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Abstract

Water shortage has been a significant issue for several decades in the Texas High Plains. Agriculture has been identified as the main activity
contributing to this shortage. To address this issue, many efforts have been focused on the possible adoption of sophisticated irrigation systems
with high levels of water application efficiency. In this study, the entry and exit thresholds for the low-energy precision application (LEPA) system
are analyzed simultaneously in cotton farming in the Texas High Plains using a real options approach. The results show that the LEPA system is
profitable only when cotton price is set above $1.59/kg. The exit (entry) threshold is consistently low (high) over a range of values for parameter
changes including investment cost, exit cost, variable cost, risk-adjusted discount rate, and volatility rate, so it is unlikely that farmers with irrigation
systems in place would leave them easily. This implies that to attain the goal of saving water, Lubbock County needs to focus on convincing current
farmers to replace old irrigation systems with new ones.

JEL classification: Q14, Q16, Q25
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1. Introduction

Water scarcity is a growing concern for sustainable agricul-
ture worldwide. About a third of the population in developing
countries is likely to experience severe water scarcity by the
year 2025 (Molden et al., 2001). Many nations have attempted
to reform their water management systems by improving their
irrigation systems (Johnson et al., 1995; Meinzen-Dick et al.,
2002). In addition, to alleviate the issue of water scarcity, many
efforts have been devoted to the development of groundwa-
ter resources. Thus, the use of groundwater irrigation in many
parts of the world has become the mainstay of agriculture (Shah,
2005).

In the United States, irrigated agriculture heavily depends on
groundwater supplies, where two thirds of all irrigated areas use
groundwater supplies. About 1.8 million ha out of 6.4 million
ha, where groundwater aquifers are declining, are located in
Texas (National Research Council, 1996). The Texas High
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Plains is the primary location in Texas that uses groundwater
from aquifers at levels that are not sustainable. In this region, the
Ogallala aquifer is the only and significantly decreasing source
of groundwater (Arabiyat et al., 1999). The level of the Ogallala
aquifer is being continuously reduced because the depletion
rate exceeds the recharge rate. The resulting water shortage has
been a serious issue for a long time in the Texas High Plains.

The agricultural sector is blamed for aquifer depletion in the
Texas High Plains. Among the crops produced in this region,
cotton is the major crop and uses a significant amount of water.
Irrigated cotton areas constitute 54% of all cotton areas and are
continuously increasing, and so water use is also increasing.
This is a relatively high proportion of irrigated cotton produc-
tion compared with the state average of only 40% of all cotton
areas being irrigated in 2003 (USDA-NASS, 2005).

Different irrigation systems have been developed in agri-
culture to attempt to balance water use and recharge rates.
Traditionally, furrow irrigation and low-pressure sprinkler sys-
tems have been the most commonly used irrigation systems
in the Texas High Plains. However, with increasing concerns
about water shortages, new irrigation systems with high water
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application efficiency are being developed and studied. In re-
cent years, the low-energy precision application (LEPA) system
has received significant attention and is being widely adopted.
However, subsurface drip irrigation (SDI) system is now being
considered in the region because of its high water application
efficiency. In addition, variable rate irrigation (VRI) system al-
ternatives are currently being tested by a private company and
Texas Cooperative Extension in the region. The VRI system
has been demonstrated in a representative farm and found to be
technically feasible (Almas et al., 2003).

Recently, Seo et al. (2006) showed that among the above
alternatives only LEPA is economically feasible in the Texas
High Plains, even though SDI and VRI have higher water ap-
plication efficiency. This result is consistent with the economic
analysis of LEPA and SDI conducted by Amosson et al. (2001),
which shows that the SDI is not economically feasible com-
pared with LEPA because of its high investment cost and small
gains in water application efficiency. These results may have
an important implication for water savings in the region: the
positive profitability of LEPA could result in an increase in
groundwater use due to expansion of irrigated area. That is,
the effort to develop or introduce new irrigation systems with
higher water application efficiency may counteract the desire to
save groundwater (Segarra and Feng, 1994; Seo et al., 2006).

These studies do not definitively support this conclusion be-
cause they considered the economic feasibility from the invest-
ment decision perspective only. Even though a farmer installs
an irrigation system, he/she may later disinvest in the irrigation
system depending on future economic conditions or uncertainty.
If the future economic conditions are unfavorable to irrigation
farmers, farmers will be willing to leave irrigated farming, thus
increasing ground water savings. However, highly uncertain fu-
ture economic conditions might delay the farmers’ decision to
dismiss irrigation systems until the uncertainty is resolved. In
addition, if farmers have the option to disinvest (disinvestment
flexibility), it encourages them to invest in irrigation systems
because they get an additional put option value from the invest-
ment that can be exercised in the future, thus affecting trigger
values to invest (Abel et al., 1996). Thus, more analysis of dis-
investment decisions is required to depict economic feasibility
more accurately for farmers and clarify the implications for
water saving.

This issue can be resolved to some degree by analyzing the
entry and exit trigger values using the real options approach.
This approach provides the conceptual framework and empir-
ical methodology commonly used to examine irreversible and
uncertain investments in real assets (Dixit and Pindyck, 1994,
p. 7). In real options, the investor is assumed to have an option
to invest or/and disinvest, called investment or/and disinvest-
ment flexibility. By incorporating this option value, the real
options approach provides a better measure of the value of an
investment compared with the more traditional net present value
(NPV) approach (Trigeorgis, 1996, p. 15). When the disinvest-
ment (exit) decision is included in the investment analysis, the
trigger values to entry and exit in irrigation systems must be si-

multaneously determined, which typically requires a numerical
solution (Dixit and Pindyck, 1994, p. 218).

The purpose of this study is to analyze trigger values for the
decision to invest and disinvest simultaneously, and to derive
their implications for water conservation in irrigated cotton in
the Texas High Plains. Because LEPA has been demonstrated
to be the most economically feasible in the Texas High Plains
(Amosson et al., 2001; Seo et al., 2006), this analysis examines
only LEPA. This focus puts attention more directly on the effect
of incorporating simultaneous investment and disinvestment de-
cisions into the analysis, the topic of this article, rather than on
comparing technologies that have already been compared. This
study can help farmers examine investment and disinvestment
decisions by identifying the entry and exit thresholds for LEPA.
In addition, the justification of the regional effort to save ground
water may be evaluated to some degree by identifying the eco-
nomic feasibility and disinvestment possibility. In what follows,
we first develop a conceptual framework of farmers’ decision
making for investment and disinvestment in irrigation systems
using a real options approach. Next we describe the data and
our results.

2. Conceptual framework

2.1. Profit and random yield process

Define profit (πi) for an irrigated cropping system (i = 1 for
irrigated farming and i = 0 for nonirrigated farming) as the
difference between revenue Ri and total cost Ci :

πi = Ri − Ci, (1)

where revenue is the product of market price, p, and yield, yi ,
(Ri = pyi), and total cost is the product of the price of ground-
water, wi , and the amount of groundwater used, xi , plus all the
other variable and fixed costs, OCi , (Ci = wixi + OCi). In this
study, we only consider cash flows in profit, revenue, and total
cost for the purpose of investment analysis. We normalize profit
by the output price because the output price that farmers realize
is relatively stable compared with yield because of government
intervention, such as the marketing loan rate, counter cyclical
payments, or direct payments. For example, the volatility rate σ

is 0.101 for the annual market price from 1984 to 2003 when the
marketing loan rate creates a price floor at $0.52/lb (volatility
is 0.174 without the program). The comparable volatility rate
for yield is 0.267, indicating that yield variability is the primary
source of uncertainty. Hence, we ignore price variability and
vary the output price in the analysis to evaluate the effect of the
change in output price. Stochastic per hectare-irrigated yield y1

(kg/ha) is a function of water use x1 (hectare-meters per hectare)
for the irrigation system and a stochastic factor θ with expected
value of 1 due to effects such as weather and infestations of
insects, weeds, and plant pathogens, given all other inputs. We
assume a general production function y1 = θ f(x1 | x) to derive the
optimal level of water use, where x is the vector that includes
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all other inputs except water use (Dixit and Pindyck, 1994,
p. 297).

The profit maximization first-order condition f′(x1 | x) = w1

defines the optimal level of water use x∗
1 (the level at which

marginal revenue from water use equals its marginal cost),
which then defines the optimal yield level y∗

1 = θ f (x∗
1 | x). Non-

irrigated yield y0 is also random, depending on the same factors
as irrigated yield (e.g., inputs, insect, weed, disease pressure,
hail, and wind damage), except that it receives no irrigation
water. To capture this connection, yield without irrigation is
proportional to yield with irrigation, a relationship supported
by the historical county yields in the region (USDA-NASS,
2005).1 Hence, we use y0 = by1, where b < 1.

No water market exists to govern the use of groundwater in
the Texas High Plains. Thus, the input price w1 represents the
cost to pump and apply a hectare-meter of water, where this cost
is for energy and delivery costs, plus equipment maintenance
and labor expenses. Cost will differ between the two systems.
Nonirrigated cotton will have no cost for irrigation (w0x0 = 0)
and the total costs will likely be lower than for irrigated cotton,
as a result of such factors as using less fertilizer and having
lower harvest costs due to lower yields. Hence, C0 = OC0 <

C1. For this analysis, given the proportional yield assumption
(y0 = by1), the effect of this cost difference will depend on C =
C1 – C0.

Given the optimal water use x∗
1, the yield flow y∗

1 is assumed
to follow a geometric Brownian motion process (Carey and
Zilberman, 2002; Isik et al., 2003; Price and Wetzstein, 1999;
Purvis et al., 1995). Dropping the superscript ∗ and the subscript
i = 1 for smooth development of the model, the geometric
Brownian motion process is defined as

dy = αydt + σydz, (2)

where α is the drift (trend) rate, σ is the volatility rate, dt is the
small time increment, and dz is the continuous-time stochastic
Wiener process defined as dz = εt

√
dt , where εt ∼ N(0,1).

The expected value of the Wiener process is E[dz] = 0 and its
variance is E[(dz)2] = dt, where E[·] is the expectation operator
(see Dixit and Pindyck [1994] for more detail).

2.2. Investment and disinvestment decisions

The value function of nonirrigated farming V0 is defined as
the NPV of the future profit flow with an appropriate discount-
ing factor. The farmer who wishes to invest in an irrigation
system has to choose an investment timing t∗ that maximizes

1 We note that there is no direct casual relationship between nonirrigated
yield and irrigated yield in a theoretical sense. But both variables are affected
by some of the same factors mentioned in the paper and move together with
the same direction. Thus we approximate this relationship using econometric
model as shown in the actual data. We are grateful to a reviewer for raising this
point. We also note that the focus of this paper is on the real options approach,
not on estimating a structural econometric model.

the NPV of profit subject to the stochastic movement of random
yield over time:

V0(y) = max E

[∫ ∞

0
π0e−ρtdt

]
, (3)

subject to Eqs. (1) and (2), where ρ is the risk-adjusted discount
rate equal to the risk-free discount rate r plus the risk premium
�.

Because the yield y evolves stochastically, Eq. (3) cannot be
solved analytically to produce an investment timing point t∗. In-
stead, a critical value yh that triggers investment in the irrigation
system will be determined following the investment rule that it is
optimal to invest only when y ≥ yh (Dixit and Pindyck, 1994).
Nonirrigated farming produces no benefit from the irrigation
system until the investment is undertaken. The only return from
the irrigation system is the capital appreciation from holding
the option to invest that is affected by the stochastic movement
of random yield. Thus, the stochastic dynamic optimization
(Eq. (3)) can be expressed as the following Bellman equation
(Pindyck, 1991):

ρV0(y)dt = π0 + E[dV0(y)]. (4)

Expanding the right-hand side of Eq. (4) using Ito’s Lemma
gives the following differential equation (Pindyck, 1991):

1

2
σ 2y2V ′′

0 (y) + αyV ′
0(y) − ρV0(y) + π0 = 0, (5)

where V ′
0 and V ′′

0 are the first and second derivative with respect
to y. Similarly, the differential equation for irrigated farming V1

is

1

2
σ 2y2V ′′

1 (y) + αyV ′
1(y) − ρV1(y) + π1 = 0. (6)

Both differential equations include linear homogeneous parts
so that the general solutions contain a linear combination of any
two independent solutions. The solution form of this homoge-
neous part is V(y) = Ayβ , where A is the constant to be deter-
mined as a part of the solution, if β satisfies the fundamental
quadratic equation:

ρ − (ρ − δ)β − 1

2
σ 2β(β − 1) = 0, (7)

where δ is the risk- and growth (trend)-adjusted discount rate,
δ = ρ – α (Dixit and Pindyck, 1994). The respective positive
and negative roots of this quadratic equation are

β1 = 1

2
− (ρ − δ)

σ 2
+

√[
(ρ − δ)

σ 2
− 1

2

]2

+ 2ρ

σ 2
> 1, and (8)

β2 = 1

2
− (ρ − δ)

σ 2
−

√[
(ρ − δ)

σ 2
− 1

2

]2

+ 2ρ

σ 2
< 0. (9)
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Equation (5) also includes a nonhomogeneous part that has
the solution π0/ρ. The general solution of the differential equa-
tions can be written as

V0(y) = A0yβ1 + B0yβ2 + π0

ρ
, (10)

V1(y) = A1yβ1 + B1yβ2 + π1

ρ
, (11)

where β1 and β2 are the respective positive and negative roots
of the fundamental quadratic (Eq. (7)) and A0, B0, A1, and B1 are
constants to be determined as part of the respective solutions for
the value function of nonirrigated farming and irrigated farming.
The first two terms in Eqs. (10) and (11), respectively, denote
the value of the option to invest for the nonirrigating farmer
and the value of the option to exit for the farmer with irrigation.
The last term in each equation denotes the value of the profit
flow from farming. At very low yield levels, the probability
of investing in an irrigation system is small, thus the value of
the option to invest in (10) approaches zero (B0 = 0). On the
other hand, at very high yield levels, the probability of exiting
irrigated farming is also very small, thus the value of the option
to exit approaches zero (A1 = 0). Thus, the value functions of
nonirrigated farming and irrigated farming simplify to

V0(y) = A0yβ1 + π0

ρ
, and (12)

V1(y) = B1yβ2 + π1

ρ
. (13)

The nonirrigated farmer is willing to pay a lump-sum in-
vestment cost I at the investment threshold yh that triggers
investment in the irrigation system as long as the investment
is expected to be profitable. By exercising the investment op-
tion at a cost I, the farmer gets a business with an irrigation
system and a disinvestment option in irrigation systems, and
loses the value of the option to invest. This relationship can be
described by the respective value-matching condition and the
smooth-pasting condition:

V0(yh) = V1(yh) − I, and (14)

V ′
0(yh) = V ′

1(yh). (15)

The value-matching condition (14) requires the value of
nonirrigated farming to equal the value of irrigated farming at
the entry threshold yh when the investment cost I is paid. The
smooth-pasting condition (15) requires the same slopes of the
value of the nonirrigated farming and the value of the irrigated
farming at the entry threshold level (Merton, 1973).

Similarly, the irrigated farmer is willing to discontinue the
irrigation system when irrigated farming is not profitable. To
discontinue the irrigation system, the irrigated farmer must pay
a lump-sum cost D because the disinvestment decision entails
a clearing cost of the irrigation system and a restoring cost of
the farmland for other farming practices. On the other hand, the

irrigation system can be partially reversible, thus facilitating the
disinvestment decision from irrigated farming. This reversibil-
ity may affect the investment decision (Abel et al., 1996). How-
ever, the value of the irrigation system lost when disinvesting is
insignificant compared with the initial investment cost because
when irrigated farming becomes unprofitable, the same condi-
tions will apply to other farms in the region, thus depressing the
salvage value of irrigation equipment. As a result, we do not
consider reversibility in this study.

By exercising the value of the option to exit at a cost D, the
farmer leaves irrigated farming, but has the option to invest in
an irrigation system again. This relationship can be described
by adding value-matching and smooth-pasting conditions com-
parable to Eqs. (14) and (15):

V1(yl) = V0(yl) − D, (16)

V ′
1(yl) = V ′

0(yl), (17)

where yl is the exit threshold that triggers disinvestment in an
irrigation system. The value-matching condition (16) requires
the value of irrigated farming to equal the value of nonirri-
gated farming at the exit threshold yl when the disinvestment
cost D is paid. The smooth-pasting condition (17) requires the
same slopes of the value of irrigated farming and the value of
nonirrigated farming at the exit threshold level.

Substituting the two value functions in Eqs. (12) and (13)
into Eqs. (14)–(17) and using R1 = y1, we have the following
system of simultaneous equations:

−A0y
β1
h + B1y

β2
h + (1 − b)yh

δ
− C

ρ
= I, (18)

−β1A0y
β1−1
h + β2B1y

β2−1
h + (1 − b)

δ
= 0, (19)

−A0y
β1
l + B1y

β2
l + (1 − b)yl

δ
− C

ρ
= −D, (20)

−β1A0y
β1−1
l + β2B1y

β2−1
l + (1 − b)

δ
= 0, (21)

where C is the cost difference between nonirrigation systems
and irrigation systems: C = C1 – C0, and b is the coefficient
relating nonirrigated yield to irrigated yield, y0 = by1. The
four simultaneous equations with four unknowns (A0, B1, yh,
and yl) are highly nonlinear in the thresholds yh and yl , so
that an analytical solution cannot be obtained. As a result, we
use data to empirically parameterize the equations and then use
MathCad 8 Professional (MathSoft, Inc.), a desktop application
that combines math and visualization to meet the calculation,
analysis, and reporting needs, to find a numerical solution for
the simultaneous system.

3. Data

For the empirical analysis, we model a representative farm
using Lubbock County data, a major cotton production county
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Table 1
Summary statistics of investment cost, pumping cost, exit cost, water use, and
parameters used in real options calculation

Parameter Value

Irrigated farming
Investment cost ($/ha) 740.7
Exit cost ($/ha) 74.1
Variable cost ($/ha) 771.8 (nonirrigated 655.0)
Average yield (kg/ha) 568.5 (nonirrigated 343.8)
Yield drift (trend) rate (α) 0.054
Yield volatility rate (σ ) 0.267
Risk-adjusted rate (ρ) 0.10
Risk- and trend-adjusted rate (δ) 0.046
β1 1.438
β2 −1.959

in the Texas High Plains that includes both nonirrigated and
irrigated farmland with various irrigation systems. Table 1 re-
ports the summary statistics of the data used in the analysis. The
variable cost for nonirrigated cotton is estimated to be $1.89/kg
(Texas Cooperative Extension, 2003a) and the yield per hectare
averages 343.8 kg. Thus, the estimated variable cost per hectare
is $655.0. For irrigated cotton, the budget data for sprinkler sys-
tems, not for LEPA, are officially reported. However, the energy
cost of LEPA can be reduced by 13% in low-pressure sprinkler
systems and by 40% in high sprinkler systems when a lift of
60.8 meter is conducted (Broner, 2005). In this study, we re-
duce the energy cost of LEPA by 27% compared to sprinkler
irrigation systems. The variable cost for irrigated cotton is esti-
mated to be $1.5/kg (Texas Cooperative Extension, 2003b) and
the yield per hectare averages 568.5 kg. Thus, the estimated
variable cost per hectare is $771.8. No study has been done for
the clearing and restoring costs of irrigation systems. Thus, we
assume that the exit cost is 10% ($74.1/ha) of the initial invest-
ment cost that is equivalent to the annual labor cost for irrigated
cotton farming (Texas Cooperative Extension, 2003b). How-
ever, this assumption for the exit cost is relaxed in sensitivity
analysis by allowing a 20% change.

An autoregressive process of order 1 (AR(1)) model for the
yield difference series with a constant term and a time trend
was estimated to test the stability of the irrigated yield time
series using the augmented Dickey–Fuller (ADF) unit root test.
The ADF test statistic was −2.959, whereas the 10% critical
value for the unit root is −3.276. Hence, we cannot reject the
null hypothesis of a unit root, which supports using a geomet-
ric Brownian motion process. Regressing nonirrigated yield on

Table 2
Entry and exit thresholds for cotton-irrigated farming with low-energy precision
application (LEPA) system in the Texas High Plains

Cotton price level ($/kg) Entry threshold (kg/ha) Exit threshold (kg/ha)

0.70 1,019.2 194.4
1.15 627.2 119.6
1.59 453.0 86.4

irrigated yield series without an intercept gave a slope coeffi-
cient of 0.5955 (P-value < 0.001).2 Hence, we use y0 = 0.6y1

for the proportional relationship between irrigated and nonirri-
gated yield. Irrigated cotton yields show a positive trend rate
(α) of 0.054 and a volatility rate (σ ) of 0.267. The positive and
negative roots of the fundamental equation β1 and β2 are 1.438
and −1.959, respectively. Finally, risk-adjusted discount rate is
assumed to be 10%, which is comparable to the rates used in
other studies (Carey and Zilberman, 2002; Price and Wetzstein,
1999).

4. Results

Currently, the marketing loan rate sets the minimum price that
a cotton farmer will receive. In addition, the farmer is eligible
for the countercyclical payment and direct payment in the case
that he/she has a base for cotton area. Among these federal
government programs, the countercyclical payment and direct
payment are decoupled from production and only the marketing
loan rate is dependent on production. Thus, we set different
price levels to evaluate their effects on the entry thresholds
in terms of yield. These levels were $0.70/kg, $1.15/kg, and
$1.59/kg, respectively, based on the current marketing loan rate
of $1.15/kg and a target price of $1.59/kg for countercyclical
payment (USDA-FSA, 2005a,b). The lowest price of $0.70/kg
is used to evaluate poor market conditions that may be caused
by the elimination of the marketing loan program in the future.

4.1. Entry and exit thresholds

The results show that the entry thresholds of LEPA range
from 453.0 kg/ha at $1.59/kg to 1,019.2 kg/ha at $0.70/kg,
depending on the price (Table 2). When compared to the county
average yield, 568.5 kg/ha, it is clear that LEPA is profitable
at the price level of $1.59/kg. This is contrary to the earlier
report by Seo et al. (2006) because they did not consider cost
differences between irrigated farming and nonirrigated farming.
The entry threshold, 627.2 kg/ha at $1.15/kg, is lower than
the entry threshold of 636.7 kg/ha recalculated from Seo et al.
(2006) with the same conditions. Simultaneous decision making
reduces the entry threshold for the LEPA system compared with
single decision making, thus encouraging farmers to enter. This
difference is caused by our model set up, which, unlike Seo
et al. (2006), includes the value of the option to exit. This result
is more correct because investors can exercise the option to exit
irrigated farming if it is not profitable.

Even when the price is at the marketing loan rate, $1.15/kg,
the entry threshold is 627.2 kg/ha—higher than the county aver-
age yield. However, when price is at $0.70/kg, the entry thresh-
old is 1,019.2 kg/ha, much higher than the county average yield.

2 Both yield series show first difference stability, while the yield series for
nonirrigated yields shows weak nonstationary. Because the Durbin-Watson test
of the linear combination of both yield series supports a stationary series (co-
integrated), we simply run an OLS regression (i.e., a co-integrating regression).
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Table 3
Entry and exit thresholds and their sensitivities to changes in selected param-
eters in cotton-irrigated farming with low-energy precision application system
in the Texas High Plains

Parametera
Entry threshold Exit threshold

Name % Change (kg/ha)b (kg/ha)b

Investment cost −20% 575.4 123.7
0% 627.2 119.6

20% 678.3 116.4
Variable cost difference −20% 553.2 90.5

0% 627.2 119.6
20% 700.4 149.9

Exit cost −20% 626.7 121.9
0% 627.2 119.6

20% 627.7 117.4
Risk-adjusted rate −20% 592.1 116.8

0% 627.2 119.6
20% 662.4 122.2

Drift (trend) rate −20% 643.9 125.5
0% 627.2 119.6

20% 610.7 113.8
Volatility rate −20% 594.0 122.6

0% 627.2 119.6
20% 658.3 117.1

aBase parameters used for the sensitivity analysis are $740.7/ha in investment
cost and $116.8/ha in variable cost difference, respectively. Base parameter
for risk-adjusted rate is 10%, for drift rate (α) is 0.054, and for volatility rate
(σ ) is 0.267, respectively.
bEntry thresholds are the levels of current yield flow to trigger irrigated
farming that are evaluated at cotton price of $1.15/kg.

Thus, the low prices may prevent or delay farmers from invest-
ing in irrigation systems.

The exit thresholds range from 86.4 kg/ha to 194.4 kg/ha
depending on the price. These thresholds are much lower than
the county average yield. Even in the worst scenario ($0.70/kg),
the exit threshold is 194.4 kg/ha—far below the county average
yield. This implies that once farmers enter irrigated farming,
they likely would not leave irrigated farming until agricultural
production and/or market conditions are very bad. In reality, the
transitional probability from one irrigation system to another ir-
rigation system was reported to be as low as 2% in Texas (Feng
and Segarra, 1992). This low level of transitional probability of
irrigation systems may be partially explained by the high entry
threshold and low exit threshold of irrigated farming. That is,
sunk costs and uncertainty discourage farmers from exiting ir-
rigated farming or replacing one irrigation system with another.

Table 3 shows the result of the sensitivity analysis at $1.15/kg.
Irrigated farming is not profitable even though the investment
cost, exit cost, variable cost, risk-adjusted rate, and volatility
rate decrease by 20%, and the drift rate increases by 20%. This
implies that the investment decision is not sensitive to parameter
changes. The exit thresholds also prove to be insensitive to any
of the parameters considered. The exit thresholds remain low
enough regardless of parameter changes.

A replacement decision requires that the yield increase or
cost saving caused by a new irrigation system outweigh the
investment cost required. However, water use in the Texas
High Plains is costless, thus farmers produce the maximum
yield level regardless of irrigation systems. The only advan-
tage of the new irrigation system with high water application
efficiency is the saving of an irrigation cost while requiring
a large investment cost. In addition, the real options adds an
opportunity cost caused by irreversibility and uncertainty to
the replacement cost, thus increasing the entry threshold and
decreasing the exit threshold further. A quick look at the cost
structure between LEPA and traditional sprinkler systems re-
veals that the replacement decision is unlikely because the cost
saving is only $29.0/ha whereas the investment cost for LEPA
is $740.7/ha (note that a new investment has the effect of cost
saving of $135.5/ha at county average yield and marketing loan
rate price, which is 4.76 times higher than $29.0/ha in a re-
placement investment). This elucidates how unprofitable it is to
replace an old irrigation system with a new system with better
water application efficiency even under the more pro-investment
parameter constellation outlined above, which supports the low
transitional probability from the previous study by Feng and
Segarra (1992). This also supports King and Kincaid’s (2005)
result that the increased cost of LEPA relative to a low-pressure
sprinkler system is not justified by the marginal increase in
application efficiency.

4.2. Implication for water saving

Irrigated areas in Lubbock and Texas as a whole peaked at
107 thousand ha and 1,223 thousand ha in 1980, respectively
(Fig. 1). Since then these areas have been reduced to, respec-
tively, 80 thousand ha and 976 thousand ha in 2002 with some
fluctuations according to production and/or market condition
(USDA-NASS, 2005). These area series move closely together
with a correlation coefficient of 0.94. Irrigated area has slightly
increased since the LEPA system was disseminated in 1992
compared with the period of 1982–1990. The area increase has
mainly been caused by market conditions that also contribute to
the profitability of new irrigation systems. Thus, it is not easy
to differentiate the effect that irrigation systems have on area
increases from the effect of market conditions. However, we
know that new irrigation systems increase yield compared to
nonirrigation systems, so that may contribute to area increases
to some degree.

At the state level, groundwater use was reported separately
from surface water use from 1980 to 1997, skipping 1981–
1983 (Texas Water Development Board, 2005). As shown in
Fig. 1, groundwater use has also been fluctuating according to
irrigated area. The correlation between irrigated area and water
use is 0.88 in Lubbock County and 0.85 in Texas as a whole.
These high correlations show high responsiveness of water use
to irrigated area. Thus, as better irrigation systems encourage
more cotton production, the water usage increases. Per-hectare
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Fig. 1. Cotton-irrigated area in Lubbock and Texas and groundwater usage in Texas.

water use obtained by dividing water use by irrigated area has
slightly dropped showing a positive trend since 1992, the year
LEPA began to be disseminated (Fig. 2). However, overall water
use has increased despite the decrease in per-hectare water use.
These facts may support Feng and Segarra (1992) who argue
that the profitability of new irrigation systems increases water
use by increasing irrigated area.

However, it is noticeable that although a small portion of
the irrigated area continues to fluctuate, the majority of cotton
area does not. This majority is still affected by the low exit
threshold and low transitional probability. That is, the change
in water use is only affected by marginal cotton areas that
fluctuate with market conditions, not by major cotton areas
that are not easily affected by market conditions. Thus, given
the low exit threshold, nonsensitivity of the exit threshold to
parameter change, and low transitional probability from one
irrigation system to another makes us doubt that communities
will have much success at getting farmers to conserve water.
In addition, a small decrease in per-hectare water use with a
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Fig. 2. Per-hectare groundwater use in Texas.

positive trend since 2002 shows that the expectation of water
saving from new irrigation systems is not very successful either.

To attain the goal of water saving in Lubbock County, the
target of new irrigation systems must be current farmers with
traditional irrigation systems rather than marginal farmers (or
new farmers). That is, Lubbock County needs to focus on sup-
porting the replacement decision from old irrigation systems to
new irrigation systems with high water application efficiency.
This would eventually reduce per-hectare water use and overall
water use to the amount Lubbock County desires. However, a
small gain in irrigation cost but a large investment cost as well
as sunk costs caused by irreversibility and uncertainty may pre-
vent the replacement decision. Thus, it is likely that Lubbock
County will have to subsidize the replacement of traditional ir-
rigation systems with new irrigation systems and relax financial
restrictions, such as with a policy subsiding interest rates so that
farmers using older irrigation systems face a low interest rate
to obtain new irrigation systems.

It should be noted that an irrigation equipment replacement
subsidy would in some sense be a second-best policy to par-
tially or completely offset effects due to current U.S. federal
price support policy. Current U.S. domestic assistance to cot-
ton farmers ($0.44/kg) is relatively high compared with other
cotton-producing countries (Pan et al., 2005) and increases the
area of irrigated cotton production (and hence water use) in
the Texas High Plains beyond what would occur under free
trade. In addition, any irrigation equipment replacement sub-
sidy should be limited to farmers currently producing irrigated
cotton to help reduce area expansion effects due to a replace-
ment subsidy. These extra-marginal (area expansion) effects
(as well as intra-marginal/input use effects) have been stud-
ied for many federal programs, especially for crop insurance
(e.g., Goodwin and Smith, 2003; Hennessy, 1998; Seo et al.,
2005; Wu, 1999). Hence, any policy to encourage adoption of
more water-efficient irrigation technology should be carefully
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studied before implementation to quantify the magnitude of
such effects so as to obtain a more comprehensive estimate of
policy impacts on regional water use.

5. Conclusion

Water shortage has been a significant issue for several
decades in the Texas High Plains. Agriculture has been identi-
fied as the main activity contributing to this shortage. To address
this issue, many efforts have been made to introduce or develop
sophisticated irrigation systems with high levels of water appli-
cation efficiency. The alternatives considered include the LEPA
system, the SDI system, and the VRI system. Among these ir-
rigation systems, we only consider the LEPA system because
it has been demonstrated to be the most profitable (Seo et al.,
2006). In this study we analyze both the entry and exit decisions
for the LEPA system simultaneously, so that more accurate de-
cision making is obtained compared with considering the entry
decision alone. In addition, we derive the implications in terms
of water conservation in Lubbock County from the exit deci-
sion. Specifically, a real options approach is used to evaluate
the economic feasibility of LEPA. For this analysis, a represen-
tative cotton farm is set up using data from Lubbock County, a
major cotton production area in the Texas High Plains, which
currently includes both nonirrigated and irrigated farmland with
various irrigation systems.

Our results show that considering the simultaneous decision
making for the entry and exit of irrigation systems reduces
the entry threshold for the LEPA system compared with only
considering single decision making, thus encouraging farmers’
entry decision. The LEPA system is shown to be profitable only
with market prices over $1.59/kg. The exit threshold is very low
even with a price level as low as $0.70/kg. Sensitivity analysis
also shows that the exit threshold is not sensitive to parameter
changes. This implies that once farmers begin irrigated farming,
they will not stop irrigated farming unless the market or pro-
duction conditions are very bad. This low exit threshold caused
by irreversibility and uncertainty in irrigated farming may par-
tially explain the observed low transitional probability from one
irrigation system to another (Feng and Segarra, 1992).

Since the LEPA system began to be disseminated in 1992,
cotton area has increased slightly with some fluctuations.
Groundwater use has also increased with a high correlation
to area increases. Per-hectare water use slightly decreased fol-
lowing a positive trend after the introduction of the LEPA in
1992. The increment of cotton area and water use fluctuation
are caused by marginal farmers who easily and repeatedly leave
and enter irrigated farming according to the market conditions.
However, the majority of cotton farmers do not change their
irrigated area levels. This can be explained by the low exit
threshold and low transitional probability. Thus, given the low
exit threshold, nonsensitivity of the exit threshold to parameter
changes, low transitional probability, and the slight decrease in

per-hectare groundwater use with a positive trend, the efforts
made to save water have not been successful.

Thus, to attain the goal of water saving, Lubbock County
needs to focus on current farmers with old irrigation systems,
who make up the majority of the potential market for new
irrigation systems, rather than marginal farmers, who are the
minority. That is, Lubbock County needs to help support the
replacement decision from old to newer and more application-
efficient irrigation systems. Of course, this support must
exclude marginal farmers who would contribute to expanding
the cotton-producing area and thus increase water use. Such
a policy would eventually lead to a reduction in per-hectare
water use and overall water use in Lubbock County. For this
purpose, Lubbock County needs to subsidize the replacement
of traditional irrigation systems with new irrigation systems,
for example, by relaxing the financial restrictions for current
irrigated farmers to obtain new irrigation systems. However,
it should be noted that the subsidy likely distorts farmers’
production decisions, even if the replacement decision remains
confined to those currently using irrigation. The possibility of
production distortions from the replacement subsidy needs to
be carefully evaluated before such a policy is implemented.

The issues evaluated in this study and the manner in which
they were evaluated may have broad implications in other lo-
cations. Specifically, many areas currently experiencing and
expected to experience significant water availability constraints
in the future need to internalize into their policy making that
farmers are likely to operate under irrigated conditions much
longer than it would seem rational because of the option
value.
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