change
EBID’s operating procedures, winter and fall salinity levels
be reduced from their current levels in excess of 1,200 pp
less than 800 ppm, well within EPA recommended TDS leve
conclusion, the implementation of project wide market excha
of water rights results in a net benefit to the region, as oppos
high cost engineering alternatives.

The model developed here is a model of reallocation
simulates water allocation under unrestricted trade. We note
there are enormous obstacles to an interstate water marke
model only suggests there would be large benefits to the d

Table 6. Agricultural Production, Water Use, and Local Marginal Pr

District Year Acreage

Farm
delivery
(acre-ft)

Conv
lo

(ac

EBID 2000 77,000 232,540 1

2003 77,000 232,540 1

2013 77,000 232,540 1

2023 77,000 232,540 1

2033 74,880 224,640 1

2043 60,192 180,576 1

EPCWID 2000 44,000 132,000 1

2003 39,338 118,014 1

2013 26,938 80,814 8

2023 13,679 41,037 4

2033 0 0

2043 0 0
aLMP is calculated at the Mesilla diversion dam for EBID and at the
opment of such a market.
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Notation

The following symbols are used in this paper:

A,B,C,a,b 5 constants;
A1 5 agricultural activity 1;

Cbi
,Cwi

5 quality parameter inQbi
, Qdi

or Qussi+1d
,

respectively;
Cdij

,Cpij
5 quality parameter inQdij

, Qpij
, respectively;

Cdsi
,Cusi

5 quality parameter inQdsi
, Qusi

, respectively;
Cppti

5 quality parameter inQppti
Crkji

5 quality parameter inQrkji
;

Cwij
5 weighted quality parameter at demand pointj

in reachi;
CsKpij

Qpij
d 5 cost of pumping at demand pointj in reachi;

CsQd 5 TDS concentration inQ;
CsQdij

,Qpij
d 5 cost of surface water and groundwater

supplies;
DsCdij

,Cpij
d, DsCwij

d
5 damage due to poor quality surface water an

groundwater supplies;
Kdij

,Klij
,Kpij

,Ksij
5 coefficient of flow forQdij

, Qlij
, Qpij

, Qsij
,

respectively;
Kskji

5 coefficient of flow forQskji
Kbi

,Ksi
5 coefficient of flow forQbi

, Qsi
, respectively;

Kppti
5 coefficient of flow forQppti

;
N 5 Number of households in city/town;

PsQdij
,Qpij

d 5 profit as a function of allocated surface wate
and groundwater supplies;

Q 5 yearly water supply in acre-ft;
Qbi

5 In-stream transfer to reachi;
Qdij

5 diverted flow from reachi for demand point
j ;

Qdsi
5 Flow at the downstream end of reachi;

Qlij
5 Consumptive use in reachi at demand point

j ;
Qlmszijd 5 Return flow from reachi that was diverted

for purposej to l reaches downstream from
the water diverted during seasonm and returning
during seasonz;

e

Total supply
(acre-ft)

Return
flow

(acre-ft) LMPa
Surface
water Groundwater

0 422,800 107,800 341,404

0 422,800 107,800 341,404

0 422,800 107,800 341,404

0 422,800 107,800 341,404

6 408,436 104,832 330,153

4 328,320 84,269 265,392

0 264,000 0 184,800

4 236,028 0 165,220

161,628 0 113,140 $

82,074 0 57,452 $

0 0 0 $39

0 0 0 $39

rican diversion dam for EPCWID.
ices

eyanc
ss
re-ft)

90,26

90,26

90,26

90,26

83,79

47,74

32,00

18,01

0,814

1,037

0

0
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Qpij
5 pumped flow from reachi for demand point

j ;
Qppti

5 flow into reachi accountable to net
precipitation contribution;

Qrkji
5 return flow from demand pointj in reachk to

reachi skÞ id;
Qsi

5 In-stream seepage loss in the stream in reac
i;

Qsij
5 Seepage loss in reachi on the way to demand

point j ;
Qskji

5 Seepage loss in the return flow from deman
point j in reachk to reachi skÞ id;

Qusi
5 flow at the upstream end of reachi

R 5 Return(dollars/year);
R1 5 reach 1;
Sz 5 seasonz;
Z 5 net profit (objective function);
z 5 season;

a ,b 5 crop specific constants.
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