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A MULTI-PERIOD LINEAR PROGRAMMING
MODEL APPLIED TO DYNAMIC DEVELOPMENT
PROCESS IN THE WEST SIDE OF THE SAN

JOAQUIN VALLEY, CALIFORNIA

Yiiksel ISYAR*

A multip od linear programming model of regional irrigation
development is formulated and the components that are required for
project evaluation of economic and financial feasibility are simulated.
The model is particularly useful where the time path of project
development is critical, for example, in large projects market
restrictions may permit only a gradual approach to full development
over a long period of time. Applications of the model to a large-scale
component of the California water plan suggest some deficiencies in
past-current planning procedures that may lead to difficulties in project
repayment and create unforeseen negative welfare effects on nonproject
producers.

1. INTRODUCTION

The two basic objectives of this paper are: (i) to present a model believed
to provide an operational approach to improved evaluation of economic
efficiency and financial feasibility of irrigation projects and (ii) to show an
application of the model in evaluating the financial feasibility of a project
bringing additional irrigation water to over one million acres in the San Joaquin
Valley, California.

* Prof. Dr., Dept. of Econometrics, Uludag University, Bursa. This paper was presented in the 10th
European Cenference on Operational Research, Belgrade, Yugoslavia, June 27-30, 1989.
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The organization of the paper conveniently follows these two major
objectives. Following relevant theory which summarizes the theory of benefit
measurement and repayment analysis, the first major section presents a general
multiperiod linear programming (MPLP) model that incorporates sufficient
flexibility to handle a wide range of differing empirical situations. The second
major section of the paper reports an empirical application of the model to a
large-scale component of the California water plan.

2. RELEVANT THEORY

As a framework for the model formulation and results, I present a brief
statement of some relevant theoretical relationships underlying economic and
financial analysis. For simplicity assume a single-purpose irrigation project.
Assume further that product prices for the outputs of the project are constant.
Typically, the land resource can be considered fixed for the individual firm and
for the project area as a whole. Thus let f(qz1,..., g, X1,..., Xm, W, L°)= 0 be the
implicit form of the firm production function, where qi... gn represent n crop
outputs, X1 ... Xm represent m variable inputs other than water, W is the
variable water input, and L° is the fixed level (acreage of land resource).

We then define the following:

RF=Z pigi
i=1
where RF is the total farm revenue, p; is a constant crop price, and q; is output;

m
Cv=2 px
j=1
where Cy is the total farm variable cost excluding water and pj is the constant
input price;
Cw = pw W

where Cw is the farm water cost, W is the quantity of water, and Pw is the
price per acre-foot;

CL=ILL°

where C, is the annual total fixed cost of land at post irrigation market prices,
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and I is the post-irrigation rental rate per acre;
RL=Rr-GCy-Cy

where RL is the imputed residual return to the fixed land resource.

It is useful to distinguish two general cases. Case 1: The irrigation project
allows agricultural production for the first time; e.g., reclamation of barren
desert land with no previously existing agriculture. Case 2: The irrigation
project provides supplemental water to an existing agricultural area; e.g. to an
area previously dry-farmed, or irrigated from ground-water or other surface
sources.

In Case 1, the irrigation benefits are given by the aggregate "willingness
to pay" of irrigation users, measured by the area under the demand curve for
project water. That is

RF-Cv=Cw+RL

A project is typically considered to be financially feasible if "payment
capacity" (residual returns after all factors of production except water are
compensated at market prices) exceeds water costs by some specified "safe"
margin. Then financial feasibility requires that the ratio of

Cw Cw Cw

n (R -C )-C (C +R )-C ... ()
F v L w L L
where n is the repayment capacity and k is a safe ratio set typically at about
0.75 as a precaution against risk (e.g., price and yield variability) and to
provide an incentive for irrigation users to participate in the project. In Case 2,
where irrigated agriculture exists prior to the new project, the analysis is
somewhat more complex. It may be useful to consider two different extreme
subcases that may occur: in one situation the new project water simply
supplements existing water supply sources; in the other, the new project
replaces completely the existing sources.

In the first situation, the financial feasibility ratio is

Cp cp
= < k
n C +drR -¢C
P L L ... (2)
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where Rr and dRL, correspond to the pre-and post-project residual returns to
land.

Under this definition, payment capacity includes the residual return to
land Ry, from the existing water supply source, but deducts the post-irrigation
rental rate for land Cr. In the second situation, the marginal cost of project
water is lower than the marginal cost from existing sources, therefore
completely replacing these sources. Financial feasibility is defined as

cp cp
<k

n cC +dR =-C
P L L

where C; is the project water cost.

To summarize the various cases, financial feasibility requires that project
water cost divided by payment capacity = k, or, in general,
Cw
-k

cC +R -¢C @
w L L

Solving for the required Ry, for financial feasibility we obtain
RL = [(1-k)/k] Cw + CL ...(5

As a special case, if no "safety or incentive margin" is required, then k=1
and financial feasibility requires only that the inputed residual returns to the
fixed resource of the firm exceed its market value; i.e., for k=1, R = CL in (5).

The effect on economic and financial feasibility of the project for the firm
can easily be extended to an industry context.

3. THE MODEL

The formulation of the MPLP model follows directly from the theory
above. Its purpose is to generate estimates of the theoretical components Cw
and Ry, required for benefit measurement (1) and repayment analysis (5). With
minor modifications, the model can be adapted to conform to various
institutional and physical settings.

Static linear programming models for deriving irrigation water demand
curves ignore or vastly simplify the problem of benefit and repayment
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measurement during the development period between initial project
construction and full development, a period often extending over 10 to 20
years. At recently established higher discount rates (U.S. Water Resources
Council, 1972),] it becomes crucial to take a more accurate and explicit account
of the development path, particularly in agricultural areas where a major
proportion of project output is comprised of perennial crops characterized by a
long maturation period before reaching full production.

The MPLP model offers an operational approach to tracing out explicitly
the development path and the consequent stream of benefits and payment
capacity. The model is a straightforward extension of the static single-period
linear programming (LP) model to include t time periods.

The formal model in matrix notation is given in the following form®:

MaxZ=C'.X'+C?. X2+ .. +CT. X' ... (6)
subject to :

Al] Xl B]

A X! ¢ AZ X2 < B?

ANX AR X2 L A3 X3 <B

‘.. )

AR X L AR X2 L AB X3, L AKX <B¥

ATV XLAT? X2, AT X3, AT XK, 4ATTXT < BT

All X's are equal or greater than zero, B' = 0 ... (8
where :

C is a row vector of n costs and revenues;

B is a column vector of m resources;

A is an mxn coefficient matrix;

X is an unknown solution set;
Superscripts refer to time periods;
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All Gj values are expressed either in present values or as equivalent
annuity values at discount rate r.

The objective function of the model is to maximize the present value (or
equivalent annual annuity value) of the future stream of residual returns to
fixed resources (land) over water costs for a particular set of future water prices
(i.e., it maximizes RL- Cw). The components of the objective function Rr, and
Cw, with given CL, and k values, provide the information required for benefit
and repayment measurement in (1) and (5) . By parametric programming over
alternative water prices the present value of willingness to pay for water can be
derived.

MPLP models generally assume a finite time horizon, therefore requiring
specification of terminal conditions, such as values for fixed assets. The fixed
asset values themselves, however, are theoretically determined by the present
value of earnings beyond the terminal date. Thus the implicit consideration of
an infinite horizon cannot be avoided. Our model explicitly considers an
infinite horizon by specifying that the activities entering the solution in the final
time period specified in the model continue indefinitely; the objective function
values for terminal period activities are thus the present value (or annual
equivalent value) of the earning stream of that activity from that point to
infinity (Isyar, 1970; Isyar et al., 1971).

The model formulated here assumes constant prices of inputs and outputs.
Conceptually, if output prices were a function of project output, the model
could be reformulated as a nonlinear programming model (Takayama and
Judge, 1964). In practice appropriate sensitivity analysis by parametric
programming often allows good approximations to nonlinear solutions while
retaining the computational efficiency of linear programming (Dantzig, 1963;
Heady, 1966).

Perhaps the major objection that can be raised against an LP model is that
it is a deterministic approach to a problem with many stochastic elements. The
formal answer to such criticisms would be that if the major components of
uncertainty affect primarily the objective function (crop yields and prices, for
example), the problem could be approached within a risk framework using
quadratic programing (Markowitz, 1959; Halter and Dean, 1971). Further, if the
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stochastic elements also enter the b; or Ajj matrices, then stochastic linear
programing could be employed (Cocks, 1968; Rae, 1971). In practice, however,
these methods are unlikely to be operational in problems of this type because of
massive data requirements and large problem size. Furthermore, in areas such
as in California it can be argued that annual stochastic variation in water supply
and crop yields are relatively minor compared to the more critical sources of
uncertainty in the long run (changes in general levels of prices, yields, and
other variables due to technological change and general economic conditions).
Alternative assumptions as to the level of such variables can be explored rather
easily through parametric programming within the LP format. However, it is
acknowledged that techniques such as simulation or stochastic dynamic
programing are more appropriate where extreme annual uncertainty in water
supply and climate exist.

4. APPLICATION TO WEST SIDE OF THE SAN JOAQUIN VALLEY,
CALIFORNIA

Large-scale interriver basin transfers of water supplies are the principal
vehicle by which increasing urban and agricultural demands for water in
California have been met in the past. The recent and largest of these is the
storage and transport of water from Northern California through the California
Aqueduct. In the San Joaquin Valley, the project water will supply mainly
irrigation demand. Water deliveries from the project were first made in 1968
with full development scheduled for 1990.

Thirteen irrigation districts covering approximately 1.2 million acres of
land will receive water from the project. In some areas, totaling about 330,000
acres at full development, irrigation water will be available for the first time.
Elsewhere the project will supplement ground and surface sources or replace
dwindling ground water sources. Because of high water costs (farm headgate
costs range from about $ 9 per acre-foot to about $ 45) growers will likely
concentrate on specialty crops such as fruits, nuts, grapes, and vegatables and
on selected field crops for which water costs are a relatively small percent of
crop value.

In the planning stages of the Westside project, the feasibility reports for
each of the 13 water districts to be served included independent projections of
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future cropping systems and estimated repayment capacity for project water. On
the basis of these plans, each district signed water service contracts defining
water costs, annual entitlements, and peak period deliveries. Since the project is
already underway, there is little to be gained from an ex post benefit-cost
analysis. However, the question of financial feasibility is still relevant: Will the
project be financially feasible when the impact on commodity prices of a
greatly expanded irrigated land area is taken into account? Stated formally,
given the high unit water costs to Westside San Joaquin Valley irrigation
districts, and given the market limitations for high-value crops, what cropping

systems and development plans over time would maximize the growers
capacity to repay the water charges?

In an attempt to answer this question, the MPLP model was applied
separately to each of the 13 irrigation districts. Each problem was kept within
computationally manageable dimensions by subdividing the planning horizon
into six discrete segments or time blocks: 1970, 1971, 1972-74, 1975-79,
1980-89, and 1990 to infinity. Three types of activities enter the model each
year: crop production, water buying, and soil reclamation. The objective
function values for crops are the annuity values of per acre returns to land and
water (RF - Cyv); for water buying activities the objective function values are the
negative annuity values of water price per acre-foot (-Cw per acre-foot); for soil
reclamation, the objective function values are 0 (i.e., only water costs for
leaching are required). The model contains three kinds of constraints: land,
water, and market demand. The assumption that all districts can expand
production of the high value crops indefinitely without an effect on crop prices
is untenable. The elegant method for handling this problem in the model would
be to incorporate downward sloping excess demand curves for the relevant
crops, either by quadratic programming or by step demand functions. The
simplified approach taken here is to specify market shares by crop for the
Westside as a whole and for each district on several plausible bases.

Table 1 given in Appendix shows the financial feasibility results derived
from the MPLP model for each district, based on the market shares for
specialty crops specified in the original feasibility studies for each district.
Column 1 shows the water cost Cw per acre-foot in each district, whereas
Columns 2 and 4 show the residual return to land over market return (rental
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value) fo land (RL - CL) for two sets of commodity prices, respectively.
Column 3 shows the financial feasibility ratios based on Equation (5) above
and constant product prices. Only four districts (2,4,10, and 11) provide ratios
close to or less than the typical "required" k ratio of about 0.75. For the
Westside as a whole, "payment capacity" (Cw + Ry, - CL) barely exceeds water
costs (Cw). Column 5 indicates the financial feasibility ratios if the original
planned market shares for specialty crops depress market prices (by about 10 %
on the average). Only two districts (those with minor amounts of specialty
crops) would show financial feasibility in this case, and water costs exceed
payment capacity for the Westside as a whole (ratio of water costs to payment
capacity = 1.47). Clearly, the lower market prices used in Colums 4 and 5 have
a drastic worsening effect on financial feasibility. A second major difference is
due to the use of the higher discount rate of 7 %. In re-running the same two
models at 5 % rate, for example, we would find that every district showed
financial feasibility, even at the lower level of product prices; the overall
Westside financial feasibility ratios were 0.48 and 0.61, respectively, for the two
commodity price levels. The effect of the interest rate is especially pronounced
in area because of the high proportions of perennial crops planned.

Solutions for other market share models, and sensitivity computations,
were carried out through parametric programming.

5. CONCLUSIONS

In case where uncertainties due to annual variability in water supply,
climate, and prices are minor compared with uncertainties due to the level of
population, technological change and other major long-term trends, use of the
deterministic MPLP model, coupled with parametric programming offers an
operational approach to large-scale planning problems in irrigation projects.

The empirical portion of the analysis suggests that lack of comprehensive
planning has led to a situation in which the aggregate of individual district
plans is inconsistent with market demand. The MPLP model was used to
examine the impacts on financial feasibility of this eventuality. Particular
attention was directed toward correcting the conventional accounting
procedures for calculating costs and returns for assets with an extended
development period. It was estimated that the conventional methods
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overestimated payment capacity for perennial crops by as much as 50 to 100 %.

Several very large-scale diversions of water have been suggested for the
western United States in the future. These plans assume that irrigated
agriculture will absorb a high percent of this expensive water with a period of a
decade or two. This paper has attempted to demonstrate the economic
difficultues that may be encountered when the rate of development of land is
faster than the build-up of market demand for high-valued specialty crops.

APPENDIX
If we expand the first equation in (7) we obtain the following form: (e.g.
for year 1)

1 1 1 1 1 1 1 1 1 1 1
a x +a x +a x + +a x + +a x <b
11 1 12 2 13 3 13 j in n 1
1 1 1 1 1 1 1 1 1 1 1
a X +a x a x + +a x + +a x <Db
21 1 22 2 23 3 23 3 2n n 2
®
1 1 1 1 1 1 1 1 1 1 1
a X +a x +a x + +a x + +a x <b
ml 1 m2 2 m3 3 mj J mn n m

In Equation (9) since k=1 (first year) all a7jj (k = 1) are equal to zero.
However, if capital accumulation is introduced into the model then ajj
representing capital flows will not be equal to zero.

MPLP model might be shown in matrix form as follows;

1 2 T
Max.Z = [ C C ... C ]

... (10)
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