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Economic losses caused by uncontrolled pumping of groundwater is of major
concern on the Texas High Plains. A recursive linear programming model is used to
evaluate various annual limitations on aquifer depletion. Results indicate that, especially
under furrow irrigation, some limitations on groundwater withdrawal could be beneficial
to society as well as the producer.

Over 70 percent of the total cultivated
acres on the Texas High Plains are irrigated
from the underlying Ogallala aquifer. In this
region recharge to the aquifer is limited,
hence groundwater stocks will eventually
become economically depleted for irrigation
purposes. This is expected to have a signifi-
cant impact on the regional economy as
farming reverts to dryland production. Previ-
ous studies have predicted decreases in the
value of agricultural production ranging from
40 to 70 percent resulting from a return to
dryland production [Osborn and Harris,
Hughes and Harman].

In addressing a problem of management of
groundwater, it is important to consider that
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in Texas, the owner of land is recognized as
owning groundwater found therein [Hutch-
ins]. Water rights of this nature give rise to a
problem discussed by Bredehoeft and
Young. Water withdrawals by one user can
not only diminish his own water table, but
also draw water from under neighboring
land. This, in effect, makes groundwater a
common property resource, subject to over-
exploitation as outlined by Gordon. Howev-
er, residents of the Texas High Plains recog-
nized such a problem and, in the early
1950's, established underground water con-
servation districts [Anderson]. These dis-
tricts, provided for by Texas law, have estab-
lished a strict set of regulations and standards
governing well spacing. In addition, research
related to the Ogallala aquifer in the study
region indicates that the lateral movement of
water is at an extremely slow rate, i.e., 2
inches per day [Cronin]. The slow lateral rate
of water movement and well spacing restric-
tions minimize the problems of user inter-
dependence and commonality of water re-
source use.

A major issue for individual farmers is
temporal allocation of their underground
water supply to maximize returns to the
water. Farmers make many short-run deci-
sions because they are concerned with next
year's income. This may suggest to some that
farmers use a short time horizon for planning
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water use. However, the creation of the
water districts suggests that most farmers are
concerned with the future value of their land
as well as current income flow. Whether or
not it is economic for a producer to attempt
to lengthen the life of the water supply by
practicing water conservation depends im-
plicitly on the choice of discount rate. Pro-
ducers who perceive higher interest rates are
less likely to practice conservation, other
things being equal.

From a regional and societal viewpoint,
the conflict between private and social dis-
count rates must be faced. An underground
water supply, to a degree, benefits all of
society, not just the farmer whose land lies
above. The use of high discount rates could
prevent distribution of income to the future
generations which might be deemed desir-
able by present generations [Eckstein]. Con-
versely, the individual producer who has the
opportunity to invest capital in earning assets
would not accept the concept of a low
discount rate which encouraged water con-
servation without institutional restrictions or
economic incentives. Previous studies for the
area [Hardin, et al.; Hardin and Lacewell]
have revealed economically viable improve-
ments in water usage efficiency which will
extend the life of the water supply. Institu-
tional restrictions on water usage, however,
have not been addressed.

It is beyond the scope of this study to
determine the appropriate rate to be used to
discount future income streams. However, it
is possible to determine a "break-even" dis-
count rate which will equate the present
value of two streams of net income generated
from limited versus unlimited groundwater
withdrawal.1 This paper examines the effects
on the economic life of the water supply and
computes break-even discount rates for un-
limited versus various limited annual rates of
water withdrawal on the Texas High Plains.

1This will be equivalent to the internal rate of return for
the limited case, where the net return stream
generated by unlimited withdrawal is considered an
opportunity cost and is netted out each year.
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Methodology

This study is comprised of two primary
components. First, a recursive linear pro-
gramming model is used to develop annual
farm plans and streams of net returns for
selected annual rates of groundwater use. 2

Secondly, a procedure is developed to esti-
mate the discount rate which equates the
present value of two streams of net returns.

Recursive Model

The recursive linear programming model
is based on a typical farm situation on the
Texas High Plains. The model includes the
major crops in the area (corn, grain sorghum,
soybeans, cotton and wheat) under all appli-
cable dryland and irrigation options. A total
of 59 production activities are included.

Crop enterprise budgets developed by
area economists of the Texas Agricultural
Extension Service for the 1978 crop year
were the basis for developing the model
coefficients. [Extension Economists - Man-
agement]. Yield data for alternative irrigation
levels were taken from statistical production
functions estimated for the area [Shipley
1977a]. Furrow irrigation production func-
tions were adjusted for sprinkler irrigation in
the study area to reflect a reduction in water
use of 33 percent to attain each yield level
[Shipley 1977b]. Shorter row lengths and
prudent changing of irrigation sets would
significantly affect water use with a furrow
system. More efficient distribution of irriga-

2 Previous studies of intertemporal groundwater alloca-
tion have used dynamic programming (e.g., Burt),
where an optimal path of depletion is developed.
Another major approach has been in determining
yearly depletion based on maximization of annual net
returns, as used by Bredehoeft and Young. The compu-
tational model used in this study is of the latter type,
originally developed in earlier studies by the authors
and slightly modified for this application. Dynamic
programming as a computational form was considered
originally, but rejected, as it was felt that the increase
in accuracy would not sufficiently offset the associated
higher solution cost, particularly considering the origi-
nal purposes of the model.
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tion water was not investigated in this par-
ticular study. Target prices for 1978 were
used for all crops.

Irrigation applications and water availabili-
ty are divided into 10 periods; one for
January-February, one for November-
December, and one for each of the other
months. The upper limits of water availabili-
ty are established to reflect the maximum
amount that can be pumped in each time
period, based on well yield in gallons per
minute, number of wells and average num-
ber of days in each period not used for well
repairs and maintenance. In addition, an
artificial restraint is imposed limiting the
total amount of water pumped during the
year. This restraint places an upper limit on
the yearly decline in saturated thickness3 of
the aquifer.

For the long run analysis presented here,
fixed costs, which included depreciation,
insurance, taxes and opportunity cost, are
subtracted from returns. Fixed costs for
machinery and equipment and for irrigation
distribution systems are charged on a per
acre basis in the LP model, with machinery
and equipment fixed costs varying according
to the level of irrigation. Fixed costs of
irrigation wells and pumping plants are
charged on an annual basis. Pumping plant
fixed costs are adjusted depending on well
yield and pumping lift. There is an implicit
assumption that adjustments in the pumping
plant occur, with old equipment sold for its
salvage value.

The LP model is established in a recursive
framework and incorporates a Fortran sub-
routine which modifies the LP model after
each year's solution to reflect the farm situa-
tion for the following year. This updating
procedure is performed as follows:

(a) Calculates the decrease in saturated
thickness of the aquifer and associated
increase in pumping lift based on the

3 Saturated thickness refers to feet of water-bearing sand.
The coefficient of storage of the Ogallala is about 15
percent, or 100 feet of saturated thickness yields 15 feet
of water [Cronin].

amount of water withdrawn in the
previous year.

(b) Calculates the change in well yield, if
any, based on the change in saturated
thickness.

(c) Calculates the amount of irrigation fuel
required to pump an acre-foot of water
based on the adjusted pumping lift.

(d) Calculates the maximum acre-feet of
water which can be pumped in each
time period based on the adjusted well
yield and for the entire year based on
the specified limit on withdrawal from
the aquifer.

(e) Stores the future value of net returns
to the farm plan for later use in calcula-
tion of break-even discount rates.

(f) Modifies the LP tableau with new
irrigation water upper limits and irri-
gation fuel requirements.

The equations used in the Fortran pro-
gram are described in the following para-
graph, with all coefficients relating to the
current time period unless otherwise de-
noted by subscript. Decline in saturated
thickness of the aquifer is represented by

(1) D = Wt-1/(.15 * CA)

where

D = decline in saturated thickness of
the aquifer [Wyatt, et al.]

Wt-1 = acre-feet of water pumped in the
previous year

CA = acres contributing to the aquifer
(including non-cultivated acres
and dryland) 4

.15 = coefficient of storage for the
Ogallala aquifer.

Maximum well yield is assumed to remain
constant for all levels of saturated thickness
above 207.9 feet [Reddell], represented by

4 Acres contributing irrigation water are expected to
exceed acres irrigated since all acres cannot be cropped;
i.e., there is water available beneath land used for turn
rows, roads, and homesteads.
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equation (2). Equation (3) represents the well
yield relationship for lower levels of
saturated thickness [Johnson]. This relation-
ship between well yield and saturated thick-
ness of the aquifer is representative of the
region for an average well and is much less
than the maximum yield potential of the
aquifer [Reddell].

(2) GPM = GPMo if ST B 207.9 feet

(3) GPM = 1.14 * (ST/250) 71 *GPMo

if ST < 207.9 feet

where

GPM = current period well yield in
gallons per minute

GPMo = original or maximum well
yield based on the size of the
well, with 800 GPM typical

ST = saturated thickness of the
aquifer in the current time
period.

The amount of natural gas required to pump
water is given by

(4) NG = .044L + .102 PSI

where
NG = natural gas in thousand cubic

feet required to pump one acre-
foot of water [Kletke, et al.]

PSI = water pressure required, in
pounds per square inch

L = pumping lift.

Water availability by critical time period is
established as follows:

(5) M = .0044 * GPM * T

where

M = maximum acre-feet of water
that can be pumped in a
specified period by one well

T = days available for pumping in a
specified time period

.0044 = constant value which translates

gallons per minute into acre-
feet per day.

The limitation of annual decline in saturated
thickness is expressed through a rearrange-
ment of equation (1).

(6) WMAX = .15 * CA * DMAX

where

WMAX = maximum acre feet of water
that can be pumped in the
year

DMAX = maximum annual decline in
saturated thickness of the
aquifer (in feet).

Discounting Procedures
The break-even discount rates used in this

study were calculated by solving the follow-
ing equality:

(7)
g NR(U)t

t= (1 + d)t

h

t=lt=l
NR(L)t

(1 + d)t

with the discount rate of the form:

(8) d= [(1 + r)/(1 + i)]-1

where
NR = annual net returns to water

U = unlimited groundwater with-
drawal

L = limited groundwater withdrawal

g = year of economic exhaustion of
the water supply in the unlimited
groundwater withdrawal situa-
tion

h = year of economic exhaustion of
the water supply in the limited
groundwater withdrawal situa-
tion

r = nominal discount rate including
inflation, risk and the real time
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value of money [Watts and Hel-
mers]

i = rate of inflation [Watts and Hel-
mers].

Farm Situation

Center pivot sprinkler and furrow irriga-
tion systems were considered separately. 5 In
each case, four applications of the model
were made. A maximum rate of development
was established, placing no annual limitation
on water withdrawal, along with a case of
"limited conservation," in which the decline
of the water level was restricted to four feet
per year. In both cases, four irrigation wells
were assumed available for the farm. Two
rates of further conservation were con-
sidered, limiting annual saturated thickness
decline to three and two feet per year,
respectively. In these applications only two
wells were available. The annual water limi-
tations removed the need for two of the four
wells until far into the time horizon. Thus,
the cost of the additional wells in the early
years outweighed their benefits in later
years. 6

The analysis was based on 640 cultivated
acres. For the 640 acres, two men were
assumed available for all farm operations
except hoeing, e.g., tillage and irrigation.
Labor periods were established in the model
and, based on total hours the two men
(owner-operator and one full time employee)
had available in each period, a labor restric-
tion was imposed. With greater irrigation
water and labor requirements for furrow
irrigation, the labor restriction is important
to furrow irrigation solutions.

5The two types of systems are not considered directly
competitive since the sprinkler systems are primarily
on more sandy soils and/or undulating terrain while
furrow or gravity flow systems are predominately on
more hardland soils.

6 Applications of the model were made with four wells.
For the two and three foot annual decline of the water
level, the added cost caused earlier economic exhaus-
tion of the water supply and yielded returns to water
less than for the unrestrained annual water use level.

The aquifer for the farm was assumed to
have an initial saturated thickness of 250 feet
and depth to the water or pumping lift of 250
feet. To estimate returns to the groundwater
resource, it was first necessary to establish
returns to land. This was achieved by apply-
ing the linear programming model with only
dryland crop alternatives. This provided a
dryland cropping pattern and an estimate of
annual net returns of $17,870. This was
netted out each year in order to obtain
annual returns to water. 7

Results

Table 1 shows years of irrigation, aquifer
and irrigation characteristics, returns to wa-
ter and break-even discount rates for all
analyses. In choosing a "required" rate of
return for comparison with the break-even
discount rates presented, only elements
which reflect risk and the true time value of
money should be considered. For this analy-
sis a time value of 1.5 percent [Reneau, et
al.] is assumed. The discussion then cen-
ters on the difference between this and the
break-even rate, and whether or not this
difference is sufficient to account for risk.

Sprinkler Irrigation

Sprinkler irrigated land is planted to grain
sorghum. All crop acres are irrigated, except
the corners of the field which cannot be
reached by the center pivot system, for
unlimited groundwater withdrawal and the
four foot annual decline limitation, as shown
in Table 1. The more restrictive limitations
on groundwater withdrawal (two and three
feet decline annually) cause a reduction in
initial irrigated acres.

As saturated thickness declines due to
continued pumping, well yields decline and
eventually the initial year irrigated acreage

7 Since a cost for management was not explicitly con-
sidered, the returns to land are more accurately defined
as returns to land and management of dryland crop-
ping. Thus, in this analysis, the returns to water also
include returns to irrigation management.
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must decline. However, the effect of the
annual limitation on pumping dramatically
affects the number of years before irrigated
acres begin to decline. For example, original
irrigated acreage remains constant for 86
years in the case of the two foot limitation
compared to 37 years for both the three foot
decline and for the unlimited annual with-
drawal. With a four foot limitation, original
irrigated acreage holds constant for 44 years,
even though it is the same acreage as in the
unlimited case. This is due to the elimination
of one post-plant irrigation in the later years.
Compared to unlimited annual water use,
the two and three foot limits on annual
decline of the saturated thickness extends the
life of the water supply significantly (67 years
and 42 years, respectively) as opposed to the
four foot limitation, which added only six
years of irrigation.

The break-even discount rates were 0.5,
4.5, and 5 percent for the two, three and four
foot maximum annual levels of saturated
thickness decline, compared to annual un-
limited withdrawal of irrigation water. At
higher discount rates than these, the un-
limited withdrawal of groundwater results in
a greater present value of the water supply
than the respective limited withdrawal rate.

The two foot withdrawal rate would not be
competitive for the producer or society, since
it does not cover the assumed 1.5 percent
time value of money. The individual produc-
er would prefer the three or four foot with-
drawal rates only if his perceptions of risk
were less than 3 and 3.5 percent, respective-
ly. Society as a whole, which would likely
consider little or no risk, would probably
prefer both situations of conservation to
unlimited withdrawal.

Furrow Irrigation

Cropping patterns vary widely under fur-
row irrigation. The labor restriction impacts
heavily on furrow irrigated acreage causing a
maximum of 461 of the possible 640 crop
acres to be irrigated, as shown in Table 1.
Beginning farm plans, in general, include
cotton, wheat and grain sorghum with some

acreage shifting to soybeans in later years.
Increased water requirements for furrow
irrigation result in rapid changes, with initial
irrigated acreage beginning to decline after
as little as ten years in the case of unlimited
withdrawal. Irrigated acreage remains con-
stant for the first 32, 15 and 28 years given
the four, three and two foot limitations,
respectively. Again the limitation of four feet
of annual saturated thickness decline results
in only a slight increase (4 years) in the life of
the water supply, while at two and three feet
the increases are much more substantial (59
and 27 years, respectively).

Break-even discount rates for two, three
and four foot limitations on annual saturated
thickness decline were 1.0, 11.5, and 6.5
percent, respectively. The three foot limita-
tion shows a higher discount rate than the
four foot limitation due to the elimination of
two wells. Again, the limitation to two feet of
decline per year does not show sufficient
return to be considered by producers or
society. However, both groups would likely
prefer either the three or four foot limitations
to unlimited withdrawal (unless, in the case
of the four foot limit, the producer requires a
risk premium greater than 5 percent).

Conclusions

The eventual economic exhaustion of the
Ogallala aquifer has been a major concern of
research efforts in the Texas High Plains for
many years. The economy of the region will
be severely affected when the area is forced
to revert completely to dryland farming. The
research effort presented here has attempted
to quantify the effects on producer returns to
water of water use limitations which reduce
profits in the short run but extend the life of
the water supply.

Determination of an optimal rate of water
withdrawal depends on the interest rate
chosen. The results indicate that both pro-
ducers and society as a whole could benefit if
some annual limitation was imposed on with-
drawal of water to be applied under furrow
irrigation. However, limitation of annual wa-
ter decline may not be economically viable
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from the standpoint of the producer who
operates with sprinkler irrigation. The situa-
tion for sprinkler irrigation could be reversed
if a lower interest rate, perhaps more indica-
tive of the preferences of society, were
chosen.

A limitation on annual aquifer withdrawal
rates for irrigation would provide strong
incentives to adopt more water efficient
technology involving equipment and field
patterns. This study raises some questions
relative to an appropriate temporal allocation
of water from an exhaustible aquifer. The
issue arises of appropriate institutions, be
they regulatory or economic, which provide
the framework and incentives to modify
annual withdrawal rates with an objective of
maximization of the value of a limited and
exhaustible resource. Of course, the issue of
appropriate discount rates for maximization
of the groundwater value as well as implica-
tions on viability of the farm firm must be
addressed.
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