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ABSTRACT

THE BFFECT OF DATA LIMITATIONS ON THE APPLICATION OF SYSTEMS

ANALYSIS TO NATER RBSOURCES PLANNING IN DEVBLOPING COUNTRIES

This study emphasizes the importance of the systeas approach to
account for the main developing goals in the planning of vater resources
projects in developing countries. Its main concern is whether this
technique is still applicable considering the many uncertainties
caused by data limitations.

The objectives of the study are to identify the factors that pro-
duce the greatest degree of uncertainty in terms of a given economic
measure of project performance. Three major areas are investigated:
the effect of the choice of different types of model, the effect of
the uncertainties introduced by the estimation of the parameters of
the model, and the significance of policy guidelines, including the
economic model chosen for the economic appraisal of projects.

The approach followed in this study was to analyze a real project
in a developing country (Guatemale, Central America) in order to give
relevance to it, to gain insight into the problem by experimental
techniques, and on the basis of that, obtain conclusions of general
applicability for the problem studied.

The results of this study indicate that the use of stochastic
Systems analysis for planning water resources projects in developing
countries is not an unnecessary sophistication, but a useful tool.

The planner, however, should be aware of the factors that produce the
uncertainties with the greatest economic effect, and of the nature of

this effect. The effect produced in the area of choosing policy
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guidelines, for example, appears to be of greatest importance, closely
followed by the effect of the choice of the model .

It was found that the use of a deterministic optimization model,
by itself, can cause unfavorable economic consequences. Similarly,
an investigation of the economic effect produced by the type II error
involved in the choice of a model for stochastic streamflow simulation,
can be used to counteract the effect of data limitations in the selec-
tion of such a model. It was also found that the use of a broken-line
model for streamflow simulation, can be a useful operational tool in

the face of uncertainty in the autocorrelation structure of streamflows.

Luis Ernesto Garcia-Martinez
Civil Engineering Department
Colorado State University
Fort Collins, Colorado 80521
May, 1971
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CHAPTER I
INTRODUCTION

There is no generalized consensus for a definition of the term
''systems analysis.'" When applied to water resources planning, various
definitions of the term have been given, some being more encompassing
than others.

This work deals with the application of systems analysis to water
resources projects in developing countries. Therefore, it was deemed
useful to review briefly the role that such projects can play within
the development efforts of a country, and the potential advantages of
systems analysis to determine the scale of development of these projects
so that they may contribute more effectively toward the goals of such
efforts.

This introduction also serves the purpose of defining the problem
involved in the successful application of systems analysis for water
fesources planning in developing countries. Finally, a brief descrip-
tion is given of the approach used to investigate the problem and to
arrive at the conclusions and recommendations offered at the end of

this dissertation.

Systems Analysis

In general terms a system can be defined as an aggregation of parts
(concepts or objects) which are interrelated by some kind of interdepen-
dence. In this sense, it can be as broad as nature itself. Take for
example the water within a region, which could be arbitrarily defined
say in terms of political boundaries, as in a country. The water may

be distributed in several basins, all streams within each basin being



interrelated; the ground water within each basin also being interrelated
with the surface water. But the basins within this region may also be
interrelated with each other and with other regions by the hydrologic
cycle. This inter-regional relationship may also result because the
artificial political boundaries of the region will not usually follow
the natural boundaries of the basins. Water in its behavior is also
related to physical characteristics of the basin, such as underlying
geological formations, type of soils, vegetative cover, and morphology.

Water is also used by living '"objects" in their vital processes.

As a resource, man uses water for a number of beneficial purposes, for
example to grow or produce other kinds of "objects" which are also
interrelated to each other and again to other types of "objects." To
make use of the water, man builds a series of physical features which
introduce more of these relationships. The beneficial uses of water are
certainly related to man's institutions such as politics, the economic
structure, or society itself. Thus a water resources system has many
aspects besides the hydrologic; it is also physical, biologic, socio-
political, legal and economic.

Traditionally, attention has been given to the different components
of such a system, but seldom is complete and systematic consideration
given to the interrelationships existing among these components. These
relationships have been at most acknowledged or treated only in a quali-
tative way because the methods of analysis were not adequate for that
purpose. Lately, a great effort has been made to adapt certain mathe-
matical tools developed for other disciplines to the analysis of water
resources systems to explicitly account for these interrelationships.

The use of these tools, however, requires that a mathematical model of



the real system be made. For various reasons, such a model inevitably
falls short of the real world. Only a few elements and relationships
are accounted for in the model.

The systems approach is basically that of the scientific method.
Hillier and Lieberman (1)* give as four the number-of steps involved.
They can be described as follows:

1. Formulating the Problem

This step involves the identification of those elements that are
going to be included as part of the system, the proper identification
of the interrelationships between them, the definition of the objective
and the constraints that could limit the solution to the problem,
and the identification of the elements that can be modified in order to
attain the objective, It is a basic part of the processes which can
determine the success or failure of the analysis in terms of the appli-
cation of its results to the real world. It is Hall and Dracup's (2)
"art" portion of Systems Engineering that should be attempted with a
thorough knowledge about the elements and the relationships that will
be considered as part of the system.

2. Constructing the Model

An idealized iepresentation of the essential features of the pro-
blem must be made (in this case in terms of mathematical expressions,
i.e., a "mathematical model") obviously making some simplifications and
assumptions. Therefore, care must be taken to assure that the model is
still a valid representation of the problem (a thorough knowledge of the

system under consideration is also necessary for this). A very important

* Numerals in parenthesis refer to corresponding items in the List
of References.



part of this mathematical model is the objective function, i.e., a
mathematical expression that can be used to quantify the effect that
alternative courses of action will have upon the objective and thus
rank them accordingly.

3. Deriving a Solution

Once the model has been built, obtaining a solution for the problem
under consideration is not only a matter of cranking it up through a
computer. Any modification to the model must be made before its results
are implemented, i.e., all possible shortcomings, errors or oversights
of the model should be identified in advance. Data vequirements should
be analyzed for compatibility with data availability. The relative
importance of different types of data should be explored in order either
to obtain the information or to modify the modei.

4. Implementation of the Solution

Usually this implementation will not be a decision of the planner,
but of those individuals at the higher levels of the government. There-
fore, it is of extreme importance that the model should allow one to
properly answer in a quantitative way the consequences of alternative
courses of action. Finally, solutions for the model will only be appro-
ximations to the solution in the real world. However, they will provide
a better guide for action because a decision reached with "more know-
ledge" has a better chance of being correct than a decision based on
"less knowledge" (3).

The systems analysis approach in water resources is then both a
way of viewing things (aggregation of interrelated objects) and a way of

dealing with these things as we see them (the use of the mathematical



tools and mathematical models to explicitly account for these inter-

relationships).

Systems Analysis for Developing Countries

The current economic meaning of the term "developing countries,"
under which a large number of nations of tho world are grouped, is sim-
Ply that the annual per-capita income of their population is very low.
This index, however, does not reflect the real situation and many pro-
blems of developing economies. In many countries for example, the issue
of income redistribution among clearly differentiable sectors of the
Population may be as important as to increase this index of per-capita
income.

Developing countries, however, in general do have the potential
human and natural resources to obtain a degree of development in
accordance with their possibilities (i.e., higher than the present,
although maybe not at the highest levels now exhibited by the more "ad-
vanced" countries of the world) and with a more equitable distribution
of the national income among their population. What is needed then, is
to apply policies so as to distribute the available economic resources
in the most efficient way to obtain a particular objective. However,
some very important "bottlenecks" exist which make this task much more
difficult than it may appear. The more important bottlenecks that
restrain development have been identified as the lack of training of

the human resources of a country, and the lack of adequate institutions

through which man can utilize the natural resources at his disposition
(4). From the point of view of the economic role that a public invest-

ment can play in the developing efforts of a country, however, other



aspects should also be considered. These aspects have been reviewed (5)
as being the following:

1. Scarcity of capital for investment.

2. Difficulties with the balance of payments: Most developing

countries are "primary producers." They export raw materials
to developed countries and import from them most of the needed
producer and consumer goods. Usually, a few products for which
a country has a comparative natural advantage (coffee, cotton,
sugar, etc.) are the main source of hard foreign currency with
which to buy the required producer and consumer goods. The
economy's welfare is thus tied to the price of these exports
which is subject to the fluctuations of the world's demand and
supply. Moreover, the nature of these exports is such that
their demand expands slowly and then there is always an in-
creasing trend to use synthetic substitutes for raw materials.
The price of consumer and producer goods, however, tends to
increase us the economies of the more developed countries grow.
Governments are then forced to set quantitative restrictions
on foreign exchange, thus introducing imperfections into the
foreign exchange market.

3. A high annual growth rate of the population: This will have a

depressing effect upon the forces that may be set in motion in
order to increase per-capita incomes, causing a tendency to
return to low-level equilibrium points.

4. A high degree of unemployment, as well as an unproductive

population surplus in the agricultural sector: This last group

of persons is underemployed and although they work along with the



others, their efficiency is low and the same production could
be obtained if this surplus labor were removed from the land.

The removal of these economic bottlenecks constitutes the main
goals expressed in most development plans (5), namely:

1. To achieve higher rates of economic growth,

2. To achieve a balance of payments equilibrium.

3. To obtain a more equitable distribution of income.

4. To improve the employment situation.

Of all these goals, the achievement of higher rates of economic
growth is generally given priority. Strategies for economic growth
favor a capital-intensive industrial expansion (import substitution)
against a labor-intensive agricultural expansion (export expansion)(5).
Because the supply of capital is limited, investment in those areas with
3trongest external economies are favored. However, if industrialization
is crucial to development, agriculture plays an important supporting
role in this process by feeding the labor force and obtaining the neces-
sary foreign exchange. A capital-intensive policy increases the rate
of savings and capital accumulation producing an increase in the per-
capita income at some point in the future. This reveals preoccupation
for the future generations, but governments should be concerned for the
present generation as well. On the other hand, not doing anything for
the unemployed population is open to moral questioning, as well as it
represents political suicide. Governments, then, usually favor labor-
intensive production techniques in the agricultural sector while favor-
ing capital-intensive investments in other sectors of the economy (5).

A large percentage of the investments in developing countries comes

from the public sector (government). Public projects should be designed



So as to accomplish the development aims of the country. Water resources
projects are usually public projects that possess certain characteris-
tics that may be advantageously used to make investments in that sector
according to these development aims. These characteristics are:

1. Water resource projects are capital-intensive as compared to
other types of projects.

2. They exhibit strong external economies.

3. Empirical studies show that comprehensive river basin water
resources projects appear to promote successful agricultural
development in the area, thus providing the necessary support
for industrialization as well as favoring labor-intensive acti-
vities in the agricultural sector 6).

4. Abundant electrical energy at low cost by itself may or may not
encourage industrialization. So far, empirical evidence shows
that it may tend to encourage the establishment of light indus-
try, but that there may be other factors with equal or more
weight (6).

Thus, if a country has set forth certain economic objectives for
development, the investment in the water resources sector must be evalu-
ated as to how much it will contribute to the fulfillment of those
objectives. The systems approach allows for the ranking of alternative
projects and for the finding of an "optimal" scale of development for

these projects according to their contribution to these objectives.

The Problem Investigated and Objectives of This Study

The systems analysis approach for the planning of water resources
projects has the advantage of joining the engineering and economic as-

pects, thus allowing for the search for a "best" solution in terms of



certain economic objectives that might be specified. Because the
scarcity of capital for investment is one of the general characteristics
of developipg countries, the design and evaluation of projects, in terms
of their role in the development efforts of a country, is of great im-
portance. Thus, a systems analysis approach would seem very attractive.

The data required for the application of systems analysis to water
resources problems may include hydrometeorological records, cost and
benefit functions, economic loss functions, and demand functions. Costs
and benefits cannot be estimated with absolute reliability, as was found
by Altouney (7) in his study of actual and estimated costs and benefits
from 103 projects in the United States; the main reason being that they
are based on projections into the future. But even if they could be so
estimated, an economic measure of the performance of a system - such as
the present value of net benefits - is a random variable rather than a
constant, since it is a function of other random variables such as
streamflows and water requirements,

On the other hand, the use of systems analysis requires the
construction of a model, or idealized representation of the problems
under consideration. The objective function that measures the relative
merit of different courses of action and the mathematical description of
the most important characteristics of the streamflow series are examples
of very important components of this general model. All these circum-
stances cause the designs to be subject to a great deal of uncertainty.
This uncertainty may be due to natural causes, i.e., due to the stochas-
tic nature of the variables involved; it may be due to the form of the
model used to represent the ''real world"; it may be due to a failure to

estimate the model parameters with precision; or it may be due to any

combination of these causes.
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Unfortunately, the data requirements for the application of systems
analysis to the design of water resources projects may seem prohibitive
for countries where even the application of the "traditional' methods of
analysis require a great number of approximations and assumptions.
Usually data are limited, and useful information has not and is not
being obtained and compiled because the over-simplified methods do not
require it. Sometimes, even recognizing that this simplistic approach
may lead in some instances to dangerous under-designs or wasteful over-
designs, projects are designed without the benefit of certain data and
information because the designer must wait too long a time for these
data to be collected, or because the importance of these data in the
design is not apparent to the planner,

The danger of under-designing is dealt with to a certain extent
by the use of arbitrary safety-factors, but these are not entirely
satisfactory. Under these conditions, a project that appears physically
and financially feasible may contribute very little towards the economic
aims of the country, or, worst, may even be detrimental to those aims.

The problem of uncertainty is thus of particular importance in
developing countries, where all these estimates have to be made bascd
on a limited amount of data, decreasing their reliability, Therefore,

a tendency toward sophistication in the methods of design in an attempt
to keep up to date with the latest developments of the art, is not
justifiable if inadequate data will make the results as unreliable as
those being currently obtained: "'garbage-in-garbage out." In this
respect, King (8) in his review of the World Bank's methods of project

appraisal states that a "...healthy skepticism is a cardinal virtue."
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He goes on to say the Bank considers that:

This skepticism must be applied to the economic technical,
institutional and financial aspects of the project appraisal,
beginning with a questioning of the basic statistical data to
make sure that a false sense of accuracy has not been reached
through the application of sophisticated techniques of analysis
to questionable basic data.

Although this problem has special meaning for developing countries,
it is by no means exclusive to them. For example, an AWRA discussion
panel (9) pointed out that because model builders have usually been
more preoccupied with the computational model itself, they have "leap-
frogged" the data problem, and that "the data, usually inferred as
available when needed...deserves more attention, and there seems plenty
»f employment opportunities for the systems analyst here'" (9).

Is it worthwhile then, to try to apply these relatively new
techniques in developing countries? Should they be dismissed because
of inadequate data? It seems like a vicious circle: the systems
approach would be very useful, but cannot be applied because there are
not enough data; and data are not obtained because the "tradional"
methodology cannot benefit from them and does not need them. So, the
Scarce resources of a country may be diverted from projects that fit
better into the developing effort in favor of others whose only merit
is perhaps an apparent financial justification. Fortunately, there
are some bright spots in this otherwise gloomy picture:

1. Some information does exist, although perhaps not in the

precise form required for its utilization in systems analysis.

Some effort is needed to transform it for that purpose.

2. In some instances, it may be economically worthwhile to wait

for a given period of time in order to collect certain data



12

rather than to base designs on extremely short records or,
conversely, it may not be necessary to wait too long in order
to obtain an acceptable design. For example, Moss (10) found
that for those stream gaging stations whose purpose is to
provide a record to be used for the design of a water conser-
vation reservoir, the optimum length of record was nine years
if the project was to be initiated right after the period of
gaging, and up to the initiation of the project if it were
delayed by some reason, to an upper limit of 56 years.

3. Even if records--such as hydrologic--are of short duration,
there are techniques that make it possible to extract (not
create) a maximum amount of information. For example, the
unreliability of the statistics estimated from a short record
may be diminished by using generalized statistics obtained
from physical and climatic factors by the use of multiple
regression analyses (11), (12).

However; the investments to be made in collecting, transforming
or compiling these data should be made as rationally as possible.
Young, Orlob, and Roegner (13) pointed out that the variability of an
economic measure of system performance (such as the present value of
net benefits) depends not only upon the variability of each economic
and hydrologic parameter used in the model, but also upon the response
of the optimization model to unit changes in those parameters. The
efforts (i.e., the investments in data programs) should then be directed
towards reducing the variability of those elements with respect to

which the response of the model is the largest, provided this variability
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could be reduced by such measures. Additional expenditures for the
estimation of parameters whose variability cannot be significantly
reduced, and/or will not produce a significant response of the optimi-
zation model, cannot be justified.

The problem can thus be summarized as follows:

1. The systems approach can be a powerful tool for planning
water-resources projects within the framework of the develop-
ment efforts of a country.

2. Data limitations, however, increase the uncertainties in the
model to be applied.

3. Which are the factors that introduce the greatest relative
degree of uncertainty? Are they related to natural causes,
to the choosing of the model or parts of it, or to the esti-
mation of the model parameters? Can some of these uncertain-
ties be coped with by the use of safety factors? If so,
which would be the most rational way to determine them?

The answer to this last group of questions is the general objective

of this research. Particular goals are:

1. To determine the relative effect upon the "maximum" present
value of net economic benefits of factors such as:

a. The choice of a deterministic linear optimization model.

b. The choice of deterministic demands, and of stochastic
correlated and uncorrelated supply and irrigation demands.

c. The choice of the model to represent the autocorrelation
structure of the stochastic component of streamflow sceries,

d. The effect of errors in the estimation of the basic

economic and hydrologic factors once a model has been chosen.
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e. The effect of policy guidelines which may be expressed
as constraints in the optimization process.,

2. To explore the possibilities of developing operational stream-
flow simulation procedures for the use of a broken-line model
when the use of such a model is considered appropriate, or
as an alternative to autoregressive models for cases in which

the latter may be considered to be inadequate,

The Approach Used

The approach chosen for this research is to analyze a real situation
in a developing country in order to give relevance to it, to gain in-
sight into the problem by experimental techniques, and on the basis of
that, obtain conclusions of general applicability for the problem being
studied: the effect of data limitations on the application of systems
analysis to water-resources planning in developing countries.

A model considered to be the most adequate one based on the pre-
sent state of the art was chosen regardless of data requirements. 1In
this model the stochastic nature of both supply and demand sequences
is taken into account. Under these circumstances, the simulation
technique is the most appropriate one for the systems analysis, This
technique involves the generation of "equally likely" sequences of both
supply and demand, either independently or correlated. The system
under consideration is then defined by giving values to the design
variables (such as the reservoir size, for example) and its responsc
to each of the 'equally likely" generated sequences is obtained. This
response can be the present value of net benefits, as obtained by the

objoctive function.
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A probability distribution of responses is developed for the set
of values given to the decision variables. A statistic of this distri-
bution, such as a value with a given probability of being exceeded, can
be "optimized" by assigning different sets of values to the design
variables and repeating the procedure each time. To reduce the number
of such trials, an optimization routine can be attached to the simu-
lation program. The number of the trials may also be reduced if a
preliminary estimate of the "optimum'" value of the design variables
is obtained prior to starting with the simulation.

The use of mathematical "one shot" optimization models (such as
linear programming, for example) for preliminary screening (i.e.,
elimination of the less promising alternatives to be considered in a
complex multi-site water-resources system) has been advocated by
Hufschmidt and Fiering (14). This approach has been successfully
applied, as reported by Loucks (1S). He found, however, that if mean
flows were used in these models and if continuity was assumed (i.e.,
the storage volume at the end of a year equals the volume at the be-
ginning of next year), they were of little value for preliminary
screening. Better results were obtained when the continuity condition
was not assumed and better yet, by using stochastic models. Since the
latter models required more computer time, they were not applied until
a first screening was done using the discontinuous deterministic models.

A first approximation to the "optimum'" values of the .design
variables was thus obtained in the research described herein by using
a discontinuous determinigtic linear programming model. This was also

done for the following reasons:
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Data limitations in developing countries may increase the

temptation to define "just a couple of points" in the cost,

benefit, and loss functions, assuming these to be linear,

and to use mean flows and deterministic demands in a linear

programming model. The results of this model often may be

accepted without further consideration of the effect of such

assumptions or whether it is worthwhile to include all these

"additional complexities' in the analysis.

Furthermore, McLaughlin has stated (16) that:
One of the main dangers of preliminary analysis is the
possibility of the approximations and assumptions causing
a plan or component to be discarded when a more accurate
analysis would indicate that it should be considered for
further study. The discarded item can be said to be
biased out of future consideration. The most common cause
of bias is leaving important features out of the initial
configuration, but with linear programming bias can be
expected from two additional sources: the use of periods
that are too lung for reasonable description of hydrology
or water use and the neglect of stochastic effects.

The use of a deterministic linear programming model for a first

approximation, will then aid in exploring these matters.

Taking into account that the design of the project using "conven-

tional" methods gives a starting point and allows for the investigation

of the effects of such an approach as compared with the deterministic

and stochastic systems approach, these steps were thus followed:

1.

Selection of an actual problem in a developing country, ob-
taining of data, and derivation of a '"conventional" benefit-
cost economic evaluation,

Modification of the economic evaluation to take into account
special characteristics of developing economies, as proposed

by Mobasheri (6).
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Obtaining a first approximation to the "optimum" by using a
discontinuous deterministic linear programming model.

Analysis of both supply and demand sequences, in order to
select a model by which to generate the "equally likely"
sequences to be used in the simulation.

Obtaining a better approximation to the "optimum" by simulation
using stochastic supply and demands.

Analysis of the effect of the different types of uncertainties

introduced by data limitations.



18

CHAPTER II
REVIEW OF LITERATURE AND METHODOLOGY

In order to follow the steps mentioned at the end of Chapter 1,
existing methodologies were used either as they have been proposed in
the past or modified when the author considered it necessary. These
methodologies were used as research tools. This chapter describes
these tools in its first four sections: economic evaluation, supply,
requirements, and the objective function. The last section on the
relative importance of the planning data reviews the existing litera-
ture on the particular problem which constitutes the main topic of

this dissertation.

Economic Evaluation

Economic evaluation is by no means the only type of feasibility
study that must be made on a proposed project. Warner (17), for example,
considers six areas of analysis: technical, economical, financial,
sociological, political and administrative. At a national level, i.e.,
from the point of view of a national planning agency, the econonmic,
financial, and political aspects are of main concern, the other aspects
corresponding to other levels of planning according to the nature of
the project. Economic evaluation of a water resources project is
usually accomplished through a benefit-cost analysis. Traditional
benefit-cost analysis as practiced in the more developed countries
involves certain assumptions that cannot hold in developing economies.
Several authors have proposed different models to account for these

differences, although they require more data and make use of concepts
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which are not included in the traditional procedures used by some inter-
national financing institutions. The traditional procedure used by
most developing countries and an alternative method as proposed by
Mobasheri (6) are reviewed in this section.

Benefit-Cost Analysis: Economic evaluation of a project is obtained

through an economic feasibility study, which makes use of a Benefit-

Cost Analysis:

Costs Benefits
( Present Value) Benefit - Scale @ ( Present Value)

Maximum Net

Benefit\S\ Cost -Scale

—

o Scale of Project

Figure 2.1. Optimum Scale of a Project

The optimal level of development of a project is where the tangents
to curves 1 and 2 are parallel (18). At this point, for a unit incre-
ment of the scale of the project the marginal cost equals the marginal
benefit. To the left of 0 , marginal cost is less than marginal bene-
fit, so it pays to increase the scale to the point where marginal cost
and marginal benefit are equal. To the right of point 0 , marginal
costs increase and marginal benefits decrease, so additional incremental

units of scale are not worth their cost.
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The economic evaluation looks not only at the direct monetary
benefits and costs to the investor, but at the total national benefits
and costs "to whom they may accrue" (18). It is not an analysis for
justification (like financial feasibility), but an analysis to evaluate
the project and assign a degree of desirability to it, compared to
other projects, in terms of how well it contributes to the economic
aims of a country. If a competitive market system is functioning (i.e.,
there are reasonably full levels of employment, there exists mobility
of capital and labor forces, and competitive conditions exist through-
out the economy) then the total national economic benefits of a project
can be ascertained by the real output of the project, valued at observed
or simulated market prices, and the total national economic cost of a
project can be ascertained by the real inputs used in the project, also
valued at observed or simulated market prices (19). Then, there is no
nced to include indirect benefits and costs into the B-C analysis as
used in more developed countries for economic evaluation of projects.
Also, in the more developed countries the basic economic rationale
justifying public expenditures for water resources development is the
criterion of national economic increase, leaving to the market the
allocation of benefits among the population. In developing countrics,
however, these conditions do not exist (6). Unemployment and under-
employment, shortage of hard foreign currency and scarcity of capital’
create market imperfections and the market prices do not reflect social
preferences. On the other hand, the distribution of benefits cannot
be left to the market and the influence of the project upon things such
as reinvestment of portions of these benefits, rate of capital accumu-

lation and rate of economic growth, is one of the reasons for justifying



21

public expenditures in water resources. So the B-C analysis, as
performed in the more developed countries for economic evaluation of
projects is not considered adequate for the same purpose in developing
countries (6)(20).

Traditional Procedure: Usually, most funds for water resource

projects are sought abroad as foreign currency loans. Although inter-
national financial institutions like the World Bank (8) are interested
in questions such as the effective contribution of a project to the
development of a sector of the economy which deserves priority, and

the effects upon the balance of payments, these aspects usually are
considered only in a qualitative manner. Despite criticism on this
aspect (21) the "internal-rite-of-return rule"* is advocated for pro-
ject appraisal and a great deal of weight is placed upon the appraiser's
judgement. The World Bank approach is described by King (8) from which
the following excerpts are made:

The Bank's experience has taught that in project appraisal...
healthy skepticism is a cardinal virtue...Not withstanding this
skepticism, the Bank does not take the relatively narrow view-
point of the conventional creditor. It expects, of course,
that each loan will be repaid in accordance with its terms,
but it is just as interested in the issue of whether use of the
borrower's credit for the particular project under investiga-
tion is justifiable in terms of what it can be expected to con-
tribute to the over-all development of the country.

A first indication of the economic justification of a pro-
ject can be obtained by calculating an economic rate of return
for it...distorting factors often make an appraisal, based on
actual prices, of the economic merits of a project incomplete
and inaccurate. Sometimes enough information is available on
the real, undistorted costs to the economy of the main resourcoes
required so that appropriate adjustment can be made of the values

* This rule accepts any project for which the internal rate of
return (the discount rate which makes the present value of benefits
equal to the present value of costs) is greater than a given rate
selected by some criteria.
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of costs and benefits arrived at by the use of actual prices.

In many cases, however, only qualitative adjustment is possible...

the total costs and benefits of a project often cannot be deter-

mined quantitatively, and a sound economic view of projects must
always depend to some extent on the judgement of those carrying
out the appraisal,

For these reasons, usually only direct costs and benefits are
quantified in economic analyses. Because capital is scarce, however,
an cffort is made to account for the social opportunity cost by using
an internal rate of return higher than the market interest rate (22).
Nevertheless, market prices are used for the other factors and only
qualitative considerations are made of this aspect. The net effect
is that although national development plans state goals such as income
redistribution, increase in national savings, leveling of the balance
of payments, and the provision of employment opportunities in the
agricultural sector, the economic evaluation of projects is made based
on a model which takes explicitly into account only the financial pro-
ductivity of the invested funds. In view of this inadequacy, more
than one author has proposed models to explicitly account for the goals
of the country. One such model is reviewed in the folloying section,
It was used in this investigation as an example of the alternatives
available to the traditional approach and to see what types of limita-

tions would be encountered in the evaluation of its parameters,

Alternative Model: The optimum scale of development for a project,

as it has been defined (6), is the "optimum combination of design
variables which maximizes the value of a given objective function sub-
ject to a set of imposed constraints, invariant parameters, and con-
stants.” In a developing country, this objective function should meet

certain desirable requisites (6):



23

1. The value given by the objective function, should be the
present value of net economic benefits.

2. It should take into consideration the main concerns for
economic development, which in most developing countries are
nultiple. The main concerns are, for example, to achieve
higher rates of economic growth, to achieve a balance of pay-
ments equilibrium, to obtain a more equitable distribution of
income, and to improve the employment situation (6).

3. It should take into consideration the existence of an imperfect
market due to desequilibria such as unemployment, shortage of
hard foreign currency, and shortage of capital for investment.

A criterion has been proposed (6) which, evolving from the tradi-

tional benefit-cost analysis, provides an objective function which
takes into account the social benefits and costs of a project and re-
flects the national goals and economic characteristics of developing
countries. This criterion is as follows (6):

1. To reduce costs and benefits to a common point in time. Two

discount rates are used instead of the market interest rate,
which in developing countries is very high. These are:

a. A social discount rate r , which is a measure of the

social time preference (i.e., consume later than now).
This is deduced based upon a simplified social welfare
function and computed as equal to the rate of change of
per capita income.

= g-z (201)
= social discount rate

= rate of growth of the total national

product
rate of growth of the population

in which

© Qg
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b. A social capital productivity rate Gg » which reflects

the opportunity cost of capital, i.e., the benefits which
will not be realized because of investing the capital in

the project under consideration,

n pi n
6 =L d, -2+ (1-¢ d,)u

8 joy iT i=1

R (2:2)

in which 6g = social capital productivity rate

di = Ri/total government budget

N

-I.< 0

Ri = Ii-Fi when F1 i (2.3)

0 when Fi'Ii >0

\ y
T N &

i B Ki (2.4)

g = “1‘1’81k1’°1 (2.5)

in which L; = rate of labor growth in sector i

ki = rate of capital accumulation in sector i
F1 = (1-71)[(1-ai-mi)aixi-6ixi]

a; 8i , and €; are coefficients of a Cobb-Douglas

production function for x1
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a 8, e,t
i i "i
xi = AiLi K, "o (2.6)
in which xi = value of the annual gross production in
sector i of the economy

Ai = constant of proportionality
%
constant production coefficients

€; = rate of technological progress in sector i
Li = number of laborers in sector i

K, = value of total capital investment in sector

The remainder of the parameters involved in Eq. (2.2) are:
Yj = tax rate on profit made in sector i
a; = value of intermediate goods used in sector
in terms of proportion of the value of pro-
duction of sector i

m, = excise tax rate on products produced in sectc
i

61 = capital depreciation rate in sector i

Py ™ avge. rate of return on capital invested
in sector i

Uc = social value of present consumption

n = number of sectors of the economy.

By the use of eg » the influence of an investment in the public
sector upon national capital accumulation during the initial investment
and construction phase is taken into account.

2. Social value of net additional income received by sectors of

the economy. The social value of net additional income received
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by sector i and the portions of it that are consumed and

reinvested are taken into consideration by:
Py
vit)’ = [(l‘ui)nil (I-Pi)bity + r_[l'(l'ui)ni] (l-pi)blty (2-7)

in which vit = social value of net additional income reccived
y by sector i at period t at a scale of
development y |,

W; = average propensity to save in sector i

ﬂi = income elasticity of demand for consumption
goods, in sector i (change in the amount
of goods consumed produced by a change in
the consumer's income).

b = benefit, before payment to government for
products or services received from project
to sector i at period t when scale of
development is y

P. = percent of b paid to guvernment by sec-

ity
tor i for products and services (assumed
constant over time and independent of scale
of development).
The first term of the right-hand side represents the value of
additional consumption, and the second term of the right-hand side
represents the social value of reinvestment in the sector.

3. Revenue received from the operation of the project. Because

the productivity of capital in various sectors, the social
rate of discount, and the social rate of opportunity cost of
capital in the government sector are not equal, the revenuc
received by the public sector from the operation of the pro-
ject is included in the economic evaluation:

n

G, = £
=

P. b 0 .
ty . & (2.8)

ity = Tty
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in which Gt = net government revoy ¢ at time t and scale
Y of development y

0t = operational, maintenance, and replacement (OMR)
Y cost of project at time t .

Each dollar of this net revenue has a social value eg

Opportunity costs of productive factors. Because opportunity

" costs of productive factors are not correctly measured by
market prices due to the already mentioned imperfections of
the market in developing countries, a distortion produced by
the use of market values must be avoided. So, shadow prices
are used instead. Shadow prices are "the value of the margi -
nal productivity of factors when a selection of technique has
been made which produces the maximum possible volume of output,
given the availability of resources, the pattern of final
demand and the technological possibilities of production"
(6). The use of shadow prices is restricted in this model to
two key factors: the use of underemployed labor and the rate
of foreign exchange.

a. Shadow wage rate for underemployed agricultural labor.

The social cost of employing unskilled underemployed labor
for water resources projects is not zero. To estimate cost
two types should be considered (6): Labor type A, which is
removed from its own village (causing transfer and scttling
costs; requiring costs for food collection and redistribu-
tion; and requiring higher wages than the average farm
income to induce them to move), and labor type B, which is
used close to their village (requiring only transportation

costs and wages higher than the marginal farm income, which
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is lower than the average farm income). It is assumed that
once the construction work ends, this labor will be reab-
sorbed by the local irrigated agricultural economy, which
has higher labor requirements than dry farming agriculture.
The estimation of this shadow wage rate also starts with a
Cobb-Douglas type production function:

aag Bag eagt

Xag = Aag Lag Kag e (2.9)

in which X__ = annual gross value of agricultural pro-
duction
L__ = labor requirements in agricultural sector

K , = capital invested in agriculture, including
land value.

By maximizing profit in the agricultural sector and by the

use of this equation, Mobasheri (6) deduces the shadow price

as
Lag 2 Yag y [og
SLo=6, [J) Bay, [N - (2gpg) PrB W :
ag ag
(2.10)
|

in which SL = shadow price for unskilled underemployed
agricultural laborer

= *
Jl W ag/"co

x
»
n

annual income per laborer in agriculture

x
»
]

ag (h pag Kag/Lag) + "ag (2.11)

percent of capital invested in agriculture
received by farmers

]
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"ag = wage rate for agricultural laborer

Wco = wage rate for unskilled construction laborer

L' _ = total labor force available in agriculture

(L 'ag > Lag)

Hqp ™ 8verage propensity to save in the agricultura
£ sector

J, = added cost due to scarce living facilities,
as a ratio to "co .

The assumption is made that the only taxes in the
agricultural sector are excise taxes (i.e., no taxes for pro-
fit or wages), and that the income elasticity of demand for

consumption goods is

=] - H, (2.12)

"ag g

Shadow rate of foreign exchange. The shadow rate of foreign

exchange SF can be estimated in several ways (6):

When there are a few main exports, divide the incre-
mental production cost per ton of one of these (in monetary
units of the country) by the amount, in dollars, that the
country can receive by exporting one ton of this commodity.
Black market rates can be used as a ceiling, since they are
usually higher than government controlled rates.

The objective function is then:
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T n nop
Max 2 =1 L ¢ Z [(Q-u)n]J(Q-P)b,. + £ = x
t=l )i=l i1 i7Vity

x [1-(1-v1)ni](l-l’i)bity§ ()t

T n 1 .t

+ 1L 6] P, b -0 — - 16 _(1-2. )C +
tal {el i Vity ty ( 1+ ) g( Y) y
SL SF

in which Z = present net value of economic benefit
Yy = scale of development
T = economic life of project
C, = total construction cost

£, = percent of total cost for wages of un-
skilled underemployed agricultural labor

GF = government foreign exchange rate
ABP_ = present value of net effect of the pro-
ject on balance of payments when GF is
used to convert foreign exchange expen-
ditures and incomes into local currency.
(A1l other terms are as previously defined)

The first term on the right-hand side represents the social value
of additional consumption and of reinvestment from all sectors during
the operation phase of the project.

The second term represents the social value of revenues received

from the operation of the project. Both are discounted to a common

point in time (the beginning of the operation).
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The third term represents the social cost of the project,
and the last term represents the effect of the project upon the
balance of payments.

ABPy is computed as:

T 1 ¢ Tfm 1 .\t
8BP = -f C - & £ 0 (+=—)+ ctlcz £ b (=)
y cy'y t=l oty ty ° ls+r tol [i=1 ity “ity ler
T n
1 .t
- I r £ 0 (+—) (2.14)
t=1 | i=1 ity ity l+r

in which C_ = total construction and installation cost of project
Y at scale y .,

féy = percent of C which requires foreign exchange .
y

oty = OMR costs at period t .,

foty = percent of oty which requires foreign exchange.

bit = benefit from project to sector i at period t and
y scale y .

= percent of b which goes to export or to reduc-

£ty ity

tion of imports.

oit = associated operation cost by sector i to produce
Y benefit bity at period t , and scale y .

£

ity percent of Oity which requires foreign exchange.

If the stream of the costs and benefits to be discounted is constant

and finite, Eq. (2.13) can be expressed as

Y n n o i
t i
= - - 2 — 1- - l-Po b F
Max 2 ifl (@ "1)"11(1 Pi)bity + ju] T [1-(1 ui)"i]( 1) ity *
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\

n
SL
* ieg &) Fi Piey " Oy }F o G 5G]

+ (gg - 1) aBP (2.15)

and Equation (2.14) as

n n
ABPy ] fﬁy Cy - foty 0ty F + ifl fity bity F - ifl f'ity oity F
(2.16)
+n)T -1 1-(1en)T
in which the factor F = T (2.17)
r(l+r) r

is the present value of an annuity.

In water-resources projects the annual benefits start gradually
and do not reach the estimated values until a few years have elapsed.
In some instances, such as in the case of irrigation charges, a govern-
ment in a developing country may give the water free of charge for the
first few years of a new project, in order to help the farmers to get
started. In these cases a factor similar to F can be used (6):

1. If it is assumed that the return is increasing uniformly

during the initial years of the project:

100 1-aet | |11 At )| aen

F' =
r r t tr o)t -n r

(2.18)

in which t = period during which the return increases
uniformly.

T = economic life of project.
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2. If no return is obtained duving the first t years of the T

years of economic life:

1-(1+r) T _ 1-(1sr) "t (2.19)

F" =
r r

Autoregressive Processes

The topic of parameter estimation for autoregressive processes is
first reviewed in a general manner, leading to the particular case of
first-order processes and the sampling properties of their parameter.

Autoregressive Processes: If a pure random process, i.e., a pro-

cess whose autocovariance function vanishes for all lags not equal to
zero, is an input to a linear system, the output is defined as an auto-
regressive process (23). In discrete time the relationship between
input Ny and output €y in a linear system can be described by the
solution to a linear difference equation. For a first-order linear

system it can be shown (23) that this relationship reduces to

€, = ¢1 €1 * N (2.20)

which is the first-order autoregressive or Markov model.

Parameter Estimation: Box and Jenkins (24) discuss the manner in

which exact maximum likelihood estimates of the parameters of an auto-
regressive process can be obtained. Because the resultant equations
are complicated functions of these parameters, four approximations
have been suggested (23), (24):

1. Exact least squares estimates.

2. Approximate maximum-likelihood estimates.



3. Yule-Walker estimates (also approximate maximum likelihood
estimates).

4. Least-squares estimates of the regression coefficients of a
regression whose "dependent" variable is ¢, and whose
"independent" variables are ¢ > , Stc.

t-1 t-2

In the case of a first-order autoregressive model, the Yule-Walker

estimates are approximations to the parameter ¢1 by means of the

first-order autocorrelation coefficient r (24). Several ways to

1
estimate r. are found in the literature (25) (26) .

1
When both the "dependent" and "independent" variables are random
variables, all estimates of the parameter ¢1 are biased (27)(28).
This bias depends upon the population value of the parameter and upon
the sample size (26). Several ways have been suggested to obtain

approximately unbiased estimates of r (25), (26), (28), (29). These

1
corrections, however, will depend on which estimate of Ty is being

used, which is not always explicitly stated in the literature.

Sugglz

Traditionally, the design of a water-resources facility--such as
a reservoir for conservation purposes--has been based on an analysis of
the historic streamflow sequence available at the proposed site. From
this historic sequence, a '"critical period" (or period during which the
least favorable streamflow conditions existed for the purpose of the
design) was selected and, on this basis, the required reservoir size
was obtained by a mass curve analysis. Because of the stochastic nature
of streamflows, there is no assurance that the observed streamflow
sequence will repeat itself in the future. There are many sequences,

all equally likely, that can occur. Within these sequences, one or
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several periods which are more "critical" than the historic "critical

period" may also occur.

Autoregressive Models: Models for stochastic generation of equally
likely streamflow sequences tend to presorve certain statistical charac-
teristics estimated from the available historic streamflow sequences,

It is generally believed that, unless the historic record is very meagre,
these characteristics may constitute good estimates of the population
parameters. However, in the case of annual flow series between 40 to

60 years are needed to obtain estimates of the mean and variance, with
errors varying from 2 to 20 percent and from 15 to 60 percent respec-
tively. The normalized standard error of estimate for the first auto-
correlation coefficient was found to be of the order of 200 percent

with less than 40 years of data (30). The models most generally used

for streamflow simulation are first-order Markov models. Their struc-
ture incorporates a deterministic component and a residual, which follows

a first-order Markov model as in Eq. (2.20).

Et = Ql Ct_l + Ne (2.20)

in which et = residual at time ¢

01 = autoregressive coefficient

residual at time t-1

€t-1

ne = independent stochastic component for time t

Some of the latest ones incorporate a cylic variation into the parameters
of their deterministic component, such as the mean, standard deviation,
and first order autocorrelation coefficient of flows (31). Some take
into account the 12 computed monthly values of these parameters (in

monthly generation, for example), and some represent the parameters by
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the sum of harmonics in a Fourier Series expansion. Some models use
the observed flows and others use a previous tranformation,,such as the
logarithms of the flows.

In the work by Rodriguez et al., (31), a comparison of four types
of autoregressive models was made with respect to their adequacy for
simulating monthly streamflow sequences, which preserved certain pro-
perties of the historical record that were considered important for the
design of reservoir storage capacity. All models had a cyclic struc-
ture and their most important characteristics are summarized in Table
2.1. Their conclusions regarding these models are as follows (31):

The cyclic or seasonal variation in the standard devia-
tion should be incorporated in any model to be used for
studying storage characteristics. The inclusion of sea-
sonal variations in parameters like the skewness and the
first autocorrelation coefficient does not improve the
overall performance of model 4.

The type of distribution used for the random component
of the model does not appear to have major influence
in the reproduction of the historical range when the
mean value of the series is used as reference level.

Serious problems may arise when working with logarith-
mic models which tend to preserve the statistics of the
logarithmic series rather than those of the historical
record. The magnitude of the distortion increases when
the statistics of the logarithmic series are drastically
changed as a function of the increment added to the
original series in order to avoid infinite logarithms
for zero flows,

Broken-Line Model: Autoregressive models, although the most common

are not the only ones which can be used for streamflow simulation. For
example, a "broken-line" model has been studied by Ditlevsen (32) and,
more recently, by Mejia, Rodriguez and Dawdy (33). These studies have
shown that if the second derivative of the correlogram at the origin

p""'(0) of a stationary process exists, the extreme values and



Characteristics of the Four Streamflow Generation Models

TABLE 2.1

Compared in Reference (31)

Periodicity Esti-

Periodic Component Considered

Uses Loga- Distri-  Amplitudes

mated by in rithms Trans- bution of and Phases
formation of Random of the Ba-
First Flows Component sic Cycle-
Model Order
Auto
Skew- Corre-
Fourier Directly Standard ness lation
Analysis from Data Means Deviation Coef. Coef.
1 Yes Yes Normal Constant
2 Yes Yes Yes Normal Constant
3 Yes Yes Normal Time
Varying
4 Yes Yes Yes Yes Yes Yes * Pearson
II1

* In order to avoid infinite lo

to each monthly flow.

garithms when zero values are present, a small increment is added

(e
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crossing properties of such a process are related to this parameter.
Moreover, aVlonger "memory" can be included in the model much more
easily than in autoregressive models by using fewer parameters.
Following the work by Ditlevsen (32) and Mejia et al., (33),
the broken-line model can be described by Figures 2.2 and 2.3 and by
the’following equations.
The meaning of Figure 2.2 is that a given v;lue of a stationary
process, such as Qt » can be obtained by a sum of points in a series

of broken lines of different frequencies. This can be expressed by

N
Qt) = I £.(t) (2.21)

i=1
in which N is the number of broken lines added. Furthermore, Ei(t)
can be expressed by

'- = T —————— -
E:i(t kiai) ni,n * a; (ni,n+1 ni,n)

t! e[nai,(n+1)ai] (2.22)

in which the ni's are mutually independent, identically distributed
random variables with zero mean and variance of » and the ki's are
uniformly distributed [0,1] random variables independent of the ni's.
The parameter a; is a given positive number or "memory parameter.

The meaning of the above equation can be obtained from Figure 2.3.



Stationary Process

Figure 2.2,

Broken-Line Model
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Figure 2.3. Single Broken-Line Process

The single broken line process, as described by Equation (2.22) has the

following autocorrelation function:

3
( 1 - 3'(t/ai)2(2 - t/ai) for E%L e[0,1]
3 () = - ;]i-(t/ai - 2)° for Ja-';J- e(1,2) ? (2.23)
) l¢]
0 for - 8[2,“]
34

in which t is the lag. The autocorrelation function of the broken-line

process given by Equation (2.21) is

N 2
L o, pi(t)
i=] 2
p(t) = N (2.24)
2

Lo
ja 1



NI .

¢ 3

i .41‘ f
[
’

N
in which pi(t) is given by Equation (2.23) and & ai is obtained
' ! i=1
from
N
2 o =1 (2.25)
i=1

which is the variance of the process. The correlogram "dies-off" at

t = Zan and its second derivative at the origin is given by

No oy,
p"(0) = -2 ‘21 () . (2.26)
= 1

The parameters of the broken line process are thus N (the number

of broken lines), N memory parameters a; , and N variances of .

Requirements

The terms 'water requirements" and "water demands" will be used
interchangeably to mean those water quantities that a given water
resources project is expected to deliver under certa%n specified condi-
tions for allowable shortages. The three types of water demands most
commonly found in developing countries are for urban supplies, for
irrigation, and for hydropower generation., A deterministic approach
has been traditionally used for their estimation. Lately, their sto-
chastic nature has been recognized and studied (36), (37), (38).

Deterministic Approach: The traditional way of estimating water

demands has followed a deterministic approach, i.e., to postulate a
model to describe the relationship among the factors involved and, once
these factors are evaluated, to assume that the model determines a cer-

tain result.
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Irrigation: An estimation of the future crops and crop patterns
in the project area is made, along witb the area to be covered by each
crop. If irrigation is going to be of a supplemental ‘nature, an esti-
mation of the average effective precipitation (i.e., that portion of
precipitétion that is available for crop-use) is made for each period
considered (e.g., months). An estimation of the crop consumptive use
(that quantity of water required by crops for their proper growth) for
each period is then obtained. The Blaney-Criddle method for estimating
consumptive use utilized by the Soil Conservation Service (34) has been
adopted with some modifications in some developing countries because
the data required are usually available (mean monthly temperature,
monthly percentage of annual daylight hours, and an empirical crop-use
coefficient). The difference between the consumptive use and the effec-
tive precipitation is the water needed by each crop which, multiplied by
the area to be covered by the crop, gives the total water requirement.
After a correction for irrigation efficiency and conveyeance losses is
made, the quantity of water to be delivered by the project for each
period is obtained.

Hydro-Power: This involves a projection of energy demands, which
may be done in several ways, two of which are (22): by extrapolation
of trends based on an historical record of energy consumption, and by
per capita consumptions estimated in comparison with other countries.
The former method may not be adequate if supply has been limited by the
means of production rather than by demands, as is usually the case in
developing countries. The latter method involves a projection of the

growth of both population and national economy, since it is based on
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estimates of future energy per capita per year and Gross National Product

per capita per year. This eccimated future growth of annual energy

demand is met by staging the construction of projects, not all of which

are hydro. If a given poftion of the annual demand at a given stage is

to be satisfied by a hydro project, the water requirements are estimated

as follows (35):

1.

4.

From a historical record of the energy used each year and each
period of the year (e.g., months) an average percentage of
annual energy used in each period is determined. This percen-
tage multiplied by the estimated future annual energy demand
gives the estimated energy demands for each period.

The water requirements for each period are then easily estimated

by the known formula

E

. t
%" IERR R e xhpp (2.27)

in which Qt = flow in period t (cubic meters per second)
Bt = energy demand for period t (Kw-hours)
= net average head (meters)
€ = estimated efficieﬁéy of turbines and generators
h.p.p. = number of hours per period

The portion of the annual demand to be satisfied by the hydro
project is found by a succesive approximations procedure from
a mass curve analysis of water supply and demand, repeating
.Step 2 each time.

The ratio between a hypothetical average power demand over a

given period and the maximum power required during this period
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gives the load facyor for that period. The average power demand
for a period (in Kw) cép be obtained from historical records by
dividing the‘enérgy demand for the period (in Kw-hr) by the
number of hours in that period. The maximum power required
during a given period may also be obtained from historical
records, usually given as the peak hourly demand in that period.

The capacity to be installed can then be obtained as follows:

E
. . t
Installed capacity in Kw = max [h.p.p. = L.F.] (2.28)
in which Et = average energy demand for period t (Kw-hr)
h.p.p. = number of hours per period
L.F. = average load factor for the period

Urban Water Supply: The method of estimation of urban water supply

demands is somewhat similar to that for power demands (35). It includes
projections of population and of per capita consumption from which to
estimate the quantity of water required for each period. As is the case
for power, this also involves projections of economic conditions since
these will have an influence on per capita consumption. If water for
industries is included in the water supply, the estimation of future
demands will be more complex. Usually, industrial demands are considered
apart from urban water supplies, which include only water for what is
called "municipal uses" (human and household consumption, fire-fighting,
public areas, etc.).

Stochastic Approach: Projections of future conditions are subject

to a great deal of uncertainty. In the first place, the demands are
deterministic-stochastic time series and the future values cannot be

expressed by unique values '(they could if the variability introduced by
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the stochastic component in them were insignificant compared to the
deterministic component and if this deterministic component did not
change with time). Unlike supply sequences, it has not been so widely
recognized, however, that.the demands or water requirements on which
the designs are based may also be stochastic in nature and either
dependent or independent of the streamflow or supply sequences (36).
In fact, although many references can be found in the literature on
which the stochastic nature of the streamflow is accounted for, only
two (37) (38) were found in the present review of the literature in
which a definite attempt to treat the demands as stochastic variables
has been reported.

Irrigation: In reference (38) the use of stochastic irrigation
demand sequences is reported by taking into account the stochastic
nature of both precipitation and evaporation. As stated before, this
was the only reference found which studied this aspect.

Urban Water Supply: In the case of urban water supplies, an analy-

sis such as the one presented at the Urban Water Resources Systems
Institute recently held at Colorado State University (39) shows that
three components may be identified from a historical series of water
demands: a trend, a cyclic component, and a stochastic component. How-
ever, the existence or absence of water meters, the pricing system and
the composition of the population served, are factors which complicate

the analysis and comparison of historical water demand series. Further-
more, even if a trend is identified it will changé with time, so that

a projection of this trend into the future (which is usually based on
population projections) is subject to uncertainty. Similar considerations

can be made for power demands, although the picture is here complicated
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by the fact that historical records of power demands in developing
countries are restricted, in the sense that supply has deen limited
by the means of production. Altouney in his dissertation (7) makes an
exccellent review and analysis of the different methods of population
projection. He also analyzes a total of 128 separate forecasts of the
national population of the United States, and 405 forecasts (generally
made by the arithmetic, geometric or graphical method) made by local
engineers for cities or metropolitan areas, concluding that for national
projections no systematic bias existed (a cycle‘of underestimation gen-
erally followed a cycle of overestimation) but that for local projections,
engineers tended to overestimate (the "safety factor"). He also con-
cluded that the length of the forecast period appeared to be more signi-
ficant for the accuracy of the results than the projection method used.
He presents curves showing the variation of the average m and standard
deviation s of the ratios of actual to predicted population on a
national and local level, with the forecast period in years. Statistical
tests indicated that the ratios of actual to estimated future local popu-
lation followed a normal distribution.

Hydro-Power: Monte Carlo technicues* were used in reference (37)
to generate annual power demands. A triangular probability density
function was assumed for the annual demand growth rate. The parameters
defining this function were a pessimistic, an optimistic, and a "most
probable" growth rate estimate for each year, with the additional condi-

tion that the area enclosed by the triangle equalled unity,

*  Procedures by which a series of random numbers following a given
probability distribution is obtained.
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The Objective Function

évery unceitaintyvinvolves an additional cost that must be added
to those included in a situation where all the consequences of a decision
are assumed to be known accurately in advance. Several procedures to
explicitly take uncertainty into account in decision making were reviewed
by Dorfman (40). The concept of a "loss function" was proposed to make
some allowance for the uncertainty introduced by the stochastic nature
of the hydrology, by using the expected value of the loss function.
This loss function is viewed as a measure of the loss due to the dif-
ference in benefits obtained as a result of the actual sequence of stream-
flows, and those that would have been obtained if the quantity of the
water for which the project was designed would have been available. The
form proposed by Dorfman and used extensively throughout reference (40)

is as follows:

Z(Yn,Yt) = B(Yn) - L(Yn-Yt) (2.29)
1n which Z = expected net benefits in period t , as a function of
Y and Y_.
n t
Yn = normal supply of water for which the project was designed.
Yt = supply of water actually obtained in period t
= normal net benefits that would have been obtained in period
t if the supply during that period would have been Yn .
L = expected value of the losses due to the fact that the

supply was Y_ and not Yn ; as a function of Yn-Yt .

t

This same procedure was used by Hufschmidt and Fiering in their
simulation model of the Lehigh River Basin in Pennsylvania (14), although

they suggested the maximization of a function
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Z=y+Ro (2.30)

in which y is the preseﬁt value of expected net benefits; o is the
present value of the standard deviation of net benefits; and R (a
negative value) is a pérameter of risk aversion. Because the economic
impact of a deficit is more important than that of an excess (since
water users are usually set up to work with a given assured quantity of
water and sometimes cannot use any available excess) more emphasis has
been given to the losses, although it is recognized that "negative
losses" can also occur.

The concept of a loss function has been subsequently used and
modified by several authors. Fiering (41) presented a general type
of loss function which incorporates the effect of the sequence of the
shortages, i.e., whether they occu: consecutively or spaced in time.
This loss function is of the following type:

T

z 2t (2.31)
t=1

[
n

in which L = total loss in all T periods considered.
Ly = loss in period t .
bi,t = input coefficient (for example the relationship between
an economic loss and a water shortage).
6i = flow requirement minus outflow in subperiod i (positive

or otherwise zero).

N, = number of consecutive shortages in period t .
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P = number of subperiods i in each period t .
T = total number of periods t considered.
k,a = input coefficients

The "'shortage index'" concept presented by Beard (42) fa}ls within
this general framework. This shortage index is defined &s the sum of
the squares of annual shortage ratios over a 100-year period. A shortage
ratio is the difference between the quantity of water required and sup-
plied, divided by the quantity demanded. This ratio, computed for each
year, is squared and added over the period considered. This sum is
divided by the number of years in the period and multiplied by 100 to

convert it to a 100 year period. The shortage index is then

1=(z sty % (2.32)
t=1
in which:
St (a positive value, zero otherwise) = shortage ratio for year t =
Y -Y
n,t t
St = -%——-——- (2.33)
Yn,t = demand for year t .
Yt = supply for year t .
T = number of years considered

An economic measure of the losses can be obtained if this index is
multiplied by an appropriate coefficient "K" , which can be a function
of the present value of an average annual economic unit loss "b" as
will be shown later. The same result can be obtained by making p=1,

k=2, a=0, and b a constant in Equation (2.31).
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Relative Importance of the Planning Data

So far, as reported by James, Bower, and Matalas (43) "only a few
limited efforts to assess the relative importance of the planning vari-
ables have been made." Among these efforts the work by Altouney (7) can
be considered as one of the most important initial contributions in this
respect. He proposed a way to evaluate a-posteriori the probability that
a given estimated net benefit is equalled or exceeded, based on the esti-
mated costs and population projections. He did not, however, consider
the demands or the hydrology as periodic-stochastic time series, and
he did not treat the problem of design to maximize the net benefits in
accordance with a given probability of being equalled or exceeded.
Nevertheless, his work showed the importance of the uncertainties intro-
duced in the designs by the cost and benefit estimations. The effect
of the streamflow record length was studied by Dawdy, Kubik and Close
(44). They showed that in water resources project design, the expected
net benefits decreased as the length of hydrologic record decreased,
thus suggesting a way to estimate the "worth" of a given increment of
record length. Their results also showed that the variability of the
required storage capacity increased as the record length decreased. This
was corroborated in the study reported by Close, Beard, and Dawdy (45)
in which they showed that the variance of net benefits increased as the
length of streamflow record decreased.

The work of James et al., however, is perhaps the most complete
to date. They considered a series of reservoirs designed to meet water
supply and estuarine water quality requirements downstream. They tested

the éensitivity of the system performance--measured by the number of
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months of failure to meet dissolved oxygen requirements (D.0.)--to two
alternative values of four variables: the waste load and water-supply
projéction for year 2010 ﬁased bn population projections (economic),

the dissolved oxygen target (political), the modeling of estuarial behav-
ior (physical), and the length of the sequence of monthly streamflows
(hydrologic). By an analysis of variance, they found that portion of the
total variance of the number of monthly failures of D.0., that could be
atttributed to each of the four variables and ranked them accordingly
(economic, political, physical, and hydrologic). They treated only a
component of the demand (the projection of the trend), and they were not
concerned with the design to maximize net economic benefits.

Young, Orlob, and Roesner (13) pointed out that the net economic
benefits could be considered as a function F of independent random
variables, contained in two vectors of economic data E and of hydro-
logic parameters H . The approximate general expression for the variance

of net benefits was:

n
var (B) = I (& ) var (e;) + : (‘H) var (h,) (2.34)
i=1 j=1
in which:
e; = an element of E
hj = an element of H

This implies that the variance of net benefits depends not ohlg
upon the variance of each economic and hydrologic element but also upon
\
the response of the optimization model to unit changes in these elements.

The efforts should then be directed towards reducing the variance (if
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feasiblej of those elements with respect to which the partial derivatives

of F were the largest.
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CHAPTER 111
EXAMPLE PROJECT

A real case in a developing country was selected to set the stage
for this reéearch. Real situations were considered, real data were
used, and real data limitations were confronted. This line was followed
as long as possible, although certain departures from it were necessary.

The project selected is located in Guatemala, Central America.
Existing studies on it are at a very preliminary stage, so that it
practically had to be developed "from scratch" based on the available
information. A detailed description of its location, water uses, geo-
physical and economic data analysis, demand projections, cost and bene-
fit estimation, benefit-cost analysis, and determination of the coef-
ficients needed by Mobasheri's msdel is included in the Appendix. Only
a brief summary of its location and description and the results of the
conventional benefit-cost analysis is included in this chapter. The
sources of information for this chapter are those listed alphabetically

at the end of the Appendix.
Location

The government of Guatemala is considering the development of
land and water resources in an area of about 14,400 square kilometers
located in the northern part of the country, lying within 90°30' longi-
tude West, and 15°00' and 16°00' latitude North. Except for its East-
central part, this region is underdeveloped and very few settlements
exist within it. There is also a colonization project for the region
north of the 15°40' parallel, lying between the 91°15' meridian at
the West and the Caribbean Sea at the East. This project (see Figure

3.1) includes the building of roads and other infrastructure
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features and is aimed at decreasing the demographic pressure now existii
in the Western highlands. Preliminary studies show good possibilities
for hydro-power generation and for the obtaining of water for municipal
and agricultural purposes by means of a series of dams and reservoirs
located at several places along the main rivers within the project
area., One of these sites could be El Jocote, on the Chixoy River
(drainage area approximately 5762 square kilometers). The site at El
Jocote is located at approximately 37 kilometers Southwest of Cob;n,
the provincial capital of Alta Verapaz, and at approximately 90 kilo-
meters North of Guatemala City, the nucleus of the central power dis-
trict. Some 50 kilometers to the North of El Jocote, the existence

of approximately 42,800 Hectares of land with moderate suitability

for irrigation has been estimated.
Water Uses

From topographic maps it was determined that physical conditions
would allow the building of a dam with a maximum height of 240 meters
(elevation 560 to 800 meters) and a maximum crest length of about 840
meters in a V-shaped canyon. The only road relocation would be that
of about 10 kilometers of the old road from Hueiiuetenango to Cob;n.
An additional 180 meters of fixed head could be obtained by a tunnel
of 9.75 kilometers. Thus, by assuming a minimum reservoir head of 50
meters, 230 meters of fixed head would be available. Since the mean
annual flow of Chixoy River at that point is about 66 cubic meters
per second there are good possibilities for hydro-power development.
From El Jocote, releases for irrigation could be made to the Chixoy

River (through the turbines whenever possible) and diverted at a point
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Location Map for the Guatemala Project
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some 40 kilometers downstream. From this point water would be conveyed
to the irrigation areas by lined conveyance canals.

The éystem layout is as follows:

Chixoy Irrigation

Section
El Jocote
Dom ond Reservoir B
Chixoy 18900 Ho.
River Diversion
_ ——
Iicbolay
Irrigation Section
Power
Plant
Tunnel 11800 Ho.

9,75 km

Canilla Irrigation Section
12100 Ha.

Figure 3.2. System Layout of the Example Project.

Benefit-Cost Analysis

This section is divided into sub-sections about cost, benefits,
and net benefits,

Costs: The computation of costs was based on the sizes of the
different elements of the project and on the cost curves given in the

Appendix*. A summary of these costs is as follows:

* Costs and benefits are given in Quetzales, the monetary unit
of Guatemala, represented by the symbol Q . The equivalence is
1 Q = 1 U.s. $ .
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Element Sizes:

Reservoir: 1060 XlO6 cubic ‘meters

Hydro plant: 175,000 Kw

Irrigétéd area: 24,700 Ha (including 2,000 Ha involving

. pumping)
Conveyance canals: 55 Km
Tunnels 9,75 Km
Transmission lines: 37 Km
Diversion works: L=250m; h=25m

Capital Costs:

Reservoir Q 58,000,000
Hydro plant 30,000,000
Tunnel 12,550,000
Transmission 1,180,000
Diversion 5,450,000
Conveyanre 9,620,000
Irrigation network 6,800,900
Pumps 400,000

Annual Costs:

Q 124,000,000

Power plant Q 750,000
Reservoir 38,000
Irrigation 240,000
Pumping 12,000

Q 1,040,000
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Benefits: Benefits from irrigation are obtained from Figure A.9

of the Appéndix. Energy price: in Guatemala are structured as follows:
TV = NI + OE (3.1)

in which TV is the total energy value, NI is the net income of

the power entity, and OE is its operation expenses. These operation
expenses include direct expenses, depreciation, administration expenses,
general expenses, and operation and maintenance costs. The net income

is given by

NI = === x FC (3.2)

in which re is the rentability rate of the power entity in percent,
and FC is the fixed capital. The fixed capital includes the invest-
ment in both construction and operation of the different components of

the system. The total energy value becomes then

re
TV=(W)FC+OB (3.3)

According to the national development plan, the total investment
planned up to 1979 is Q 137,934,400 including all previous investments
but excluding this project. According to plans, the total available
energy for 1980 will be 1,557.75 million kw-h. Total operation expenses
were not given, but they were estimated based on historical data of
operation expenses and installed energy and from estimates made for
some of the projects planned for the decade of the seventies . A figure

of Q 14,000,000 was obtained.
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To convert the total energy value to a price per kw-h TV , as
given by Equation (3.3), was divided by 85 percent of the 1,557.75
million kw-h estimated for 1979 (15 percent losses are assumed for
transmission and distribution). The energy price adding E1 Jocote
Project would be computed as follows:

12137 934 100 + 4FC) + (14x10% + AOE)

EP = 557750 000 x 055+ 0.85 AE)

(3.4)

in which EP is the energy price in Q/kw-h » AFC is the investment
to be made in this project, AOE is the operation expenses of this
project, and AE is the annual energy to be produced by this project.
For an re of 9 percent, this price is Q 0.018/kw-h.

Net Benefits: Based on the above, and using the "traditional

procedure" described in Chapter II, Table 3.1 shows, for different dis-
count rates, the stream of costs and benefits during an estimated

economic life of 50 years. From this table, it is seen that the inter-
nal rate of return of the whole project lies between 11 and 12 percent

(closer to 12 percent).
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TABLE 3.1

Benefit-Cost Analysis for El Jocote Project, Assuming an Energy Price of
Q 0.018/kw-h and a Net Rentability for the Power Entity of 9 Percent.

Actg:iiz:tion Costs in Million Q Benefits
Discount ° (Present Net Benefits
Rate in (1+r)T -1 0 and M Value) (Present
Percent _——— (Present in Million Value) in
T r(1+r)T Capital Value) Total Q Million Q
6 15.76 124.00 16.40 140.40 246.00 105.60
7 13.80 124.00 14.40 138.40 216.00 77.60
8 12.23 124.00 12.80 136.80 192.00 55.20
9 11.00 124.00 11.45 135.45 172.00 36.55 -
10 9.90 ) 124.00 10.30 134.30 155.00 20.70 N
11 9.02 124.00 9.40 133.40 141.00 7.60

12 8.30 124.00 8.65 132.65 132.00 -0.65
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CHAPTER IV
DETERMINISTIC MODEL

To obtain a preliminary estimate of the "optimum" value of the
design variables, as stated in Chapter I, a discontinuous deterministic

model is used.

Settiggﬁof the Model

For the supply and demands, each year of a "critical period" was
divided into two six-month periods: a wet period from May to October,
and a dry period from November to April. Average values for each period
were used. The "critical period" was assumed to be the five years for
which isgrage capacity was required according to a mass diagram analysis.

fghe objective was to determine that combination of irrigated land
area, installed capacity of the power plant, and reservoir storage
required to maximize the objective function subject to certain con-
straints, as specified in the next section. For the evaluation of the
present value of net benefits, the economic model proposed by Mobasheri
(6) was used (see Chapter II). It was assumed that the benefits to
industry and agriculture, as well as the net revenue from energy sales,
increase uniformly during the first five years of operation of the
project, to reach their constant value at the end of the fifth year,
and that the farmers receive the water free of charge during the first
five years in order to help them get established, The coefficients of
Equations (2.15) and (2.16) were evaluated based on the parameter values

assigned in Section A.5 of the Appendix.
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Three crops were originally considered: Pasture, corn, and beans;
part of the area for beans included some pumping. However, preliminary
trials showed that the coefficients in the objective function of the
variables corresponding to the areas with pumping were negative, so they
were eliminated from the analysis. Moreover, the deterministic demands
for irrigation resulting from the analysis were of minor importance
when compared with the deterministic demands for power. Since this
could impair the sensitivity analysis to be done afterwards in relation
to the effect of the correlation among supply and demand sequences, a
hypothetical crop was considered. This hypothetical crop was assumed
to have twice the irrigated requirements of beans, the same seasonal
distribution of these requirements and the same benefits per irrigated
hectare. The total available land for this hypothetical crop was assumed
to be 80,000 hectares, at a distance of 15 Kms. from the diversiqn. This
land is less than the upper limit considered by Maass et al., (40) to be
feasible for irrigation without pumping, but is about twice the amount
considered available in the region. As far as irrigation is concerned
then, the example departs from reality. However, a departure, from real-
ity already was made when for the sake of the research effort, irrigation
was kept within the analysis although the preliminary conventional econo-
mic evaluation suggested it be eliminated. In that instance, however,

a political decision might have produced the same effect whereas no
political decision can increase the irrigation demands and/or increase
the land available for irrigation.

Table 4.1 gives the data used for the deterministic model and

Figure 4.1 shows the revised system luyout.
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Figure 4.1. System Description for the Deterministic Model

= flow in period t in 106 cubic meters, t =1,2,...,10 .

= storage reservoir size including minimum pool, in 106 cubic
meters.

= contents of reservoir at the beginning of period t , in 106
cubic meters.

= total releases from reservoir during period t , in 106 cubic
meters.

portion of the reservoir relegses not used for power genera-

t tion during period t , in 10° cubic meters.
P = installed capacity of power plant in 106 kw.
CtE
P = Max L.F.t X hours in 6 months| 0.0001948
E = annual energy demand to be satisfied by project, in 106 kw-h,
R = area to be irrigated, in 106 Ha.



TABLE 4.1

Data Used in the Deterministic Model*

Irrigation Seasonal
Year Streamflow in Requirements Average Average
Million Cubic in Cubic Meters Load Percentage
Meters per Hectare. Factor of Annual Energy
L.F.
£, T, t C,
Wet Dry Wet Dry Wet Dry Wet Dry
Season Season Season Season Season Season Season Season
1962-63 1,100 384 0 12,600 0.6103 0.5849 0.5024 0.4976
1963-64 892 390 0 12,600 0.6103 0.5849 0.5024 0.4976
1964-65 1,101 400 0 12,600 0.6103 0.5849 0.5024 0.4976
1965-66 1,060 502 0 12,600 0.6103 0.5849 0.5024 0.4976
1966-67 1,835 496 0 12,600 0.6103 0.5849 0.5024 0.4976

* Obtained from sources listed in

section A.7 of the Appendix.

v9
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Description of the Model

'The description of the model is divided into two parts: The
description of the objective function, and the description of the con-
straints.

Objective Function: Equations (2.15) and (2.16) can be combined

into an expression of the following type:

n
Max, Z= I C, _ X, 4.1
jep dox i (4.1)
in which Z = present value of net benefits.

C.
i,x

a coefficient (which can be positive or negative and not
necessarily constant) including present value of annuity
factors, the net effect of costs and benefits corresponding
to a scale of development x of variable i , net effects
on balance of payments, shadow rates for underemployed
labor, social capital productivity rate, etc.

X5 variable i developed to scale x .

number of variables.

n

Equation (4.1) can be nonlinear or linear depending on whether the
coefficients Ci,x do or do not include one or more of the variables
Xi in their structure.

Combining Equations (4.1) and (3.4) and using the data of section
A.5 of the Appendix, the objective function of the deterministic model

is as follows:

Max Z = (19.ZOBR-24.110R-1.2145CR)R - (0.004440p+0.000243Cp)E

r_e_
+0.277+8.60 {190
2 [1320+0. 85E]

1

[(151.6644)+(0.000194E)Cp+CyY]+[14.0+(0.000194E)UP+OYY{}
E

-(22.80y+1.234CY)Y-(0.2159)L-23.766 (4.2)
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in which:

Z = present value of net benefits, in Q 106.

R = area to be irrigated, in 106 Ha.

E = annual energy demand to be satisfied, in 106 kw-h.
Y = storage reservoir size including minimum pool, in

106 cubic meters.

BR 0R and CR = annual benefits, annual operation and maintenance
» costs, and capital costs for irrigation, in Q 106

per 106 Ha,
0 and C_ = annual operation and maintenance costs, and capital
P P costs for the power plant, in Q 106 per 106 Kw.
0y and Cy = annual operation and maintenance costs, gnd capital

costs for the storage reservoir, in Q 10" per 106

cubic meters.
re = net rentability for power in percent.
L = length of conveyance canal, in Kms.

By defining Z' = Z + (.215900)L + 23.766 and maximizing Z' the
last two terms of Equation (4.2) are eliminated. The value of L is
15 Kms. if irrigation is included and zero otherwise. All the costs and
benefits in this equation are nonlinear functions of the elements R ,
P, and Y, so this equation is actually nonlinear of an order higher
than two.

Constraints: The following groups of constraints were considered:

1. The area to be irrigated cannot be greater than the total

available area:
R <0.08 (4.3)

2. The contents of the reservoir at the beginning of period t ,

must not exceed the contents of the reservoir at the beginning
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of period t-1 plus the inflow during period t-1 minus the

outflow during period t-1 :

S S, < f

t-1"0¢ St (4.4)

N

The total releases from the reservoir during period t should

not be less than the irrigation requirements for that period.

If r 6 cubic meters

t
per 106 Hectares, this can be expressed as follows:

is the requirement for period t in 10

at-rtR >0 (4.5)

The contents of the reservoir at the beginning of period t
plus the inflow during the period minus the outflow during the
period should not exceed the conservation capacity of the
reservoir. Since the minimum pool is 108 x106 cubic meters,

this constraint can be written as follows:

at-st+Y Z_ft+108 (4.6)

The releases during any period should not be less than those
necessary to produce the energy for each period. The water
volume requirements to produce a given quantity of energy during
any period, can be evaluated using Equation (2.27)., Calling H
the average gross head in meters and using the efficiencies
assumed for Table A.6 of the Appendix, this constraint is as

follows:

>0 (4.7)
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Howevg}, Figure A.5 of the Appendix shows that H = 230 + f' , and

M. isa nonlinegr function of the average conservation storage volume,
6. The enérgy produced during each period should not be less than

the specified percentage of the annual energy for that period:

1
C T =

7. The energy price cannot exceed Q 0.018 per Kw-h

re
Taa-[151.6644+(0.000194E)Cp+CyY]+[14.0+(0.000194E)0p+0yY]

< 0.018
1320+0.85 E

(4.9)

8. The net power rentability cannot be less than 9 percent:

re > 9 (4.10)

b S, , and

t’ "t
re must be nonnegative. Constraints Equations (4.4) and (4.6) assure

In addition, all the variables R , E, Y, Et , &

that the content of the reservoir at the beginning of each period is
not greater than the reservoir capacity and that the reservoir capacity

is greater than or equal to the minimum pool.
Solution

The objective is to find the values of the variables R sy E, Y,
Et » 84 bt , St » and re that maximize tlie objective function
(Bqua;ion 4.2) subject to the constraints of Equations (4.3) to (4.10).
Equation (4.2) as well as the constraints Equations (4.7) and (4.9) are

nonlinear. ‘- Three approaches for solution were considered:


http:1320+0.85

69"

i

1. 'Use of a nonlinear optimization procedure,

2. ‘'Linearize" the curved surfaces determined by the objective
function and by the noglinear constraints by passing planes
through three points at a time (equivalent to a piece-wise

. linearization of a function of one %ariable).

3. Make simplifying assumptions that would allow the problem
to be re-stated as an ordinary linear programming probleﬁ.

Since the nonlinearities are to be considered in the final solution
by simulation, when the stochastic nature of both supply and demand are
also to be included, a nonlinear optimization for this preliminary
screening was not considered a necessity, The piece-wise linearization
increased the size and complexity of the original problem and proved
to be inefficient. A closer look at Equations (4.2) to (4.10) revealed
that great simplifications could be obtained by making assumptions
whose effect could in part be counteractcd by successive approximations
involving a relatively few number of trials. These assumptions. are:

1. The unitary costs for the different elements and the unitary

benefits from irrigation are constant.

2. The average head in the reservoir is constant.

3. The price of energy is constant and equal to Q 0.018/kw-h,

If the sensitivity of an optimal basic solution of a linear pro-
gramming problem is not too great with respect to changes in the. coef-
.ficients of thg‘objective function, very few trials need to be made,
adjus;ing the unitary benefits and costs ‘each time, to arrive at an

- approximate maximum., The procedure does not proceed as blindly as it



may appeag,'since'a ranging analysis* of the unitary costs and benefits
will aid in determining whother another trial is needed or if the opti-
mal value of the objective function can be computed from its value at
the previous trial and the value of the variables at the previous trial.
The average«ﬁead in the reservoir is not constant, but the minimum head
is large in relation to the variability of head (see Fig. A.5 of the
Appendix), so that it is not unreasonable to expect the sensitivity of
the solution to the variable portion to be small. The third assumption,
plus the assumption that the net rentability is a constant, may convert
the problem to a linear programming case without loss of significance,
as will be seen.

The assumption is made that the planning agency wants the energy
price not to be greater than Q 0.018/kw-h and the power net rentability
not to be less than 9 percent (see constraints Equations (4.9)(4.10)).
Kecping the assumption of a 9 percent power rentability, and an energy
price of Q 0.02/kw-h for "without project' conditions (see Table A.7 and
section A.5 of the Appendix), the following procedure can be applied:

1. Assume the price to be 0.018/kw-h and, eliminating constraints

Equations (4.9) and (4.10), find the optimizing values of E

4

and Y, say E' and Y/.

* This analysis will give the range of the coefficients for
which the optimal basic solution to the linear programming problem
will remain unchanged. Some linear programming computer subroutines
include this analysis as an optional output. A more complete treat-
ment of ranging and other types of sensetivity analysis can be found
in the books by Wagner (47) and by Hillier and Lieberman (1).
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4 4

2. With E. and Y . and the assumed energy price, re can be
" found frog Equation (4.9).used as an equality.
3. If re>9 percbnt, the price could be lowered if desired to

giQe %%5 = 0.09 or it could be maintaiﬁed at Q 0.018/kw-h

to give the.hiéher re .

4. If re <9 percent, the price would have to be raised to.give

re:
100

Equation (4.9) would be active and E/ and “Y/ would have

) Y v/ L -
0.09 with the given E and -Y , so that constraint

to be re-computed including that constraint in the analysis

if it is desired to Kébp:phe pri;e at or below d»0.0lS/ky-ﬁ,

Based on the above considerations, ;he de;erministic model. used:

was a. linear programming model (the adoption of such a model Tpr the
preliminaryyscreening has additional gttractioﬁ, as stated in Chapter I)

which can Be described as follows:

Max Z°'

C' R+0.432E-C' E-C' Y
R p y

' subject to: R < 0.08

Ia

8.17Sp1%S SEpy ]
at-rtR >0 > 4.11)
8,-S,+Y > £,+108 $ t=1,2,...10

480
at-bt- ? Et 2 0
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* in which:

'C'R = 19,2 BR-24.11 OR-1.2145 CR

C' = o.oodi4 0 40.000243 C 4.12
B - P P (4.12)

. 'C'_ = 22.8 0.41.234 C.
y " .Y y

A first trial was made assuming P = 0.155 X105 kw(E = 800 X10°
kw-h) , Y = 1060 x106 cubic meters, and R = 0,04 XIO6 Ha for unitary

costs and Benefits, and H=283m; obtaining optimum values of

v/ 6 v 6

E" = 919 X10 kw-h , Y' = 846 X10 6

cubic meters and R/ = 0.062 X10

Ha . A second trial was made changing the H to correspond to

Y = 846,‘x106 cubic meters, obtaining B/ = 910,79 x106 kw-h , Y/ =

Y 6

846 XlO6 cubic meters and R = 0.062 X10° Ha . The vglue of R was

changed to recompute irrigation unitary costs and benefits for a third

A

trial, giving the same values for E » Y , and R/ of trial two. A

ranging analysis of the coefficients .C' C' , and C'_  obtained

R*"p y
as an output from the linear programming algorithm used, showed that
E/ , Y/ and R/ would not change if a new trial were made recomputing
Y/ /

the unitary costs and benef;ts for new values E=E , Y=Y , anq
R = R( , and by assuming and H corresponding to Y/ . The change in

the maximum value of 2" was computed using the expression

Y1 Y1 v Y Y
Z final = % trial 3 + (R AC'R+B AC'p+Y AC'y) (4.13)
The final solution- was:. |3
2’1 - g 284,114,823

z"; Q 257,118,823 (net social benefits)
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v/

' = 6

910.79 X10 kw-h (p/ 177,000 kw)
R/ = 62,000 Ha

v’ = 846 X10° cubic meters

The solution also indicated that unless there is excess water, ail
releuses should be made through the: turbines, and that no more energy
than the specified percentage of the annual energy should be é;nerated
dur1ng each period (as should have been expected since no benefit was
assigned to surpluses). From Equation (4.9) as an-equality and the
2bove values of the elements of the system, the value of re is appro-
ximately 10 percent if the energy price is maintained at Q 0.018/kw-h,
thus complying with constraints Equations (4.9) and (4.10). It is worth

mentinning that, although the coefficient C'. in Equation (4.11) was

R
positive for all trials (and so R was kept in the solution) the con-
Stant conveyance and diversion costs, which add.up to Q 8,075,000, are
enough to cancel the positive net benefits from irrigation resulting
fgqm‘this positive coefficient. Nevertheless, irrigation was kept

because of the reasons given in section A 4.2 of the Appendix and

earlier in this chapter.
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CHAPTER V
STOCHASTIC SUPPLY AND DEMAND SEQUENCES
7

?

~A'review of what is currently being done with‘regard to the
inclusion of the stochastic nature of supply and demand sequences
wés made in Chapter 'II. This chapter picks up the subject where it
was left in Chapter II and elaborates on it. The procedures finally
chosen to be used for the stochastic.model in Chaptéf VI and the rea-

sons supporting these choices are given.

Supglz

Because of the results obtained by Rodriguez et al., (31) presented
in Chapter II, a model like model 2 discussed there was deemed adequate

to simulate streamflow sequences. This model is conceptually as follows:

Series = cyclicity in the mean + cyclicity in the standard
deviation, times the random component.

It can be represented by

= + ‘
xp,t Het9:%¢ T=1,2,...,9 \

p=1,2,...,n (5.1)

t = 1,2,-00,"“
in which;

flow at period t of year p .

o
[

periodic component in the mean.

=
n

periodic component in the standard deviation.

Q
n

m
L]

= random component.
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w = basic perio& of the series.

n = number of w, periods in the series.

Thé models most generally used for streamflow simulation assume
that the random component €y follows a first-order Markov model as
given by Equation (2.20). Many tests (43) have given support to this
assumption. There may be cases, however, where this assumption fails
and where even higher-order autoregréssive processes cannot adequately
describe the autocorrelation structure of streamflows. In those cases
modelé other than-Markovian should be tried.

In the model &dopted; the inclusion of cyclicity for the auto-
regressive coefficient was not considered to improve the overall per-
formance of the model (after Rodriguez et al., (31)). Therefore, the
,number of data available for estimation (if monthly series are considered)
is 12 times that which would be available if cyclicity were considered.
Thus 96 values can be used from eight years of recorq, for example,
instead of only eight values, increasing the reliability of the esti-
mates of this coefficient. The importance of this will become apparent
later in the section on autoregressive models, where the problems in
the estimaiion of this coefficient are discussed.

Cyclic Components: Two alternatives were considered for the

‘incorporation of the Eyclic variation of the mean and standard devia-
,igiqn:
1. By the sum of harmonics in a Fourier Series expansion, where
u_ and o. of Equation (5.1) are computed as shown in Table

T
5.1,



Equat1ons for the Computation of u.

TABLE 5.1

and o, of Equation 5.1

by the Sum of Harmonics in a Fourier Series Bxpansion (36).

in which:

-and

" in which

=Wt I (AJ cos -—l-t + BJ sin —-i 1)

j=1

w
‘ - 2nj
T:‘l(uT ) fos e

g

w
- 2nj
b (u um) sin el

=1

TS

periodic component in the mean
mean of the o series

basic period of the series

number of significant harmonics

1,2,...,w
m

Hg + b (A' cos, -1-1 + B! sin
j=1 J J

2 _di

"y z(o-u)cos

=1

en

w
- 2nj
151 (aT us) sin e

r)

periodic component in the standard deviation

o
mean of the o series.
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2. By using the 12 montply:meons and standard devdations as

compured from the historical record.

With four significant harﬁonics for poth the mean and standard
deviation of che\Chixoy River flows (8 years), it was found that the
~serial (or auto) correlation structure of the residuals- €y (see
Equatron (5 1)) was not preserved The first serial correlation toef-
ficient of the ¢'s was estimated as 0 623 when using the, 12' monthly
means'and standard dev1ations computed from thy. historical record but
it became -0.010 (0 for practical purposes) when these means and stan-
dard deviations were fitted by the Fourier Series model. The reason .
for this can be seen in Table 5.2 and Figure 5.1. In order to fit
the high values of the means by the som of harmonics, the required
amplitudes and phases introduce an oscillation in the region of the
. lower values of this parameter. The mean of a given moncp is lower
thep the historical, so that the residual computed gs €y = (xp.t-ut)/ot
will generally be positive. For the next month the situation 1is re-
versed. The lower months have the greatest influence in the determi-
nation of the'autocorrelation of the series, so that the historical
first-order autocorrelation coefficient was not preserved.

It is also evident that the sum of harmonics model does not pre-
serve the sample mean nor the sample standard deviation. The selection
of the model thus depends upon a question of objectives. It would be:
desirable to simulate sgreamflow sequences whose means, standard devia-
tions and correlation structure resemble those of the population. But

the population parameters are rot known, so estimates are obtained

A
through the available sample. Since the statistics of the available °



fy

TABLE 5.2

Monthly Means for the Chixoy River Computed From the Historical Record
(1962-63 to 1969-70) ‘and Fitted by a Sum of Harmonics

Mean Flow in Cubic Meters/Second

Month Cofiputed Fitted
May | 23.025 26.71Q
Jun X 99.250 97,676
Jul 101,738 101.489
Aug 86:538 87.830
Sep 154.012 152,732
Oct 146.800 147,013
Nov 55.975 57.601
Dec 37125 33,388
Jan 26.312 31,872
Feb 23.075 16.472
Mar 19,538 26,128

Apr 19.675 14,153
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Figure 5.1

Monthly Means for the Chixoy River Computed from the Historical
Record (1962-63 to 1969-70) and Fitted by a Sum of Harmonics
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shmple are the only. estimates at hand, the objective becomes to
sinulate éeﬁuences whose statistics resemble éﬁose of the sample.

The bias involved is a‘fhét of life. But from this point on, the
argument becomes philosophical in nature. For’ei@mplé, the monthly
means and standard deviations could be estimated with acceptable errors
frém the historical streamflow records of from 40 to 60 years (as re-
viewed in Chapter II), so that in such cases there is a point in.trying
to preserve the sample means aﬁd standard deviatiops (they are the only
estimates and are not so bad...). The first-order autocorrelation
‘coefficient is a different story. The estimate that can be obtained
from the sample is very unreliable. It has a high estimation error
even for 40 to 60 years of record (see Chapter II) and it has an esti-
mation bias which does not become negligible unless sample sizes are
of the order of from 250-1000 (see section on autoregressive models
later in this chapter).

Why then try to preserve the sample value? And if the sample size
is of the order-of 5, 8, or 10 years (wh;ch is the  rule rather than the
exception in most developing countries), why try also to preserve the
means and standard deviations? Such are the Pitfhlls of stochastic
streamflow simulation. However, as stated in Chapter I, efforts are
4being made to obtain generalized statistics through regional analyses,
which can be considered more reliable estimates of the population para-
meters than those obtained from a single short record. Regionalized
values of meané may not be s0 difficult to obtain, but the difficulty
imay be expected to increase when statistics such as the standard devia-

‘tion or serial correlation coefficients are concerned. Because of this,
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the relative influence of these statistics on the economic measure of
project desirability is investigated in Chapter VII,

Returning to the discussion of the choice of the model to account
for the cyclicity, the question reduces to a desirability of the preser-
vation of the sample statistics, If there are no other estimates of
the population parameters, it seems that the only alternative is to
preserve the historical values, unless by some other means it were
known that certain values different from the historical should be pre-
served in the generated sequences. Since in the present case there is
no other alternative, a model that uses the historical sample means and
standard deviations was selected.

Stochastic Component: Two alternatives were considered for the

simulation of the stochastic component: by an autoregressive model,
and by a broken-line model.

Autoregressive Models: The issue oX the stochastic component,

is not so innocent as it might appear; not even after reducing the
problem to the estimation of its autocorrelation structure. This is
shown in Table 5.3.

In Table 5.3, the r, 's were computed using the open series
approach (36), the confidence limits for r, were computed using
Anderson's formula as given in reference (36), and the regression coef-
ficients were obtained from a stap-wise multiple regression analysis
uéing an existing computer program package (49). This table shows two
important features:

1. The correlogram stays way above the confidence limits.

2. A peculiar dependence with lags 1, 4, 6, and 8 is evident.



TABLE 5.3

Autocorrelation and Autoregression Coefficients for the
Residuals € = (xp T-ur)/ot of Chixoy River Monthly Flows
 J

Lag k (months) 1 2 3 4 [ 6 7 8 9 10
Autocorrelation
Coeff. T 0.623 0.496 0.464 0.531 0.456 0.530 0.513 0.549 0.347 0.411
9S Percent 0.157 0.158 0.159 0.160 0.161 0.161 0.162 0.163 0.164 0.165
Confidence
Limits for

T -0.178 -0.179 -0.180 -0.181 -0.182 -0.184 -0.185 -0.186 -0.187 -0.188
Autoregression
Coeff. °k 0.399 (NS)* (NS) 0.178 (NS) 0.227 (NS) 0.272 -0.252 0.122

* NS is entered for "not significant", meaning that its inclusion in the regression equation will
not make any significant reduction in the error sum of squares because its F ratio is too small (49).

(4]
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The first thought that comes to mind is that this peculiar
behavior could be due to sampling variations, since the sample was
relatively small (96 values), Moreover, if a first-order autoregressive
model €, @ °let-1’"t is assumed for the ¢'s , the ordinates of the
correlogram of the residuals n, for lags one to ten are: -0.105,
0.015, 0.018, 0.261, -0.042, 0.207, 0.079, 0.341, -0.170, and 0.172.
For the same 95 percent confidence limits shown in Table 5.3, it is
seen that only lags 4, 6, 8, and 10 are still significant. However,
as the lags 1 to 3 are not significant and the correlogram now oscil-
lates between positive and negative values, this significance can easily
be misinterpreted as being caused by sampling error. One may thus be
tempted to offhand dismiss this significance and assume a first-order
model. However, this behavior may be caused by the characteristic
karst conditions which prevail in certain parts of the watershed (see
section A.1 of the Appendix). The examination of Table §.4 which shows
the correlogram of the Current River near Van Buren, Mo. (which also
drains a karstic region) makes it a reasonable assumption, since 468
values (39 years) were available for this latter case.

If a first-order Markov model is assumed for the Chixoy River
under the 'sampling error" premise and the long dependence is really
caused by the karst conditions, a type Il error will be involved (i.e.,
accepting a hypothesis as true when it is not). If on the other hand,
the hypothesis of a long dependence caused by thu karst conditions is
accepted and this effect is in fact caused by sampling errors, a type
IT error will likewise be made. The ouestion that arises is: Which
error will have the greatest effect upon the "maximunm' present value

of net benefits? The long dependence will probably require a larger



TABLE 5.4

Autocorrelation Coefficients for the Residuals €e
of the Current River Monthly Flows

= (xp,r-ut)/ar

Lag k (months 1 2 3 4 5 6 7 8 9 10
Jutocorrelation ;469  0.315  0.325  0.321  0.202  0.180  0.11S 0.131  0.091  0.126
Coeff.‘ rk
95 Percent 0.074  0.074 0.074 0.074 0.074 0.074 0.074 0.074 0.07S  0.075
Confidence
Limits for N

r, -0.078 -0.078 -0.078 -0.078 -0.079 -0.079 -0.079  -0.079

-0.079 -0.079

e
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reservoir than the Markov model, but which effect is the most important
one, the over-designing of the reservoir or the shortages that might be
produced’by the smaller one? These questions are discussed in Chaptér
VII. If a first-order Markov model is ﬁssumed, the prbblem of the esti-
matiop of the parameter ¢1 (see Bqugtjon (2.20)) remains, and a dis-
cussion of some of the problems involved in the estimaéion of this
parameter is necessary.

Several ways™ to estimate ¢1 of Equation (2.20) vere reviewed
as stated in Chapter II. All these estimates are biased, and this bias
depends upon the sample size n and upon the population value of the
parameter ¢1 . Since there is no consensus among hydrologists ;s to
which estimate of ¢1 to use, a test was performed in order to have a
comparison among the most widely used forms of estimation of this para-
meter, and in order to have a better idea as to how these estimators
introduce bias in relation to the values of ¢1 and n . Using the
computer, several first-order Markov series with a given population
parameter ¢, were generated and different methods were used to obtain
estimates &1 based on the generated series.

It was found that a downwards bias. persisted for values of n up
to approximately 250 in the case of ¢1 = 0.3 , and up to about 1,000
in the case of ¢1 = 0.5 and ¢1 = 0.7 . It was also found that the

most convenient way to estimate ¢1 is by an‘equation of the type
n

I e,¢
~ - t=2 t t_l

¢1 { n ) n R X
I ¢ I ¢ }
t=2 © g2 t1

(5.2)
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since it produced the smallest variance and ranked second with respect
to the smallest bias among all the estimators that were tested.

If a long dependence is assumed, the problem is not only of para-
meter estimation, but involves also the choice of a model to preserve
this long dependence. Assuming an eighth order autoregressive model
€y = ¢1et-l’¢4€t-4’°6€t-6*¢8et-8’"t it was found that the roots of
its characteristic equation* all lie outside the unit circle, an indi-
cation that if the process €, is stationary, it may be autoregressive.
An examination of the correlogram of the residuals Ny of the assumed
eighth-order autoregressive process indicated that they could be
assumed to be uncorrelated because, although the lag-nine and a few
other higher order autocorrelation coefficients were significant, the
correlogram oscillated between positive and negative values,

This type of test, however, proved to be inconclusive in the case
of an assumed first-order model and so the doubt persists as to what
the order of the autoregressive model should be. In the present case,
for example, it is conceivable that the inclusion of iag 2, or 3, or §,
or 9, or all the first 10 lags, or just the first four lags might also
produce similar results. Moreover, even if the roots of the charac-
teristic equation of the model €y ¢1et-l’°4et-4’¢6°t-6*°86t-8’"t all
fall outside the unit circle, and even if its residuals Ne could be
assumed to be uncorrelated by an analysis of their correlogram, the use

of the Yule:Walker equations (24) with the ¢'s from one to eight

equal to 0.399, 0.0, 0.0, 0.178, 0.0, 0.277, 0.0, and 0.272, gave all

* The characteristic equation of a kthk order autoregressive
process is given by ¢(B)= 1-018-¢2B -...-¢k8 =0 where B is a back-

ward-shift operator defined by Bket-et_k according to reference (24),
pp. 8-9, 54-55.
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r's greater than one. This is an indication that, even if the step-
wise mulgiplg fegression analysis showed ¢2 ,\¢3 , ¢s', and ¢7 to
be non-significant, they cannot be assumed to be zero. When they were
assumed to be zero, however, the test of the correlogram of residuals
did not detect it.

Broken Line Model: Because all these difficulties with the auto-

regressive processes would impair the assesment of the type II error
previously mentioned, the use of a broken-line moéel like the one
described in Chapter II became attractive to preserve the long-
persistence effect exhibited by the available sample. Because of this,
it was decided to investigate the type II error between a lag-one
Markovian model and a broken-line model to preserve the long-term
persistence.

The broken-line model is a relatively new concept which still is
in a developing stage and more research is needed in order to make it
fully qperationhl. Unlike the Markovian models, no jphysical meaning
is attributed to it; it is rather a tool that can, be used to accom-
plish certain purposes, like the preservation of the second derivative
of ;he correlogram st the origin, or a given long‘mpmqry. In this
section, a strategy developed to simulate ﬁonthly fiows with a given
memory under certain conditions is described. This strategy was used
in the research réiorted herein to preserve the long-term persistence

effect exhibited by the residuals €, of Ehe Chixoy River monthly flows.

t

The brokén-liqe model requires the residuals: e, to be normally

t
distributed N(0,1) (33). Since this hypothesis was rejected by a
chi-squgre test at the 95 percent level for qheirqsiduqls of the Chixoy

River, they were assumed to be log-normally distributed and the



Aitchison and Brown (S0) transformation was used to make them In
N(0,1) in order to preserve the means and standard deviations of the
sample. Figure 5.2 shows the correlogram of these transformed resi-
duals.

If N (the nuﬁber‘of broken lines) were only two, the number of
parameters to estimate would be four: a, , a,, of , and og . By
assuming a large value for a, and that gl will be small (one long-
frequency broken-line added to a short-frequency broken-line) such that
{ltl/az}e[O,I] for t=1 and t = 6 , and such that {|t|/81}€[0,1]
for t =1 and €[2,0] for t = 6 , these four parameters can be

obtained by using Equations (2.23), (2.24) and (2.25) as follows:
1. From Equation (2.25):
of + og = 3/2 (5.3)
2. Substituting Equation (5.3) in Equation (2.24):
p(£) = Folp, () + oZo,(1)] (5.4)

3. The value of ag can be obtained from Equation (5.4) by making
t = 6 , using the desired value for p(6) , and using Equation

(2.23):
p(6) = 500 + oZ[1 - 3522 - o1 (5.5)
2 2

4. With og known, af can be obtained directly from Equation
(2.25):

- N
NN
fl
—

(5.6)
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5. With the assumed value of a, and the values of 02 and

1
ogv known, the value of a, can be found* from Equations

(5.4) and (2.23), by making t = 1 and using the desired
value for p(1):

JORE RS T HC DR (SRR SIERCR)

6. If a, were such that l/ale[1,2] » the first term in the

above equation should be modified in accordance with Equation
(2.23).

The above procedure enables one to preserve the long memory in the
residuals ¢

t
structure is defined by the parameters 8y 58, ,0

by generating values whose theoretical correlation

f » and og . As
an example, Figure 5.2 shows the observed correlogram for the residuals
of the Chixoy River monthly flows, as well as the theoretical correlo-
gram given by the broken-line process.

The problem of streamflow simulation, however, does not end with
the estimation pg these parameters. Due to the long memory of the
process, an operational procedure is needed by which the last 2aN
values of tﬁe histo;ical series are reproduced as closely as possible
every time a synthetic series is generated. What this_involves can
bg seen iu Figure 2.2 and 2.3 and Equations (2.21) and (2.22): a given
number of ni's and the Ki's must be such as to géherate the first
ZaN values as closely as possible to the last ZQN values obtained

from the histérical record. Due to the form of Equation (2.22) this

is more easily said than done. Because the time interval for monthly

* If one would desire to preserve the value of p'"(0) instead of
p(1) , Equation (2.26) should be used in this step instead of Equation
(5.7).
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flows is 1, if a, > 1 (a surely is) more equations than n; i,n
unknowns may be obtained by the application of Equation (2.21). More-
over,‘Equation (2.22) complicates the matter by making the sub=cript

n of the ni's dependent upon t' , which in turn is determined by
the Ki's which in turn are unknowns. If a) > 1, a successive
approrimations least-squares procedure would have to be followed to
obtain the xi's and the ni's .

A special case (and a very important one due to the simplifications
and flexibility introduced) is when a, = 1 . When this is the case,
the number of “i,n unknowns may be made equal to the number of equa-
tions when Equation (2.21) is applied. The procedure is as follows:

1. By Monte-Carlo techniques, generate the Ki's as uniformly
distributed [0,1]) . By the same techniques generate the
necessary "Z,n as N(0,1) .

2. Since the time interval is equal to 1 and to a) the
application of Equation (2.21) with the historical €, values
substituting the Qf's will give a number of equations in an
equal number of unknowns n1 (the value of n is fixed
as soon as the K 's are generated), from. which the values

of these "1 unknown variables can be obtained directly.

3. All the rest of,the "1 and n2 a .8re generated by Monte-
Carlo techniques, and the series - is generated by Equation- (2.21
4. For each series generated, steps 1 through 3 are repeated.
The above procedure is computationally easy and it is flexible,
since each series starts with a different set of K. { and ng variables‘

Each generated series will reproduce exactly the last 2aN histor1cal

values. It is limlted however, to cases where the observed correlogram
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may be reasonably described by two broken-lines, one of long-frequency
choraoterizeo by a larée memorx parameten a, ,'and’one of short
frequency chanacterized by a memory parameter 8, = i . If the correlo-
gram may be described by two broken lines, the limitation that a,

must equal 1 is not too se:ious. The reason is that the first{lo or 12
observed aotocorrelation coefficients may be reasonabl& approximated

by making .4, = 1 and chanéing the value of a, (i.e., chdnging

the "die-off" time). Since the reliability of the agtocotrelation
coefficients decreases with the lag, the "die-off" time is uncertain
.anyway. As an example; Figure 5.2 also shohs another broken-line

correlogran obtained with dif¢erent a8y .

Requirements

Only irrigation demands were conEidered as stochastic. However,
a boesible way of(generating\annual,weter supply’denands and hydro-
power demands is discussed. Water supply was not considered in the
Guatemala project. and the interconnection problems left stochastic
hydro-power demands out of the.scope of this work.

Irrigation: Because of 1ack of information, the assumption was
made that crop yields and consumptive use could be deterministically
predicted Even so, the precigitation is a deterministic - stochastic
phenomenon and the use of average values for each period may lead to
erroneous conclusions. Moreover, if the land to be' irrigated is with-
in the same éiimatological boundaries, as the watershed for the irriga-
tion'suppix,&then(the irrigation supply and demand series.may be highly

correlated, If this were the case, a ﬁetten design night be obtained
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if these unc?rtainties due to the stochastic nature of supply and
dgmand sequences were taken explicitly into consideration by siﬁulating
equally likely supply and demaﬁd series, preserving the correlation
betweeﬂ the observed sequences. The adoption of this procedure would
also allow the evaluation of the relative effect of this dependence
‘upon the optimlzgtion.

-An analysis of 14 years of monthly rainfall data for station
Cubilguitz (see section A.3.1 and Table A.2 of the Appendix) showed
that precipitation series could be represented by a model such as that
of Equ;tion (5.1), where the residuals €, are uncorrelated and follow
a log-normal probability distribution function. By step-wise multiple

regression analysi; (49) with the residuals e, of the Chixoy River

t
monthly flows, it was also found that the only significant cross corre-
lation between rainfall and streamflow residuals was for lag-zero,

which was equal to 0.24, In view of this, it was decided to generate
rainfall and'étreamflow sequences preserving this cross correlation.
The demand sequences were then obtained by using these generaied rain-
fall sequences and the de;erministic effective precipitation percentage,
con§umptive use requirements, and irrigation losses.as used for, section
A.4.1 of the Appeﬁdix. Demand series with zero cross correlat1on with
respect to streamflow were also generated to evaluate the effect of

this cross correlation on the "maximum" present value of net benefits.

Water Supply: Although no water supply was considered for the

Guatemala project, it is believed that stochastic simulation of annual
demands could be possible based oﬁlthe work by Altouney (7) reviewed
in Chapter II. Knowing the distribution.of the ratios of actug{“to

estimated future local population, which Altouney showed could be


http:losses.as
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approximated by a normal distribution, several values of these ratios
could befgenerated for a given mean m and standard deviation S by
~ Monte Carlo techniques. This would allow one to obtain several
"actual' population values based on a population piediction for a
given forecast period. . Repedting\thié\p?ocedure for succesive fore-
cast periods, annual deman&s‘qould be-generated for the estimated
"economic ‘life of the projéct: |

' Hydro-Power: Two possible effects of thq stochastic nature of
power demands were investigated: the effect on the determination of
the capacity to be installed and the effect on the egéimation of
annugl energy -demands.

Installed Capacity: In the case of hydfOrpower, as was previously

stated in Chapter II, the determination of the capacity to be installed
is:usually based on the estimates of energy demands for each period and
on the average load faéfors for each period. fhe energy demands for
each ‘period are in turn‘haéed:on an‘average perceﬂtage of annual energy
used ‘during each period. But %hef;oad factor and period percentage
series also;hgve‘a stochastic‘element in them, whose influence may or
may not be important in‘relation to the deterministic component which
eihihits a seasonal variation. Tﬁe use of average values for each
peridd is justified only if the deterministic component. is more signifi-
cahi'(just as it wop}d‘be for streamfiow,series if i; were not known
that the stocﬁastic component is indeed important in‘this case). If
the stochastic component were of importance, several equally likely
load factor and period percéﬁtage series cpﬁld be generated by Monte

Cariphmethods based'on’the historical series.
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In the present case, an analysis of the historical monthly energy
percentage and the monthly load factor series showed that the variance
was small, so that the use of average values for each period was con-
sidered not to introduce significant errors. The determination of the
capacity to be installed was thus based on Equation (2.28).

Annual Demands: A way to generate stochastic annual energy demand:

was reviewed in Chapte; II. These demands, hoﬁever, would be plaéed
upon the entire system and not only upon a single generation facility.
The effect of stochastic annual demands on a single project, such as
the one considered in this work, cannot then be taken into account un-
less the operation of the whole interconnected system is also considerec
Since this was outside the scope of this work, annugl energy demands
were also included as being deterministic. It was therefore assumed
that this project would satisfy an unknown percentage of the total
demand and that the only concern was to estimate what capacity could

be installed at that site given the topographic and streamflow

characteristics.

Summary

The modgls finally chosen for the simulation of stochastic supply

and demand series are as follows:

1. ‘qu supply, the model was that of Equation (5.1). The cycli-
city-in both mean and standard d}vippiqp was introduced by
ﬁsing the 12 histogical values in each case. For the random

' co&p&neut, two modéls.were used: a first-order autoregressive
moéél with an independent residual following a log-normal

distributiqn, and a broken-line model 'to preserve the long
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term persistence exhibited by the sample residuals of the
sémple flows. In the first case, Equation (5.2) was used for

the first-order autoregression coefficient. Equaily likely

_ sequences were'generated by using the monthly streamflow

simulation model developed by Matalas (51) preserving the
sample means, standard deviations, and first-order autoregres-
sion coéfficient of the stochastic component of mdnthly flows,
and the lag-zero cross correlation coefficient between the
stochastic component of monthly flows and monthly precipitatio
In the second case, a broken-line model was used, follow-
ing the procedures described in this chapter, to simulate
equally likely streamflow sequences preserving the sample
means, standard deviations, and the correlogram of the sto-
chastic component of monthly flows with an assumed "die-off"
of 50 months (see Figure 5.2). Each of the sequences generatec
with this model reproduced the last 50 months of the historical
record, values that were discarded pr{dr to the routing
through the reservoir.
For demands, only irrigation was considered as stochastic.
Equation (5.1) was again used as the model for rainfall simu-
iation introducing the cyclicity by using the 12 monthly means
and standard deviations as computed from the available sample.

The stochastic component was serially uncorrelated. The ‘model

developed by Matalas (51) was also used to simulate rainfall

sequences preserving the sample means and standard deviations
as well as the lag-zero cross correlation coefficient between

the stochastic component of the montﬂiy rainfall and monthly
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streamflow. The coﬁpuéer program used also calculated the
effective rainfall and subtracted it from the required monthly
cohsumptive use, to give the monthly simulated series in cubic

meters per second of irrigation diversion requirements,



CHAPTER VI
STOCHASTIC MODEL

In this chapter the stochastic model used to obtain a better
approxipation to tpé}boptimum" design and the optimization procedure
selected are described and’ discussed. An "optimum" value for the
variables is obtained following that procedure and using two stream-
flow generation models: a first-order autoregressive model, and a

broken-line model, as stated in the summary section of Chapter V.

Final Form of the Objective Function

The main differenco between the stochastic model presented in
this section and the deterministic model used in Chapter IV lies in the
objective function. In addition to the desirable requisites mentioned
in Chapter II from an economic point of view, the objective function
must also take into account the natural uncertainties caused by the
stochastic nature of both supply and demand. Therefore, Eguatiqn (2.15)
should: be modified to accomplish this, |
In the section about the objective function in Chapter II, the
shortage index concept presented by Beard (42) was giscussed as a form
of loss. function. Among the advantages of the use of a shortage index
the @bllowing have been cited (44), (45), (46), (52):
1. Its compufption is indeﬁéndent of economic values, since these
may be introduced in a coefficient K , as stated at the end
of the section about the objective functioh‘in.Chapter II.
2, It summarizes in a single value all the shortages occurring

during the economic life of a project for a given sequence
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of,ﬁdpply and demand. This value can be used for diverse
planning purposes,vsuch‘as a means to determine a safety
factor in reservoir design.

3. It accounts for‘both magnitude and frequency of shortgges,
since a shbrtage index of 0.20, for example, will represént,
20'anﬁpai shortages of 10 percent each during a period of
100 years, 5 sﬂortages of 20lpercent,.orl160 shortages of

about 4.5 percent 2ach during the same 100 year period.

4
i

4. At the end of the section about the objective function in
Chapter II, it was stated thaf)this index can be obtained by
makinngp =1,k=2,a=0, and b = constant in Equation
(2.31). By selecting a proper coefficient b , actual econo-
mic loss functions can usually be closely approximated by
this quadratic function, since generally speaking, the conse-
quences of a 20 percent annual shortage, for example, can be
expected to be four timés as severe as a 10 percent one, and
so on. .

The use of this shortage index, however, has some disa&vantages.

For exgmple, by making o = 0 in Equation (2.31) the effect of the
timing of the shortages, i.e., whether they. éccur consecutjve}y or
'spaceq, is not taken into account. The use of a constant b also
ignores whether they are expected to’occgr near the beginning or near
the: end of the expected economic life—of,the project. It is assumed
rather than thoir effect is unifbrmly distributed along thgdgconomic
life aqd,thué, the pfeviously mentioned coefficieﬁt K représents the

present value of that average annual economic unit loss b . Beard (46)
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states that 'such a function,..:, simply assumes that...the actual
operation will be such as to minimize the effects of that shortage
thrqugh\fofééésting and spreading the shértage over several months."
This is the ?eason for ﬁsing a = 0, as the exponent of Nt in Equat%op
(2.31) and also for the use of the constant b coefficient. |

Thig assumption, however, may be no better or no worse than any
other that might be made with respect to the coefficients of Equation

(2.31). With respect to the duration N, of a shortage, for example,

t
Fiering (41) presents no critéria that may lead to the assumption that
the economic . loss of a shortage yill increase linearly with its duration
(a=1 ip Equation 52.31)), less rapidly than linearly (0 <a <1),

or faster than linearly (a > 1) . Truly, losses that occur near the
end of the ecgnomic life of a project would have less economic effect
than losses- occurring near the beginning of it. Nevertheless, if the
effect of a series of equally likely streamf}ow and demand sequences

is being investigated, it might well be assumed that losses may occur
near the end and near the beginning with similar frequency. Tﬁus, the
assumgtionvofnan "averageh ee;goqic effect‘mayrnot be an unreasonable
one. Under these circumstances, the present value of the total loss

in all ‘T periods, considering an average squared shortage ratio for

each year and starting from Equation (2.32), can be expressed.as:

/

T - — T, — —
L=o I —2—b(sH =0 ()= L1p(s?) = o mb(s?) (6.1
€ tsl (141) € " r(1+r) g

in which:

eé = social capital ﬁroductivity rate, .as defined in Chapter
II. ’
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b(S”) = annual average losses as a ratio to gross annual
benefits.

r = annual interest rate.

b = annual évérage economic unit loss (economic loss/
shortage) .

F = present value of an annuity.
‘ "IN
Fb = present value of b .

o ’
(S”) = average of the squared shortage ratios i.e.,

T " .
I S:/T » S, as given by Equation (2.33).
t=1

—

since the shortége;index can be expressed-as I = 100 (5°) , the

present value of the total loss in all T periods is:

FbI

L= eg‘i55-= KI (6.2)
in which . Fb

K = loss coefficient = eg 100" °

I= shorfage index, as defined by Beard (42).

F and- b » 8s previously'éefined.

It shoﬁld.be remembered that.the present value of the total ldss, as
given by Equa;ion (6.2), is given as a ratio to the present value of
gross benefits.

The value of b can be obtained by fittihg a quadratic function
of theatypel y = b(§)2 to'actual data)of annual-losses (as a ratio
to gross annual benefiis) against average annual shortage,ratios, if
actual ;nnual‘economic loss functions can be closely approximated by
quédratic fuﬁctions of the type Ye = bsi such és ihé one shown in
reference (46). These are coﬁstant annual losses to be expected during

the whole economic life of the project, caused by a constant average
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annual shortage ratio, also to be expected during the whole economic
life of the project. That is, .S, = s.

| Using the shortage index cbnéept to take into account the
add1t1ona1 cost added by the uncertainty introduced by the stochastic
nature of streamflow and demand Equation (4.1) (the general fbrm of

the deterministic objective~function) can be transformed to look as

follows:
N Q
! -Max 2= I (C, _X.)- I L! (6.3)
, i=1  BX Y e
in which:
Ci x and xi are as previously defined in Chapter IV.
»

Q = total number ‘of water uses considered.

L! = K,I!(B.J) = present value of the loss caused in use j by

J j J natural uncertainties of streamflow and demand,
corresponding to a given scale of development J
of the project.

B.J = gross annual benefits from use j when scale of
J development is J .

- ta
Cds e Lde
n [

loschoefficient for use . j (as previously defined).
a function of the shortage index I; for use j ,
corresponding to a given scale of development of the
project.

If the effect of several equally likely sequences of streamflow
and demanq is to be ascertained, an expression for 15 can be written

in the fdllowing~mannpr by using the concept expressed in Equation

(2.30):

IJ! = 1. + RD, ) (6.4)
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in which:
I! = a 'shortage index with a given probability of
J occurrence, for a given scale of development of
the project.

Ij = the average shortage index for use j , correspond-
ing to a given scale of development.

D, = standard deviation of the shortage indexes for use
J j and a given scale of development of the-project.

R_. = number of standard deviations to be chosen according
to a given desired probability of occurrence.

The final form is then

N

Q
Max Z = iil ci’xxi - .E

o Kj(Ij+RsDj)(BjJ) (6.5)

This objective function gives the present value of net economic
benefits, taking into account the main concerns of a country for econo-
mic development, the principal market imperfections existing in most
developiné economies, and the natural uncertainties introduced by the

stochastic nature of both streamflow and demand series.

Description of the Objective Function Used

To account for the uncerﬁainty introduced by the stochastic nature
of. both sﬁpply and demand ser@es, Equation (6.5) was proposed in the
previous section as a general form of the objective function. In this
equation, thf second term on the right-hand side measures the cost of
this uncertainty. The first term on the right-hand side would be equal
to thq objbctive function for the deterministic model (as given in
Equation (4.11)), except for, the fgct that the conversion factor from

the Kilowatts of power of installed capacity to annual energy is

k)
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1/0.0002125, instead of 1/0.000194, because the year is now divided
into one-month periods instead of six-month periods. Taking the
above'into considerétion and using the data of Table A.6 and section
A.3.2 of -the Apﬁendix, and using quhtiops (2.28) and'(6.25, the

objective function of Equation (?.5) is, in expanded form:

Max Z' = CéR+0.432E-C§E-C§Y-Lﬁ-L§ 1
in which: Z' =7 + 27,006 in million Quetzales
Cp = 19.2 B, - 24.11 Op .- .1.2145 Ca
C! = 0.00486 O_ + 0.000266 C p (6-6)
P 1 P
Cy = 22.8 0, + 1.234 C,
Lg = Kp(Ip + R.Dp) (BpR) = KR(SIR)(BRR)
L' =K (I_+R_D )(0.018E) = K: (SI_)(0.018E
p = Ko(T + RD)(0.018E) = K (ST ) (0.018E)

Here Z , R, E, Y, BR , 0R ’ CR , 0P , Cp , 0Y , and CY are as ’

defined for Equation (4.2), and 1,,D 1, Dp , and Rs are as

R’ 7p
defined for Equation (6.4). The other terms are defined as follows:

KR and Kp = loss coefficient for irrigation and power

F,b F b

_RR_ v s ‘
Ky = 105 = 2-28 5 KP--LP--34.82 .

100

- These values of KR and Kp were obtained by using b, and bp

R
equal to 9.5»ﬁn¢ 20 (as stated in section A.3.2 of the Appendix), and

by using. FR = Fp = the present social value of an annuity, computed
as F'x eg = 24,1 , where F is given by Equation (2.17) for the social

discount rate r given by Equation (2.1), and eg is given by Equation
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(2.2). The present values of the total losses in all T periods for
ifrigetion and power, Lé ~and Lé , are then:

L]
Lp

2.28 (siR)(BRR)‘
’ (6.7)

Lé 4.82 (SIP)(O.OISB)

vin which 'SIR and SIp can be interpreted as a shortage index (as
defined by Beard (42)) with a 16 percent probabllxty of being exceeded
if Rs in Equation (6.4) is made equal to one,

Another consideration must also be made with respect to the losses.
Going back to the derivation of Equation (6.1), where the losses are
given as a ratio to the present value of net benefits, it was stated
that the annual average losses (as a ratio to annual gross benefits)
were given by y = b(§)2 . For a meaningful economic interpretation
of the probability statement made in the above paragraph with respect
to the shortage index, it would be desirable to express this statement
in terms of these annual average losses, establishing a limit for them.
Sﬁpppse, for example, that the following limiting values are considered
as desirable: for irrigation, that the annual average losses do not
exceed I;S.percent of the annual gross benefits, and that for power
this limit is set to one percent. These limits can be transferred to

the allowable shortage indexes as follows:

The annual shortages are given by:

yj f_pﬁj the 11m1t1ng percentage of annual gross benefits of
use j .

so that the present value of the shortages can be expressed in the

following manner:
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o _Fy.

< 6 _Fpe.
R R

and using Bqdatiqn (6.2), the shortage index of Equétion (6.7) is given

by:

SIj <-£_J (6.8)

Using the values of egF , pzj , and Kj previously given for irriga-

tion and’power, Equation (6.8) becomes:

24.1 x 0,015 _
SIp < ==X = 0.1585

(6.9)

51 < 24.1x 0,01

» & 5 = 0.05

. By introducing the foregoing limits into the process, it can be
said that the design of the project will be such that there is an 84
percent propability that an annual average loss will not exceed 1.5
pe;qént of the gross annual irrigation benefits, and 1 percent of the
gross annual hydropower benefits. Speaking in terms of the annual

shortage ratios, the above limits for SI_ and SIp will also mean

R
that there is an 84 percent probability that the average annual short-

ages will not be in excess of 3.98 percent for irrigation and 2.24

percent for power (according to the definition given for the shortage

index).
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Procedure

The goal was to find the values of the variables E and Y that
m;ximizgd‘the objecgive‘fundtién'(Equaqion (6.6)), i.e., that contr;-
buted the most to the éiénning objectives as exbfeééed by this objec-
tive function, subject to the saﬁevggoups of constraints as in Chapter
IV. In this case, the value of bﬁglwa§ taken as fixed since its.-
inclusion results from.a desire to evaluate the effect of stochastic
irrig;tion‘demandé jather than to optimize its value, as has been
discussed in previous chapters. The‘ﬁrocedure used has a simulation
component by which the response of‘é éiven set of values for the
variables E , Y , and R was evaluated, and an optimizatiqn compo-
nent by which the "optimum'" set of values for E and Y was obtained.

Simulation Component: A computer program developed by the U.S.

Corps.of Eﬁg;neers (53) was used for this purpose. This program com-
putes the shortage indices for any use given a reservoir size, the
installed capacity of a power plant, and a given sequence of streamflow
-and of diversion demands downstream.' All of the storage-space con- .
straints of Chapter IV areﬂautomatically accounted for by this progranm,
and the irrigation and power-requirement constraints are substituted
by ¥he computation qf shortages. The program also accounts for the

variable head in the reservoir and for: the variable evaporation losses

’ - 4

(the evaporation data used was that of Table A.2 of the Appendix,
multiplied by a pan coefficient of 0.7). It has a ‘fixed operation rule
which consists of releasing the greatest of the minimum demands in

each period.



108

Optimization Component: From an analysis of the different

optimization procedures Qeviewed in Chapter 10 of refbrenc? (40) and
in reference (54), it was concluded that the soundestiapp:oaph (although
perhaps not the most elegant one*) in this case was an incremental
analysis, given that the objective function is too complicated for the
use of indirecf methods, that the number of variables is qnly tho
(the power plant and reservoir sizes), that they are highly interrelated
and that a first approximation to their "optimum' values had been
previously obtained. The incremental analysis in this case was per-
formed by increasing the size of the power plgnt:a given amount (1,000
Kwnin this case), increasing the reservoir size by an amount that woﬁld
cauge an increase in costs equal to the increase in benefits produced
by the power plant increase, and routing the flows and demands through
the reservoir using the new sizes to evaluate the shortages and compute
the value of the objective function. }f the value of the objective
function increased, this path was continued.

If the value of the objective function decreased, a different
path was tried, which consisted in decreasing~thg’resgrvéir size a given

amount**, making a corresponding decrease in the power plant size (so

* In this respect, the author fully agrees with Aron (55) when
he states that "...The importance of understanding and proper use of
simple methods, wherever applicable, is emphasized. All too often an
obvious and simple solution to a problem is being overlooked or fore-
gone in favor of a more sophisticated approach...", and when (referring
to graphical methods) he says that "...Frequently, modern but relatively
complicated mathematical techniques are applied to optimize problems
which could be solved by simple methods...".

** Big enough to produce a noticeable change in cost, according
to the region of the cost-function over which the analysis is being
made.
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that marg1na1 costs equalled marginal benefits) and routing flows and
demands to evaluate the objective function. The "optimum' was obtained
when the value of the objective function did not increase any more. A
decrease in both instances would mean that the "optimum" had been over-
shot, 1n which case the. size of the increments and decrements should
be decreased and the proccdure repeated. It may well be that because
of the:natdfe of the va;iables involved, this size cannot be further

decreased. In this case, the "true" optimum may not-be reached and

the procedure ends with an "appioximate optimum,"

'Strategy Followed and Results Obtained

Ten cross-correlated streamflow and demand series of 50 years each
were éenerated using the first-order autoregressive model for monthly
streamflow simulation summarized in the last section of Chapter V,
for their routing through the reservoir and. the computation of the SIR
and SIp by the Corps of Engineers co?pg}er pioggaﬁ. The strategy
used was as follows:

Ll" For the "optimal" values of E , Y, and R as given by the
linear programming solution to the deterministic case, com-

pute the SI, and SIp values. If they are less than 0.1585

R
and 0.05 respectively, initiate the incremental analysis.

2, If SIR and SIp are greater then these values, find the
extreme values from which to start the incremental analysis:
using E as given by tbe‘lineatjprogramming results, a fixed
R,and Y as the maximum feasible stotage; and using Y ‘as

given by the linear biogrammingqresults, a fixed R, and the

E for which the present value of benefits would equal the



110

present value of the costs. Find the SI, ‘and SIp for

R
%hese extremes&and,’achrding to these results, start the
incremental an#lysis from one or both these extre&es.

Each time, the simulation was started assuming an empty conserva-
tion storage space. ‘It was found that by using both sets of values:
E, Yt, and R as given By the linear programming; and E and R as
given by the linear érogramminé and the maximum feasible Y , the
shortages were above the maximum acceptable values. The value of R
was then arbi}rarily set‘equal to 30,000 Ha and the search started
from both ends until the SIR and SIp were within acceptable limits.
The incremental analysis was then performed at both starting points,
finding that the "maximum" value of the objective function was then

6 3 6

Y = 1110 x 10'm” , P = 155,000 kw (E = 730 x 10" kw-h) , SI, = 0.1171 ,

6

R
and SIp = 0.0376 . This "maximum" value was Z = Q 156.54 XIQ from
Equation (6.6) and Figures A.9 to A.13 of the Appendix.

Similarly, using the broken-line model for streamflow simulation
summarized in the last section of Chapter V, 10 series of 50 years
each were generated and the optimization-simulation procedure repeated
to give "optimun" values of Y = 1540 x 10%n>, P = 145,000 kw
(E = 682 x 106 kw-h) , SIR = 0.1467 , and SIp = 0,0355. The correspond-

ing "maximum" value of the objective function was Z = Q 141.47 XlO6 .
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CHAPTER VII
ANALYSIS OF THE EFFECT OF DATA LIMITATIONS

Data limitations in developing éountrie§ affect water resources
project designs'in three major areas: The use of policy‘ggidelines
to accomplish tﬁé development aims of the country, the choice of models
to represent the real world, and the estimation of the parameters of
the model once it has been chosen. These factors affect the designs
with different degrees of importance in terms of a given measure of
project performance.

In this*chapter, the relative effect upon the "maximum" present
value of net economic benefits of various factors is discussed. These
factors are the choice of a deterministic linear optimization model,
the choice of deterministic irrigation demands, of stochastic corre-
lated ana uncorrelated supply and irrigation demands, the choice of
the model to represent the autocorrelation structure of the stochastic
component of streamflow series, of errors in the estimation of the
basi; economic and hydrologic factors once a model has been selected,
and of po!icy guidelines which may be expressed as constraints in the
optimization process. This discussion is based on the results obtained
in previousychapters and on additional analyses.

To organize the presentation, a general discussion of the meaning
of changes in different parameters is first made in terms of a sensi-
tiJity analysis based on a linear programming formulation. Then,

- following tﬁé division presented in the first lines of this paragraph
(althoﬁgh not in the same order), the material is divided into three

parts:
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1. fhe effect of the choice of different types of models.

2. Thé effect of the'uncertaintigs introduced by theiestimation
: of the pgraﬁeﬁers*of the model.

3. .The significance of policy guidelines, including the economic

model chosen for the eéonomiq~appfaisal of the project.

Sensitivity Analysis

The analysis of the effects of the different factor can be aided
by analyzing how the different coefficients of a general linear
programming formulation affect the optimal solution. Using matrix
notation the general (maximization) 1°near programming problem can be

expressed as follows:

X — —

Max {f(x)}; subject to: Ax < b
(7.1)

X

v
o

in which (56):

A= [aij] ,1i=1,2,,..,my j =1,2,...,n ; in which the ele-

ment aij is the "'structural coefficient" in the ith row

and jth column,

b is the column vector of the m '"stipulations" bi ,

i = l,z,oco,m L]

n
f(x) = I ijj ; in which the - Cj are called '"cost coeffi-
j=1

cients'.

The effect of changes in the structural a coefficients, stipula-

i
tions b , and cost coefficients c can be summarized as shown in
]
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Table 7.1. From this table and from the linear proj,ramming model

presented in Chapter IV as Equations (4.11) and, (4.12), the following
e ;e ’

observations can be made with respect to the demands, supply, and

economic parameters.

1.

Irrigation demandg for each periqd '(rt) are structural
coefficiqnts in the-A matrix. They are also stochastic

in natureg‘as discussed in Chapter V. The changes introduced -
in r, by its étochastic nature may be capable of making the
values 6f the original basis pé lbnger optimal, of making

the original basis no longer optimal, or of making the solu-
tion obtained by the deterministic model infeasible, depending
upon the magnitude of these chénges. In the first case, only
an adjustment of the "optimum" value of the objective function
needs to be made. The second case introduces a bias in the
deterministic solution, and the third case may cause a com-
plete failure of the deterministic solution.

In the section about the choice of the model. ldater in

this chapter, the results of an investigation of whether the

'stochastic effect of irrigation demands may fall within the

first or third.cases are discussed. The second case was not
considered since it was desired to.keep bdth’irrigatiop and
hy&ropower in the stochastic model. If constraint Equation
(4.9) is foupd to be active, it should be added to the set of

Equations (4.11). If that were the case, then the operafion

and maintenance unitary costs and unitary capital costs of

both the power plant and the reservoir, also become structural


http:and,,(4.12

TABLE 7.1

Classification of the Effect of Changes in the Structural Coefficients,
Stipulations, and Cost Coefficients (1) (56)

([ Changes in "a" coefficients of nonbasic variables.

Those who may change the original optimal .Changes in "a" coefficients of basic variables, (may
basis*. - - . - ﬁ also prevent the obtention of feasible solutions).

, Changes in "c" coefficients. |

( Changes in "a" coefficients of the original basic
variables. s

May chgnge the value
of the original basic {
variables.

144 ¢

Changes in 'b" coefficients (may also prevent-the
\ obtention of feasible solutions). :

Those who may not
change the original <
basis but:

( Changes in "a" coefficients of nonbasic variables.

~'May not change-the
value of the original
basic variables. <

Changes in "c¢" coefficients (changing the value of the
objective function if they correspond to original basic
\ variables). :

* The optimal basic solution is given by that set of values for the basic variables that optimizes
the objective function. The basic variables are those which form a solution and whose value is not zero

~m2 oAt v .
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coefficients. A change in these unitary costs could then

. produce any of the effects previously discussed for the irri-

gation demands for each period, indepehdeptly of whether- the
model used is deterministic or stochastic.

The flows for each period aré'stipulations. Changes intro-
duce;‘in~these stipulations because of their stochastic nature
may“a?ther change the value of the origihal basic variables
or cadse;the deterministic solution to be infeasible. These °
effects are discussed in the section about the choice of the
model. Similarly, policy guidelines whiah may be introduced
as constraints in the model (whether deterministic or stochas-
tic) are stipulations. Examples of these are tha right-hand
side of constraints exprassed by Equations (4.9) and (4.10),
and the allowable shortage indices specified in Chapter VI,
All unitary costs and prices and the parameters of the econo-
mic model (see Equations (2.15), (2.16), and (6.2)) can be

reduced to cost coefficients (see Equation (6.6)). If a

.change in these is éufficiently large, the original optimal

basis may,be changed. Otherwise, only the "optimum" value

of the objective function needs to be recalculated, which is
not a d1ff1cu1t task as will be discussed 1n the section about
erroneous estzmatlon of the parameters of the model. How the
choice of the economic model for the economic appraisal of
the project can be traced to a change in the cost. coefficients
is also aiscussed in the section about the significance of

the economic model.
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Choice of the Model

As it was discussed in Chapter I, models are only idealized
representations of the "real world." Scarcity of basic data-mgy induce
the planner to disregard the relationships between certain components
of the system, i.e., to use a "traditional" rather than a systems
anaIysis mode1. If a sysiems anﬁlysis aéproach is nevertheless chosen,
it may induce him to make a wide range of assumptions, including linear
relationships and deterministic outcomes. These assumptions may be
made in the overall model (for example, the choice of a deterministic
linear programming optimization model) or in certain components of
the model (for example, the use of deterministic demands). Even if a
stochastic model is chosen, the planner may find himself in a position .
where short records make it difficult for him to decide upon the model
to simulate stochastic sequences (for example, the model to simulate
streamflows),

Whether he uses the "traditional" or a systems analysis approach,
scarcity of‘data may also induce him to use inadequate models for the
economic evaluation of the project and then try to qualitatively
"account for" the inadequacies of the economic model. If he uses a
"traditional" approach, the effects of these inadequacies may not
become apparent to him.

Using the stochastic model presented in Chapter VI, the relative
effect of choosing a "traditional" approach, of using a deterministic
linear programming model, of using a stochastic model with deterministic
irrigation demands, of using a stochastic model with independent supply

and irrigation demand sequences, and of using a model which preserved
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an apparent long-term memory of the stochastic component of streamflow

sequences, was investigated. For thisrpﬁrpose it was assumed that

all other factors were known with certainty and that the "true" stream-

flow and ifrigation demand sequences were fepréséntéd by the cross

correlated first-order Markov model described in the last section of

Chapter V. The procedure used was as follows:

1.

Ten sequences of 50 years each (monthly flows) were geﬁerated
using the procedures described in Chapter V, to obtain inde-
pendent flows and irrigation demands, and to obtain stream-
flow sequences with a long-term memory in the correlogram

of residuals.

Two series of deterministic monthly irrigation demands
were obtained, first using the mean monthly precipitation
data given in Table A.2 of the Appendix and, secoﬁd, using
the mean monthly values of the precipitation data used to
generate the stochastic demands (from station Cubilglitz).

In both cases the traditional procedures described in Chapter
IT were followed.

These combinations of independent demands and supply, deter-
ministic demands and original Markovian stochastic supply, and
broken-line stochastic supply and original stochastic demands,
were routed through the "true optimal" solution obtained by
tﬁg original Markoviqn dependent stochastic model, and their
e%fect ascertained by the changes in the ;hortage indices SIR
and ??p (see Equation (6.8)?. To evaluate the type II error
involved in the choice of the model for representation of the

stochastic component of streamflow sequences, the original
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Markovian stochastic flows ;nd stochastic demands were also
routed tﬁpough the "optimal" solution shown’af the end of
‘Chapter VI for fhe broken-line streamflow model. The results
,ére in Table‘7.2;
Several’considerations gan”be ﬁade based on the results shown in
Table 7.2. 1t is convenient,:however, to first indicate that once a
maximum value has been selected for the allowable ‘SI‘

R
Equation (6.9)), any result which exhibits a SIR and' or SIp greater

and SIPX (see
than this maximum (0.1585 and 0.05 in the present case) has to be
considered infeasible, no matter. what the absolute values of SIp and
SIp are. In some instances, however, the comparison of these absolute
values can give a clue as to the relative effect of different models
or changes in their coefficients. The considerations that can be
made are as follows:
1. The use of deterministic models may give rise to projects
that may fail when operated unde?‘réal stochastic conditions,
as can be seen in rows 1 and 2 of Table 7.2. A comparison
of thgse two rows may give the impression that the "traditional"
method would produce results that are "less wrong" than those
gi&eh by the linear programming model. Althouéh this is true
for‘the present case, a generalization cannot be made because
the 24,76b Ha of land used for the "tradit;onal" approach
represenfed the actually ava@léble land in the area, whereas
a high limit was arbitrarily'set for ‘the linear programming
model (see Chapter IV). Would this limit have been set for
the “traditional"‘approhch, it is likely that an area much

greater than 24,700 Ha would have been chosen based on the



TABLE 7.2

Relative Effect of the Choice of the Model

. Y P R .
Model , : % . o’k o) Sk ST,
{1) Results from the "traditional"” approach (Ch. III), evaluated using S g -
stocl}astic Markovian flows plus stochastic irrigat’:ion demands. 1060 i75 24.7 0.0756 L4 .100{

(2) Results from the deterministic linear programming model (Ch. IV),
evaluated using stochastic Markovian flows plus stochastic irriga- 846 177 < 62 . 10.6276 2.4763
tion demands.

(3) Independent stochastic flows and irri- ’
gation d is. 1110 155 30 0.23(!9 0.0793

Using average precip.

611

1110 155 30 0.1894 0.0450
(4) Deterministic over the area

irrigation s

demands Using average values
Results from the stochastic from station 11i0 155 30 0.1130 0.0371
model (Ch. VI) and stochastic Cubilguitz
Markovian flows plus depen-
dent stochastic irrigation (5) Broken-line stochastic flows. 1110 155 30 0.9986  0.2940

demands evaluated using:

(6) Stochastic Markovian flows plus
dependent stochastic irrigation_ 1110 188 °~ 30 0.1171 0.0376
denann}s, i.e., the "true optimum.™

(7) Stochastic Markovian flows with
independent stochastic component 1110 155 30 0.0 0.0051
(x; = 0). )
1

(8) Results from the stochastic model (Ch. VI) and stochastic broken-line .
flows plus original stochastic irrigation demands, evaluated using 1540 145 30 0.0583 0.0240
stochastic Markovian flows plus dependent stochastic irrigation demands.
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déterministic demands for irrigation, and thus the shortage
would probably have been much greater.

These results, however, do indicate that in relatively
simple céses, such as the one considered in this work, it may
nbt be worth the effort to try to get a firsf approximation
to the "optimum'" by using a deterministic linear programming
model, unless additional- information is desired to Be’used as‘
a guideline for other analyses (such as was done in the sec;
tion on sensitivity analysis earlier in this chapter). If
no such additional information is required, it would be.bgtter
to simply obtain a design by the "traditional appreach and
use it as a starting point in the optimization by simulation.

These results also point out that the combined effect
of the assumed linearity, the use of average values for the
supply and demand sequences, and the use of long periods over
which these average values are obtained, may :prove to be
qqitgnmisleading if the effort in using\the s&stems gpprogch
endsjwith the solution of a deterministic linear programming
problem. If the effort stops there, these results may not be
better than those that could be obtained by the "traditional"
approach.

Getiing,into the stochastic model, alcomparison of rows 3, 4,
and 6 of Table 7.2 will give some light as_to the effects
pf;duced by the demands. .Again, somekcoqsiderations must be
p;eviously made in ofder not to make an erroneous interpre-
tation of these values. It cannot be concluded, for example,

that because the shortages are greater, the use of independent
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demand and supply series is more critical than the use of
dependent supply and demand séties. It must be remembered
that the: lag-zero cross correlation coefflczent used was
‘rather low (see Chapter. V) and this may have had some in-
fluence . in the results.

‘On"the other hand even if it is logical to th1nk that
the case of correlated demands and supply (less supply, less
rainfall and thus more irrigation demand) should be more
critical than the uncorrelated case, it should be remembered
that an important'factor is probably being overlooked. 'This
factor may be the effect of the timing of the demands with
respect to the available supply. This may work in an opposite
direction from the correlation between the series. For
example, correlated demands may be higher but, by the same
token, they will tend to follow the ‘same variations of the
supply. Uncorrelated demande ma& be smaller butjmax occur at
any time, and it nayfbe that'this effect will egershadoﬁ the
.other one, eepecially for small values of the cross cengela-
tion coefficient.. Factors such as the type of crops :and the
cropping pattern may thus be of imnortanee.

A comparison of the values of row 4‘js also of intefest.
The upper values in this TOW were obtained using the estimated
average rainfall over, the project’area to compute the monthly
irrigation demands, and the lower values ‘were obta1ned using
the monthly rainfall averages for station Cubilglitz, whose

record was used to generate the stochastic demands. The two
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series of averageymbnthly demands obtained (in m3/sec) are

‘respectively (from May to April): 0.0, 0.0, 33,0, 106.0,
. 0.0, 0.0, 0.0, 0.0;\80.0, 124.0, 163.0, 103.0; and 0.0, 0.0,

34.0, 88.0, 0.0, 0.0; 0.0, 0.0, 57.0, 127.0; 108.0, 110.0,
Although the use of the latter determinisqic demands did not
introduce a major effect in tﬁé shortages (as a comparison of
the‘iower“portion of row 4 and of row 6 iﬁ&icates), the use
of the former deterministic series &id produce a SIR greater
than 0.1585, thus indicating that the results may be more
sensitive to the distribution of the average values of monthly
demands than to their stochastic nature. This, however, may
also depend on the relative variance. These latter results
also indicate that a change in the crop consumptive use and
the effective precipitation (as a.percentage of total precipi-
tation) may be of importance, since a change in these values
would produce a similar effeqt.

As far as the deméq?s are concegned;t@gn, these results
do not give any definite answers but rather raise more ques-

tions. These gpestions refer to the relative effects ofkthe

'iiming of "the demands as opposed to the effects of the cross-

correlation between supply and demand (for different values L
of the cr9§§7corre1ation céefficient), of deterministic demands,
of the consﬁmptive use, of effective precipitation, and of the
different parameters used to generate{gtocbastic demands. It

is believed that more research is needed in this area.

The effect of errors involved in the choice of the model by

which to generate the streamflow sequences can be examined
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in'the”light of the:rqsults shown in rowsNS, 6, 7, and 8 of
Table 7.2. In the first place, a comparison of rows 6 and 7
indicates, ag would have been expected, that autocorrelated
flows would require greater storage }eservoirs for the same
demands than seria11x1uncorrelated flows. The importént

{

implication of this ddmparison is that the choice of the model

. could have determinéa whether flows would have been generated
with 1, = 0, or with r = 0.623 as was. 'actually done*.

Although no stochastic optimization was carried out using

streamflow sequences with r) = 0 , the values of row 7 indi-
cate that a more optimistic design would have been obtained
(i.e., smaller reservoir and or larger power plant). Since
the routing é% broken-line flows through the "optimum" design
obtained using a lag-one Markovian model produced unacceptable
shortages (see row 5, Table 7.2), it would be reasonable to
expect that even larger shor;ages would have been obtained if
this routing would have been made through the more optimistic
design obtained by the use of serially uﬁcorrelgted flows.
Therefore, it can be said that there may be cases where the
type II error of a sum of harmonics model may be greater
than the type II error of a model that uses 12 monthly his-
torical values to incorporate the cyclic variation in the
means and standard deviations.

'With respect to the type II error of this latter model

and the broken-line model, a comparison of rows 5 and 8

o Refer to the section about the cyclic components in Chapter V
as to how a value of r, = 0 could have been used if a sum of harmonics
model would have been cﬁosen.
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‘ indicate that the consequences of choosing the Markovian

oodel are greater than the consequences of choosing the
broken line model The "optlmum" present value of net ‘bene-
f1ts from ‘the Markov1an model is glven in Chapter VI as

Q 156 54 x 106 and that from the broken line model as

Q 141.47 X 106 . If the oroken-line model is chosen errone-
ougly, the economic oenefits that are obtainoq are Q 142,31 x

108 (because SI, and SIp are 0.0583 and 0.0240 if the

R
Markovian model flows are used, instead of 0.1467 and 0.0355
as indicated for broken-line flows in Chapter VI). The bene-
fits foregone are then equal to Q 156.54 x 106 - Q 142,31 x

10% = q 14.23 x 108 .

If on the other hand, the Markovian
model is chosen erroneously, the project ''fails'" because SIR
and SIp are greater than 0.1585 and 0.05. The economic
measure of that failure is hard to ascertain, bot it is likely
to be greater than the value computed simply by using the SIR
andt'SIp of 0.9986 and 0.2940 (which, just for the record,

is Q 17.81 x 10%),

These results show that.an investigation of the economic
effect produced by the typ9 IT error of the different models,
can be used to counteract in part the effect of the uncertainty
caused by data limitations. In the present case, for example,

the use of a broken-line model is the "least risky" decision

for choosing the mcdel.
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* Erroneous Estimation of the Parameters or the Modei

— Two types of parametérs were considered: the economic parameters
and the hydrologic (streamflow) parameters. As stated in the section:
about sensitivity analysis earlier in this chapter, the economic param-
eters can be reduced to cost ‘coefficients and the effect of a small
change in them can be directly svaluated. This is done in“the second
part of this section. The relative effect of the hydrologic, param-
eters, however, has to be made by simulation because of the nature of
the objective function (Equation (6.5)).

Hydrologic (Streamflow) Parameters: Keeping the assumption made

earlier, i.e., that the "true' streamflow sequences were those repre-

sented by the lag-one Markov model, as described in Chapter V, the

effects of small changes in its parameters were evaluated based on the
"true optimum" design (row 6 of Table 7.2). For this purpose, a 10
percent change was made in the long-term mean of the historical sample
(decrease), in the standard deviations (increase), and in the first-
order autocorrelation coefficient (increase). Using the model developed
by Matalas (S1), 10 series of 50 years each were genera¥ed in each

case, and the routing procedure previously described was repeated. The
results are shown in Table 7.3,

Table 7.3 indicates that while a 10 percent increase in the first-
order autocorrelation coefficient will somewhat decrease the present
value of net benefits, no "failure" occurs. On the other hand, a 10
percent decrease in the long-term mean and a 10 percent increase in the

staﬂdard deviations are liable to produce a "failure." Furthermore,
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the relative efféct of the cﬁange is greater for the long term mean.

It is 1nterest1ng to note this relative. sensitivity since, as it has
been stated before, the relative inaccuracy w1th which these parameters
can be estimated and the relative difficulty with which the accuracy
can be increased by regional analysi;ffbllows precisély an inverse
order, i.e., serial autdcorrelaglon coefficient, standard deviations,

and means.

TABLE 7.3

Relative Effect of a 10 Percent Change in the Hydrologic
(streamflow) Parameters

Y P R
b o’y (0%wa) S ST

e — —— 1

"True optimum" 1110 155 30 0.1171 0.0376

Ten percent decrease in
long-term mean 1110 155 30 0.7445 0.3337

Ten percent increase in
standard deviations 1110 155 30 0.2723 0.0557

Ten percent increase in
the first-order auto-
correlation coefficient 1110 155 30 0.1159 0.0435

Economic Parameters: The change in the "optimum" value of the

objective function (see Equation (6.6)) produced by a small change in
a cost coefficient (all other factors constant) can be evaluated by
the partial derivative of the objective function with respect to that
cost coefficient, This will be valid only for the point corresponding
to th;t "optimum" value. However, if the response surface in the

vicinity of the "optimum" is relatively flat, this partial derivative
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will be an acceptable approximation in the neighborhood of that
point.

‘ Following this criterion,:fhb relative effect of a 10 percent
ch;nge in the overall cost coefficients of Equation (6.6) was obtained.
The same procedure was applied to £ind the effect of a 10 percent
change’in several components of these cost coefficients, such as the
unitary costs and benefits and the social capital ﬁrodﬁcfivity rate*
eg (see Equation (2.15) and (6.6)). The results are shown in Table
7.4. Several observations can be made with respect to these results:

1. Whenever‘é cost coefficient or parameter involves a sum of
components of the same sign (such as C; , G; , and the social
unitary energy value 0.432), the effect of a change in it is
grepﬁer than the effect of a change in its components. If a
sum of components of different sign is involved (such as in

R
expected.

C! and Bg ), the effect is smaller, as might have been

2. The effect of changes in the economic parameters of the fea-
tures of the project varies according to the relative impor-
tance and size of these features, also as might' have been
expected. The effect of a change in the social capital
productivity rate eg can be considered in the category of
the effects produced by changes of the parameters related
to the most important features of the project (reservoir and

bowe: plant in this particular case).

'* Of all the parameters of Equation (2.15), 0, was the one
found more difficult to estimate for the example use§ in this work,
as discussed in section A.5 of the Appendix.
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The effect of a relatively small single change in the overall

cost coefficients and their components can be considered to

. change the "optimum" value of the objective function, but

not enoug@ to change ihe,va?ues of the oriéinal basic variables
or‘to(éhange the original basis, if all theseiéomppnents appé;r
only in the 6bjective functioﬂ.

The effect of this change in some of them (such‘as the
social unitary value for energy, monetary energy price, Og .
and unitary éapital cost of the reservoir, for example) may
be equally or more important than an equivalent change in "
certain hydrologic parameters (such as the first-order auto-
correlation coefficient), but less important than an equiva-
lent change in others (such as the mean and standard deviation,
for example). In general, this effect can be considered less
critical than that produced by a similar char~s in the hydro-
logic parameters (see Table 7.3) and less critical than that
produced by the choice of the model (see Table 7.2).

It must be remembered, however (although this aspect
was not investigated), that if these parameters also appear
in constraints which are active, such as that of Equation
(4.9), for example, they become structural coefficients. A
small change in them may then cause a wide range of effects
beyond a simple change in the "optimum" value of the objective
function, as discussed in the section about sensitivity

analysis at the beginning of ‘this chapter.
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TABLE 7.4

Relative Effect of a 10 Percent Change in the Overall Cost Coefficients
and in Selected Components of These Coefficients' (refer to Equations
(2.15), (4.2), and (6.6)). o

Parameter: ' gffect (in Qf109)
B R I I,
¢} 04042
Social unitary energy ' 31.500
Overall value = 0.432*
zgzzficient Cﬁ 5.140.
C} 7.750
KRgand, bR) 0.021
Kp(and bp) 0.237
BR 1.480
0R 0.590
CR 0.875
of the over- 1.650
S
0Y 0.088
CY 7.640
Monetary energy price
= 0,018* 11.100
eg 11.000

* These values are related by 0.432 = [0.277 + 8.6 {0.018}] as
shown in Equation (4.2). The right-hand side of this expression comes
from the evaluation of the social value of net income received by the
industrial sec:or (considered as the difference of the energy price
from "without" to "with" project conditions), of the social value of
the revenue received by the government from energy sales, and of the
effect on the balance of payments of the income received by the indus-
trial sector (see section A.5 of the Appendix, and Equations (2.7) to

(2.13)).
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Significance of the Economic Model and Policy Guidelines

.As was stated at the beginning of this chapter, scarcity of basic
data mdy affect the désign‘of water resources projects by the adoption
of certain policy gﬁidelines. For example, the systems approach may
not be attempted and projects may be economically evaluated using
traditional approaches (see Chapter II) or, even if it is used, these
traditional approaches may be imposed as restrictions because of the
skepticism of international lending institutions in the face of unre-
liable data. Certain policy guidelines, such as an upper limit to the
losses in terms of the allowable percentage of the annual gross bene-
fits (see Chapter VI), may also be affected by unreliable data. These
aspects are discussed in this section.

Significance of the Economic Model: The significance of the

traditional approach and of Mobasheri's approach (see Chapter II} is
discussed first. This discussion is considered necessary to set the
stage for the analysis of the effect of the choice of the economic
model.

The Traditional Approach: Mostly because of lack of basic infor-

mation, as already discussed, benefit-cost analysis in developing
countries is traditionally done by considering only direct benefits
and costs at market prices and, based on the results obtained, quali-
tative considerations on the part of the decision makers weight the
desirability of the project in terms of how it will contribute to
things such as the balance of payments, income distribution, etc.

At most, the only factor that is explicitly taken into account is

the scarcity of capital for investment. This is done, as previously
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discussed, by specifying thgt the project must give a rate of return
which is set équa; to a value higher than the market rate (for example,
12 percent). In this manner, only the social cost of the capital is
explicitly accounted for.

It is of course logical that if capital is scarce, the government
should want to invest oniy in those projects whose rate of return is
the Highesf. However, by applying the criterion outiined above, the
ranking of projects is done based explicitly only on a national-income
increase basis and an incorrect one, since market prices are used for
costs and benefits. Furthermore, by specifying a high rate of return,
the objective function favors less capital intensive projects which is
contrary to the needs of a developing economy. The net result is that
even if goals such as the distribution of income, an equilibrium in
the balance of payments, and an improvement of the unemployment situa-
tion appear in the development plans of a country along with the
increase of the per-capita income, the traditional method only ranks
projects in terms of returns from the investment. Thus, even if this
is not the intention, projects which may contribute very little to
those developing goals or that may even be detrimental to those goals,
may be favored.

The Alternative Approach: As has been discussed, an objective

function sﬁch as the one proposed by Mobasheri takes explicitly into
account the mentioned goals. As can be seen from the equations pre-
sented in Chapter II, this model accounts for the social cost of the
capital by using a social capital productivity rate eg » and also
accounts for the social cost of underemployed labor and foreign

exchange by the use of shadow prices. On the benefit side, it includes
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the social value of the net revenue obtained from the operation of
"the pro?ect by means of the raée eg , and the social value of the
additional income received by the‘different sectors of the economy
by tracing the portions of it that are consumed and reinvested, and
by using a social discount rate r as a measure of ;he social time
preference.

The need for caﬁital-intensive projects to increase future
per-capifa income is taken into account by making r dependent upon
the difference between the rate of growth of the total national product,
and the rate of growth of the population: the smaller this difference,
the smaller r is and the more capital intensive the  projects are,
and vice-versa. By explicitly including in the objective function a
term which accounts for the effect of the project upon the balance of
payments, a model such as this one will favor those projects which
require less imported capital goods.

Finally, the model, while striving for an overall capital inten-
sive project and for increasing the national income, will also provide
for a distribution of the income favo;ing'the local agricultural sector,

and for the use of underemployment labor in that sector. This is

accomplished because it yives different weights to the social value of

n

income received by the different sectors of the economy., Qoﬁsider,

for example, the way in which it would allocate funds between irrigation
(the agricultural sector) and hydropower (the industrial and power
sectors):

The social value of benefits at period t would be (see Equations

(2.7) and (2.8)):
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n P, n
= - - 2ri-a- -
Ve + 6, = i:1{[(1 ui}ni](l Pi) * [1-Q1 "i)"i](I Pi?}bi + eg 1£1Pibi
(7.2)
in which all the terms are as previously defined.in'Chapter II. This

expression can be written as:

vt + G, = Wp by + W bp ‘ (7.3)

R 'p

in which bR and bp are thb benefits from irrigation and from power,

and the weights are given by:

P
Mo = [ougng 10-P,) + E[1-Cowydn, 107, ) + 0P
P (7.4)
W= [A-upnd -P) + ;5[1-(1-ul)nl](1-pl) + 8 (PP )

in which the subscripts ag , I , and p stand for agriculture, indus-
try, and power, respectlvely.
In a develop:ng country, it is not uncommon to find in the agri-

cultural sector a low income elast1city of demand n (because the

ag
goods consumed are necessities), a reiatively high average propensity

to save Hag » 8 low percentage Pag of the benefits returned to the

H

government as revenue, and a moderate ‘average rate of return on_ capital

pag . In the 1ndustrlal sector ¥ is low, "y and Py are high
although PI may be zero if the benefits are assumed to be the dif-
ference in energy price from "without'" to "with". project condit1ons,
multiplied .by the percentage of the energy consumed by the industrial

sector. For the power sector Pp is one, and the benefits are the

revenues from the power sales. If these values are, for example, those
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shown in Table 7.5, the weights WR and Wp are 2,333 end 0.39 for
an r of 4,3 percent, and eg equal to 1.22. This would mean that
a dollar (gross benefit) received from irrigation is valued about
six times more than a dollar received from hydropower, in terms of

income distribution.

TABLE 7.5

Example of Coefficients of the Alternative Economic Model
Estimated for the Guatemalan Economy

Sector _
Coefficient Agriculture Industry Power
n 0.5 1.72 -
u 0.5 0.13 -
P 0.15 0.20 -
P 0.25 0.00 1.0

Bffect of -the Choice of Economic Model: The dilemma of the

planner in a developing country-is. that. he may -be faced with the fol-
low1ng situation: To-use a model such as the one proposed by Mobasheri
is attractive because it  takes into account the market imperfections
of a developing -economy and explicitly includes in the objective
function the main goals for development. On the other hand, the data
requirements of such a model may be excessive for a’developing country,
and many assumptions may have to be made. Furthermore, it is likely
that, the funds for ‘this type of project must be sought abroad, from

international financial institutions. As stated by King (8), these
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institutions may be skeptical of such a model because of data
limitations and may insist on the traditional approach.

R In the example followed through using data from Guatemala, the
"optimum" scale of development for the irrigation and hydropower pro-
ject was obtained using Mobasheri's model (Chapters IV through VI).
U51ng the’ s;zes of the structures obtained with ‘the deterministic model,
. a benefit-cost analysis by the conventional approach was then ‘made.

It was found that the internal rate of return of the project was be-
tween 11 and 12 percent. If the same analysis were to be performed
with the results from'the stochastic model the rate of return would
be less than that because the reservoir size is bigger and ‘the power
generated is less than those obtained fron’tne deterministic model,

3 If, following the traditional approacn, a minimum rate of return
of 12 percent would have been set to account for the social cost of
capital, there is a chance that this project might have been rejected
in‘fayor of an alternative project whose return to the investment was
at least 12 percent. The social cost of this decisien, in terms of
social benefits foregene, would be equal to the "maximum" present
value of net social Penetits that could have been obtained by the ,
construction of this project, minus the "maximum" present‘value of
net social benefits of the alternative project, evaluated using the
same criterion (Mobasheri's model in this example) The alternative
project is justifiable, in terms of the developing aims of the country,
only if this difference is zero or negative. In other words, the rate
of return criterion should be secondary to the eiplicit consideration

of how the project contributes to the developing goals of the country,
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rather than the qualitative consideration of this adequacy being'
_secondaiy to the rate of return:criterion.f

Tnis would give‘a*firmer basis on which to negotiate the needed
foreign currency loans. If the lending 1nstitutions insist on’ the
.traditional approach, this would still allow fbr evaluating the effect
of this constraint and thus favor those investments - that, while meeting
the minimum rate of return requirem;nt, would either give the highest
social net benefits, or the lowest social cost (ansocial benefits
foregone) in terms of the country's developing objectives.

If data are‘scarce, the criterion proposed by Maass (57) could
be followed. This is to say, that by a political process certain
criteria are set, and then the ranking of projects is done following
those criteria. For exampfe, in the present case, the government or
the planning institution could establish different sets of criteria
with values for the social discount rate r ,:the social capital pro-
ductivity rate eg ».and the felative weight to be given to the social
value-of the benefits received by the different 'sectors of the. economy.
Then, either a set is chosen by a political decision and the project
"optimized" accordingly, or several "optimum" scales of development
are obtained with the Qifferent sets, from which the decision makers °
may choose with a knowledge of the economic consequences of their ‘ '
choice, in terms of the Qeveloping aims they tnenselves have esta-
blished.

The effect of -the choice nf the economic model in the systems
analysis'approach’can’be traced to a change in the cost coefficients

of the objective function. In the case;just discussed, if the ""optimum"
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scale of development for this project would have been searched using
an objective function structured in the conventional manner and with
a diseount rate of 12 percent, all the cost coefficients would probably
have begn neg#tive, indicating the infeasibility of the project by
that criterion,

If the ﬁinimum internal rate of return chosen is such that an
‘"optimum" scale of development is liable to be found by the use of that
rate as a‘disc69nt rate in an objective function structured in a
conventional manner, the effect may be just to change the optimal basis
obtained-by the use of an economic model such as Mobgsheri's. This‘
was the case, for example, when the cost coefficients near the optimal
solution of the deterministic model (i.e., R = 62,000 Ha, E = 910.79

X 106

Kw:h, and Y = 846 x 106m3) were evaluated using both Mobasheri's
modgl ("model I" in Table 7.6) and the conventional model with a
discount rate of 9 percent ("model II'" in the same table). Since the
coefficient for irrigation became negative, model II would have elimi-

nated it, thus changing the original basis.

TABLE 7.6

Compérison of the Cost Coefficients in the Objectivé Function Obtained
With Economic Models I and II for a Given Size of the Elements R, E,
and Y.

Coefficient Coefficient Coefficient for
for for the
Model Irrigation Energy. Reservoir size
I 4.0 ' 0.378 -0.06812

I1 -68.4 0.125 -0.0573
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Choice of the economic model may also exert an influence on the
effect of the cost coefficients upon the measure of project desirabi-
lity. A model such as Mobasheri's, for example, may give a larger
scale of development than a conventional economiCrmbdel, thus increas-
ing the effect of a change in the cost coefficients.

Policy Guidelines: The choice of the minimum rate of return

discussed in the previous section is a policy guideiine. Its effect
upon the economic measure of project desirability can be traced
through the effect of the choice of the mpdel. If this minimum rate
is 12 percent, for example, the effect of choosing the conventiqnal
economic model may be to make the project infeasible and to invest in
an alternative project, with the economic implications already dis-
cussed. If the minimum rate is 9 percent, for example, the effect
would be to change the original basis. The economic implications of
optimizing with this conventional model could then be evaluated in
a manner similar to, that suggested in the,previpus‘seg;ion.

The requirements that the energy price must not be greater than
Q 0.018/Kw-h and that the net rentability of the power entity must
not be less than 9 percent (see Equations (4.9) and (4.10)) are also
policy guidelines. Since they are stipulations, the effect of a change
in them may be either to change the value of the priginal basic
variables or to cause infeasibility. The inclusion of these policy
guidelines as constraints, may also*indigectly produce infeasibility
since the unitary costs become also structural coefficients, as already
discussed. Although in the former case the infeasibility cannot be

directly attributed to lack of data, in the latter case it is produced



139

by errors in the estimation of the costs, and indirectly introduced
by the policy guidelines.

| Slm1lar1y, the policy guideline that the losses, expressed as a
percentage of the gross annual benefits, must not exceed 1 5 and 1.0
for irrigation and power respectively, are stipulations, As was
shown in Chapter VI, these limits can be transferred to the shortaée
incdexes SIR and SIp by the use of Equations (6.2) and (G.é). The
use of these equations make the limits for SIR and SIp dependent
upon the values of the average annual economic unit loss b and of
the social capital productivity rate eg . A change in these last
twb.fhctors may change these limits, so that the value of the variables
in the optimal basis may change. Also, the effect of a change in a
parameter (for example hydrologic) may then go from a change in the
"optimal" value of the objective function all the way to infeasibility,
or vice versa, as a consequence of a change in these factors. The
effect of this kind of policy guideline is also dependent upon the
model chosen for the loss function (see Chapter VI) with consequences
similar tv those discussed above. Although not caused by data limi-
tations, similar consequences can be produced by the choice of Rg

in Equation (6.4), which is also a policy guideline,

Final Remarks

The analysis and discussion presented in this chapter pertain to
small changes in differenp economic and hydrologic factors, taken one
at a time. In the "reai world" however, it is likely that several of
these effects may occur simultaneously. From the discussion presented

in this chapter, it is also obvious that several interrelationships
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exist among the effects produced by several factors. Examples of these
are when the factors appear as a product, such as certain components
of the cost coefficients. Policy guidelines and the choice of models
are also interrelated with the effect produced by changes in certain-
factors as already discussed.

Another example is when a stochastic model is chosen instead of
a deterministic one. 'In this case, the values of the design variablgs
will be affected, thus influencing the effect of changes in the cost
coefficients and their component elements. This may also cause pre-
viously inactive constraints to become active with all the implications
involved (for example, constraint Equation (4.9) may become active
with the unitary costs of the reservoir and power plant becoming
structural coefficients).*

With respect to the relative effect of errors in the estimation
of the parameters of a chosen model, only the sensitivity of the
optimization model with respect to small changes (10 percent) in these
parameters was investigated. It must be remember, however, that the
reliability with which these different parameters can be estimated
varies with each one. Thus, the uncertainty introduced by errors in
these parameters is really a combination of both the response of the
optimization model (what was investigated here) and the variability of

each parameter.

* When constraint Equation (4.9) was checked with the values of
P and Y given by the stochastic model of Chapter VI, it was found
that an energy price of Q 0.019/Kw-h was needed to give a net renta-
bility of the power entity equal to 9 percent, i.e., that with a price
of Q 0.018/Kw-h a net rentability lower than 9 percent is obtained. 1In
order to fulfill this constraint, probably it would have been necessary
to abandon irrigation or to make it small enough so that the operation
rule of the reservoir simulation computer program would release water
based only on the power demands.
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The most distinguishable characteristic of the world we live in
'is uncertainty, and it seemc like not enough attention has been given
to it in such uncertain endeavors as the planning of projects for
developing purposes. The author believes that although data limitations
in developing countries are a drawback for the design of water resources
projects, they sﬂould not be an\éxcuse for hiding the effect of these
uncertainties by the use of models that may have less data require-
ments at the expense of too much distortion of reality. As an example,
the results reported herein show that ignoring the stochastic nature
of supply can cause designs that may fail to produce the desired re-
sults, with serious economic consequences. Similarly, that the type
I1 error can be used as a basis for selection of the streamflow simu-
lation model to diminish the economic effect of the uncertainty caused
by data limitations.

The results of this investigation suggest a possible way to
introduce a more rational safety factor in the operational designs.
\For example, the uncertainties that may be introduced by the estimation
of the different parameters of an economic model such as Mobasheri's,
might be avoided by reducing its most uncertain components to policy
guidelines, as discussed in the section about the sigﬁificance of
the economic model. In this manner the effect of these and other policy
guidelines may be made apparent to the decision makers by the use of
the systems approach. Also, an "optimistic," a "most probable'" and
a "pessimistic" estimation of the unitary costs and benefite of the
components of the system that are liable to be the most important

. features in the project, may be made. By following the prucedure of
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assuming that these estimates, follow a‘éiven probability density
function (as done in reference (37) for tﬁe qs;imates of annual

energy demgﬁdéf, a value with a gi&en probability of occurrence'
might Be chosen. ’ |

With respect to the choice of the hydrologic model, that model
having.the type II error which introduces the sqallest effect should
be selected. Once the model has béenjselected, that combination of
parameter variability and optimization-model response which produces
the greatest effect could be identified by the use of a shortage
index, as used in the analyses reported in this chapter. Then, the
effect of the sample available could be taken into account by making
an interval estimation of this parameter and using perhaps the most
unfavorable limit of this interval as a design parameter,

In the case of the losses produced by the stochastic nature of
supply and demand, a way to avoid the effect of uncertain data (such
as the b coefficient of Equation (6.2)) would be to design for zero
losses. This,-however, may prove to be more costly than coping with
the uncertainty of these data.* Another way could be to specify
the upper limit for the allowable average annual shortages instead of
specifying it for the losses as a percentage of the annual gross
benefits. In this manner, the effect of uncertain data (assuming the

quadratic loss function- is adequate) would only be that introduced by

* For example, in the case investigated the reservoir, power
plant, .and irrigation area sizes had to be made equal to 846 x 10°m",
70,000 Kw, and 30,000 Ha respectively in order to obtain zero values
foanSIR and SIp ,(SIP was negligible). This is equivalent to a

loss of Q 105.92 x 106 , in terms of benefits fbrégone, with respect
to the "optimum" design obtained in Chapter VI,
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b as a cost coefficient, and not the most critical one produced by
the policy guideline, as discussed in the section about policy guide-
lines. In this case, it is conceivable that the limit for the average
annual shortuges might be easier to determine (from a technical point
of view) than the limit for the losses as a percentage of the annual
gross benefits (from an economic point of view).

A next logical step following the research reported herein would
be to further investigate and formulate all the interrelationships
discussed in the first three paragraphs of this section, and to investi-
gate procedures for the design of projects which, based on the informa-
tion available, its reliability, and the relationships among the effects
produced by changes in the different parameters, will enable the plan-
ner to 'make the most of what he's got" whatever this might be. In
this respect, it is believed that the use of systems analysis is not
an unnecessary sophistication, but a very useful tool. It is also
believed that the joint use of systems analysis and statistical deci-
sion theory is an avenue for this type of research which might be

worthwhile to explore.
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CHAPTER VIII
CONCLUSIONS

The object@ves'of«this research: specified in Chapter I, have been

accomplished. From the results of the investigations and analyses

performed, the following conclusions are drawn:

1.

Data limitations in-developing countries can affect water

resource project designs in three major areas:

a. The choice of the overall design model or parts of it.

b. The estimation of the parameters of the model once it has
been chosen.

c. The choice of policy guidelines to accomplish the develop-
ment aims of the country.

In terms of a given measure of project performance (such
as the present value of net economic benefits), the effect pro-
duced by choosing policy guidelines, including the economic
model for the evaluation of the project, appears to be of
uppermost importance, closely followed by the effect of the
choice of the model. The effect of data limitations upon the
estimation of the parameter: of the model, in general, appears
to be of less relative importance. This does not mean, how-
ever, that it should be disregarded.

Most policy guidelines can be viewed as constraints in the
overall model, and the effect of limited data on their choice
can easily produce infeasibility of the project. The effect
6f limited data on the choice of the economic evaluation model
may lead to the selection of a project whose effect upon the

economy of a developing country is contrary to the developing
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aims of the country. The choice of the economic model may

be traced to a change in the cost coefficients of the objective
function. This change may be:large enough to change the opti-
mal basis‘fbunq by using”alteinative models and, depending
upon certain policy gﬁidelines, the chéﬁge may be large enough
to make the project infeasible.

The model proposed by Mobasheri for the economic evaluation
of projects was used as an example of the available alterna-
tives to the economic model traditionally used for this pur-
pose in developing countries. The data reduirements of such

a model appear more formidable than they really are. When
applied to Guatemala, for example, ths only real difficulty
encountered was in the evaluation of the social capital pro-
ductivity rate, eg . This and other parameters used in this
model serve the purpose of evaluating the coefficients that
introduce into the model the main goals for development, based
on economic theory. Some of these coefficients, such as the
relative weights to be given to the social value of income
received by different sectors of the economy, may also be
viewed as policy guidelines that the planning agency can set
and whose effect on the project may be evaluated by the use
of the systems analysis approach.

The use of deterministic linear optimization models may give
rise to projects that may fail when operated under real
stochastic conditions. In relatively simple cases, such as

the one used as an example in this work, the use of such
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models as a first approximation to the "optimum" (to be
obtained by a stochastic model) may not be worthwhile. In

such cases, the stérting point for the stochastic optimization

‘may well be obtained from a "traditional" design approach.

The use of deterministic linear programming models can be
justified if additional information is desired to be used as
a guide11ne for other analyses (such as a sensitivity analysis,
for example). If no such additional infbrmation is required
and if the use of systems analysis ends with the solution of
a deterministic linear programming model, the use of such a
model may be quite misleading.
Not enough attention has been given in practice to the sto-
chastic nature of the demands. The tests made to ascertain
the effect of using deterministic, stochastic, dependent
(to the supply), and independent irrigation demands were not
conclusive. The results, however, seem to indicate that the
timing of the demands with respect to the available supply,
the distribution of the average values of the monthly demands,
and the effect of stochastic consumptive use and effective
precipitation percentages, are factors that should receive
more attention.
The effect of the choice of the model by which to generate
equaily likely streamflow sequences is of importance. It is
felt\in the resultant autocorrelation structure of the gener-
atpg series, which may range from an independent series to

series which exhibit a long persistence effect, according to



147

the model chosen. The consequences of the type II error
involved in the choice of the model may be great enough to
produce infeasibility.

I£ is operationally feasible to use a broken-line model to
preserve a long memory in the autocorrelation structure of the
monthly str;amflow residuals ‘*(obtained frpm the monthly stream-
flows' by subtracting the mean of the month ‘and dividing by‘
its standard deviation), if their coérelbgraﬁ can be repro-
duced by the use of two broken-lines: one with a low frequency
and the other with a high frequency. If the memory parameter
of the high-frequency broken-line can be set equal to one,

it is relatively easy to simulate streamflow sequences that
reproduce a given number of historical streamflows, i.e., it
is relatively easy to operationally simulate sequences that
maintain a given long memory.

The results ob;ained seem to indicate that a long-memory
correlogram of the streamflow residuals may be obtained from
streams whose drainage area include karst topography. In such
cases, the brokep-line model may be a useful operational tool
to preserve this long-term persistence. The broken-line model
may also be a useful operational tool where the nature of

the correlogram makes it difficult to decide upon the order
of an autoregressive model to fit that process, or where too
high an order has to be used if an autoregressive model is to

be fitted to the process.
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The economic effect of the type II error that might be
involvea in choosing' a streamflow simulation model that
genergtes series with sh&rt-term memory (such as a first-order
autoregressive itodel or an independent model) is greater tpan
the economic effect of the type II error that might bg in-
volved in chosing‘é model that preserves a long-tér; memory
(such as a broken-line model). This is of special significance
where short records make if difficult to ascertain the auto-
correlation characteristics of the streamflow series.

The errors introduced in the estimation of the parameters of
the model, once it has been chosen, in general can be con-
sidered to be more important when they are related to the
hydrologic (streamflow) parameters than when they are related
to the economic parameters that appear as (or that can be
transformed to) cost coefficients in the objective function.
When these same parameters appear also as structural coeffi-
cients, however, this statement cannot be made.

The first-order autocorrelation coefficient is especially
difficult to estimatp. All known estimators are biased down-
wards and this bias persists for sample sizes well beyond the
longest streamflow records now available. It was fbun&;
however, that the relative effect of a small change in the
hydrologic (streamflow) parameters is greater for the long
t-rm mean, followed by that for the monthly standard deviations
and by that for first-order autocérrelation coefficient (if a

first-order autoregressive model is chosen).
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12. Although studied one at a time in the present case, it is

| unlikely that the effect of data limitations on the several
factors considered will act independently in the real world.
It is important to remember that‘seQQral"interfeiationships
exist among the effectswproéuced on the various factors, in

~ such a way that it would be proper to ;alk ébout and to
investigate "'direct" and "indirect" effect;:

13. Not enough attention has been given to the p%oblem of the
many uncertainties introduced by data limitations in the
planping of projects for developing purposes. In this re-
spect, the use of stochastic systems analysis for planning
water resources projects of certain importance in developing
countries is not unnecessary sophistication, but a useful tool.
It is believed that although data limitations do exist, there
is a minimum amount of information that could be compiled
inimost develqping countries to allow for the application of
this approach. Both this approach and the "'conventional”
deterministic procedure are subject to unce?tainties under
these circumstances, but the stochastic systems analysis
allows the planners to investigate the effect of these uncer-
tainties as well as the effect of policy guidelines that they
themselves may establish. In this manner, it provides a
Petter path for "hedging" by agcounting‘fpr the data limita-

tions and by making the most out of the available information.
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CHAPTER IX
RECOMMENDATIONS

From the analysbs performed and the conclusions obtained from

these analyses, the following recommendations hre made:

1.

For the ecohqmic evaluation. of water resources projects in

.developing countries, the rate of return criterion should-be

secondary to the explicit consideration of how the projeét
contributes to the developing goals of the country, rather
than the qualitative consideration of this adequacy being
secondary to the traditional rate of return criterion. An
economic model that includes these goals should be used for
that purpose.

If data are scarce, those coefficients of such a model that
are most difficult to evaluate should be set as policy guide-
lines or criteria by a political process, in such a manner
that the decision makers are aware of the economic conse-
quences in terms of the developing aims of the country, of
choosing a given set of coefficients. The planners should
be aware that the choice of policy guidelines is what produces
the greatest economic effect and should also be aware of the
nature of this effect.

The use of linear deterministic models as the only tool to
be applied in a systems analysis of a water resources project
is not recommended. The stochastic nature of streamflow

should always be accounted for in the model chosen for that

purpose.
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The stochastic nature of demands should receive more attention.
Additional research is needed to determine the most signifi-
cant components of models to generate equally likely sequences )
of the‘diéferent types of demands. In the case of irrigation
demands, for example, additional research is needed to ascer-
tain the relﬁtive effect of correlation with the supply
sequences, of the timing of the demands, of the crop types and
patterns, and of the stochastic nature of consumptive use and
percentage of effective precipitation. Similarly, more
research is needed. for stochastic simulation of other demands,
such as energy and water supply.

In the case of optimization ﬁy simulation, more research is
needed to evaluate the effect of the type of loss function

used to account for the stochastic nature of both supply and
demand sequences, and to chose the most convenient one.

Careful consideration should be given to the effect of the
choice of the streamflow generation model, especially regarding
its effect upon the autocorrelation structure of the generated
series. It must be remembered that the popularity of a model
does not guarantee its universal applicability. If data are
limited, that model which produces a type II error with the
smallest economic consequences should be used.

More research is needed on the estimation of the parameters

of the broken-line model in order to make it fully operational.
Its applicability to simulate streamflow sequences from karstic

watersheds deserves additional study.
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If a first-order autoregressive model is considered adequate
%br streamflow simulation, the use of Equation (5.2) is
recopménded for the estimation of its parameter 6, -
An effért would be worthwhile in developing countries to
evaluate thp data situation in relation to their applicability
for the systems analysis of water resources projects., This
approach should not be considered as unnecessary but as a
versatile tool.
The determination of the "optimum" scale of development for
a project should not be made without stating the probability
of success or failure. It is recommended that planners be
made aware of the economic effect of choosing different levels
of this probability. For this purpose, a simulation procedure
and the use of a loss function is recommended.
To diminish the effect of the uncertainties introduced by
data limitations in the design of water resources projects by
the systems analysis approach, the following measures are
recommended :
a. Reduce the most uncertain components of the economic
model to policy guidelines, in order to make their effect
apparent to the decision makers. For this purpose the
planner should, if possible, construct utility tables
(in terms of the developing goals of the country) for
different sets of those components.
b. If no additional information is available, an optimistic,

a most probable and a pessimistic estimation of the unitary
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costs and benefits of the principal components of the
systép shopld be made. This would- at least allow for
the'estimation of a value with a given‘probability of
éccurrenc; if these estimates are assumed to follow a
triangular probability density function.

c. With respect to the choice of the hydrologic model, that
model having the type II error which produces the smallest
economic effect should be chosen.

d. Identify that combination of hydrologic parameter varia-
bility and optimization-model response that produces the
greatest effect and make an interval estimation of this
parameter using the most unfavorable limit as a design
parameter. If possible, reduce the variability of this
and other hydrologic parameters by regional analysis.

e. To account for the losses produced by the stochastic
nature of streamflow and demands, specify an allowable
limit for the water shortages instead of specifying it
for the economic losses as a percentage of gross annual
benefits.

It is recommended that this work be followed by an investiga-

tion of the interrelationships existing among the different

effects produced by data limitations. These interrelationships
should be further investigated and, if possible, formulated.

This investigation should also include procedures for the

design of a project which, based on the available information,

its reliability, and the relationships among fhese effects,
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will enable the planner to make the most out of the information
! t
available to him. The joint use of systems analysis and

statistical decision theory may be an avenue for this type of

research.
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APPENDIX
GUATEMALA PROJECT

A.l. Location

The Government of Guatemala is considering the development of
land and water resources in an area of about 14,400 square kilometers
ldéated in the northexrn part of the country*, within 9b°00' and 91° 30!
longitude West, and 15°00' and 16°00' latitude North. Except for its
East-central part, this region is underdeveloped and very few settle-
ments exist within it. There is also a colonization project for the
region -north of the 15°40' ?arallel, between the 91°15' meridian at
the West and the Caribbean Sea at the East. This project (hereafter
referred to as the NC Project) includes the building of roads and
other infrastructure features and is aimed at decreasing the demographic
presgure now existing in the Western highlands (see Fig. 3.1 in the
main text).

The main rivers in the region considered by the northern land and
water resources project (hereafter referred to as the NLW Project) are
the Ixcan (drainage area of approximately 2,000 square kilometers),
Xalba) (approximately 1,400 square kilometers), and Chixoy (approxi-
mately 11,000 square kilometers), one of the main tributaries to the
Usumacinta, which is the largest river in the country and whose drain-

age area within Guatemala is of about 45,000 square kilometers. All

* All of the data and information regarding the Guatemala project
used as an example in Chapter III and in this Appendix, were ob~ained
from the sources listed alphabetically in section A.7. Where required,
an authorization was obtained from the National Economic Planning
Council of Guatemala for the use of the data.
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of them run towards Mexico and, after contributing to the Usumacinta,
into the Gulf of Mexico. Preliminary studies show good possibilities
for hydro-power generation and for the obtaining of water for municipal
and agricultural purposes by means of a series of dams and reservoirs
located at several places along these three rivers.

One of these sites, and the one where perhaps ‘the largest reservoir
could be built, may be either about five kilometers downstream of the
Chixoy streamgaging station, near El1 Jocote (drainage area approximately
5762 Km.z), or about some four kilometers further downstream, near El

Jute (drainage area approximately 5824 Km.z

). Another possibility
has also been considered in the vicinity of San Cristdbal (see Figure
A.1), although no definite location was available when the data for
this study was gathered.

So far, only prefeasibility studies regarding the identification
of potential reservoir sites and inventory of resources have been made.
Very little economic, hydrologic, and meteorologic information exists
for the region. Although good .topographic and geologic maps are
available, no detailed field studies other than at a’:econnaissance
level have been carried out to determine the physical and geologic
feasibility of the most promising sites.

The site at El Jocote was chosen assuming pﬁysical and geologic
feasibility for a multi-purpose reservoir (this, however, does not
necessarily imply that it is the best one of the three sites mentioned).
This reservoir, as a key feature of‘the NLW Project, was rqgarded as
a sub-system and used to give relevance to the present investigation.

Although the system should be considered as a whole in the real world--

and there are procedures to analyze complex multi-purpose, multi-basin
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systems (2)--the isolated analysis of the aforementioned sub-system
was deemed a&equate for the purposes of this research,

Relevance is nog diminished by this fact, since real data under
real limitations with as real as possible objectives were used. On
the ;ther hand, this reservoir may well be the most important feature
in the whole syst;m. More detailed analysis may also indicate that
this reservoir should be the first one (or in an extreme case even
the only one) that should be built in the region. Moreover, the aim
is not planning a water-resources system but to do research within
the framework of a real planning example. The research objectives
being accomplished, some contributions to the real planning effort are
surely to come about,

The site at El Jocote is located at approximately 37 kilometers
Southwest of Coban, the provincial capital of Alta Verapaz, and at
approximately 90 kilometers North of Guatemala City, the nucleus of
the central power district. Some 50 kilometers to the North of El
Jocote, the‘availability of approximately 42,800 Hectares of land with
moderate suitability for irrigation has been estimated (see Figure
AIZ)' This land is grouped in three sections: Chixoy, Canilld, and
Icbolay, the names taken from nearby streams. The areas are respec-
tively 18,900, 12,100, and 11,800 Hectares.

The greatest part of this land is covered by dense forests and
just a few isolated spots have been cleared where agricultural activity
is presently carried on, mostly for corn production on a limited basis.
Dominant soil types are Tzejé, Tamahﬁ, Chacalté, CObén, and Carché.

These soils are adequate for pastures (Tzejé and Tamahi), corn
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(Chacalté) and beans (Coban and Carché). The approximate areas
covered by these soil types and their distribution can be seen in
Figure A.3.

Karst conditions*, generally associated with Cretaceous limestones
and dolomites are present in the higher parts of the Chixoy River
basin. However, they are not evident at the proposed.El Jocote dam
and reservoir site since the river channel is deeply incised at this

location.

A.2 Descrigtion

A.2.1. Water Uses

Hydro-Power: From topographic maps it was determined that
physical conditions would allow the building of a dam with a maximum
height of 240 meters (elevations 560 to 800 meters) and a maximum
crest length of about 840 meters in a V shaped canyon, requiring only
the relocation of about 10 kilometers of the old road from Huehuetenango
to Coban.

From topographic maps, it was also determined that by a tunnel
of 9.75 kilometers an additional 180 meters of fixed head could be
obtained. Thus, by assuming a minimum reservoir head of 50 meters, a
total of 230 meters of fixed head would be available. Since the mean
annual flow of Chixoy River at that point is about 66 cubic meters
per second, therguare good possib@lities for a hydro-power development.

The only drawback could be the distance from the main center of

consumption, which is the central power district (the area close to

¥ Here, Karst 1s used to describe sinkhole topography and related
features, caused by solution of limestones and other carbonate rocks.
For a more detailed treatment of the subject and its relation to Hydro-
logy, see reference (58). ‘
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Guatemala City), §ince the demand in the northern region is too small.
However, previous’plans for power developmént and inter-connection

of the different power districts included power lines tying Cob;n
with the central power district. Assuming these plans were going to
be carried out, the only additional line to be built would be that
from E1 Jocote to Cobén (a distance of about 37 kilometers).

Irrigation: The development possibilities for irrigated agricul-

ture with water from E1 Jocote do not look as good as for hydro-power.
Negative factors are:

1. The land is not suitable for high-priced crops.

2. Its dense forest cover would increase development costs.

3. The average rainfall in the area is relatively high (see
Table A.2).

4. Water from local streams within each of the Chixoy, Canillé
and Icbolay sections to irrigate smaller areas could be more
economical because of conveyance costs from El1 Jocote. The
use of ground water may also prove to be more economical.

Positive factors are:

1. The NC Project would increase the local market for basic food
items such as corn, beans, meat, and dairy products,

2, Shortages of these basic items in the national market could
be diminished or avoided.

3. Once the national market has been satisfied, surpluses of
these items could then become export items for the Central
American market or, in the case of meat, for bigger markets.

4. The needed infrastructure works are contemplated within the NC

Project, so market accessibility would not be a problem.
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All tﬁese Eonside;ations warrant a much more detailed analysis than
the one made here and inﬁolve, of course, many important Eonsideratiohs
of political and socio-economic nature which are outside the scope of
this work. ﬁnder the assumption then that it is desirable to increase
the production of the aforementioned items and that it is desirable
to develop thisrland within the NC Project, the physical feasibility
of providing irrigation water from El Jocote was investigated based
solely upon tdpograpﬁic maps and without the benefit of topographic
and geologié field reconnaissance.

From El1 Jocote, releases for irrigation could be made to the
Chixoy River (through the turbines whenever possible) and diverted
at a point some 40 kilometers downstream. From this point it would
have to be conveyed to the Chixoy section by&a canal 40 kilometers
long. Another canal of 15 kilometers would take the water from the
diversion point to the Canilla section and, if the Icbolay section is
included, this canal would continue for 22 more kilometers (see Figure
A.3). It is assumed thét the geology of the” terrain is such as to
require these.caﬁals to be lined, but does not make them physically
infeasible.

The point of diversion is chosen so as to provide the necessary
head in order to avoid great pumping costs, since at that point the
river.goes out of the mountains and .into the lowlands. Pumping would
probably be needed only f-~ some 2,000 Hectaras in the Canillé section.
It was just assumgd thot this scheme is more economic than diverting
the water farther downstream and increase the pumping.

Water Supply. A very crude physical feasibility study attempt

based on topographic maps was made to explore the possibility of



170

diverting water from El Jocote reservoir for municipal uses in
Guatemala City.‘ The introduction of this schemp involved a trans-
basin diversion and involved large pumping lifts. No .data had been
previously éollgcted to. assess the economic fbasibi{ity of these
featureé,{so it was decided not to include this scheme in the present
example.

The only neafby towns for which ﬂatqr-suﬁply hight have been
considered are Salam; and Cobén, both of which are located at higher
altitude than E1 Jocote. Since the wa;ér ;upply'needs of these towns
are not as pressing as those of Guatemala City,‘and because there
may be local sources capable of meeting,those needs (no survey was
made on this aspect), pumping was not believed economically feasible
for supplying these towns.

Other Uses: Flood control was included by assigning to it 20
percent of ﬁh@ total storage space. A very rough estimate of possible
flood control benefits was made by assuming that they would compensate
for the cost of one half of this extra storage. No minimum water or
quality-requirements to be maintained?pownstream from the irrigation
diversion'were considered, and all irrigation returns were assumed
downstream .of this point or into other streams.

. All of the above complexities and considerations even involving
matters of,national policy, emphasize the need for comprehensive
planning and for the use of an approach, such as systems analysis,"
for qesigpinégwater resources projects within the reference framework

of a national development effort.
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A.2.2, The System

The system layout, as considered for this example, is as

fblibws:
Chixoy, Irrigation
Section
:El Jocote ‘
Dam aond Reservoir
Chixoy " 18900 Ha,
River Diversion
- ]
icbolay
_J 5 km lerigation Section
Power | R
Plant
Tunnel 11800 Ha.

9.75 km

Canilla Irrigotion Section
12100 Hae.

Figure A.4. System Layout of the Example Project

The elevation characteristics of El1 Jocote site are‘shOh}n in

Figure A.5(c).

A.3. Data

A.3.1. Geophysical
W

Reservoir Site: Based on topographical maps Scale 1 to 50,000,

volume-elevation and area-elevation curves were drawn. The data used

is on Table A.1. Figure A.5 shows the aforementioned curves.
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Hydrometeorological Data: Except for the streamgaging station
Puente Chixo}, no hydrometeorological records are available for the
reserveir site or the land to be irrigated. Data from the closest
station in the closest similar region was used for monthly precipi-
tation, maximum and minimum monthly temperature and mean monthly

evaporation.

TABLE A.1

Area-Elevation and Volume-Elevation Data for El Jocote Reservoir

Surfhge Area Accumglated Volume
Elevation in Meters Millio;nSquare Million Thousand
(Datum 560 m) Meters Cubic Meters Acre-Feet

—_—— e ——

0 0 0 0

20 1.875 39.600 32,25

80 6.700 296,600 242.00

120 11.596 658.600 536.00

180 24,120 1728.600 1410.00

220 39.650 3008.600 2440.,00

Mean monthly precipitation for the irrigation area was obtained
from an available isohyetal map and the monthly percentage of annual
daylight hours was estimated from data reported for Honduras. The
data used is summarized in Table A.2 and the location of the stations
is shown in Figure A.6. A very rough estimation of floods forgspill-
way design was made from the enveloping curve of Figure A.7, based on
the Craeger's equation with a C cvefficient of 110, obtaining a

value of about 16,800 cubic meters per second.
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Figure A.5 (a)
Volume-Elevation Curve for El Jocote Reservoir
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A.3.2. Economic

' Cost and Benefit Curves: Cost and benefit ‘curves obtained for

the following items are in ﬁigure A.8 to A.13:
1. Irrigation: |

a. Capital cost of diversion works.

b. Capital cost of irrigation works fbom ‘the secondari(a
on, including land preparation (gravity)

c. Operation and maintenance costs for the irrigatién
project.

d. Net crop benefits (benefits less prodﬁgtion costs, irri-
gation costs not included) for pastu¥e, corn, and beans.

2. Hydro-Power:

a. Capital cost of power plants, including penstocks.

b. Operation and maintenance costs of power plants.
3. Reservoir:

a. Capital cost of reservoirs.

b. Operation and maintenance costs of.reservoirs.

To obtain these curves, a rather laborious procedure had to be
followed. First; from a series of projqég\rep?rts and proposals where
cost and benefit data were given, a common dgﬁom}ﬁayor'had to be found
to which éosts and benefits could be associated in each case. Since
cost and benefit data are included in a rather dissimilar way in these

Xreporfs, the c?iterion followed was that of relating these figures tg
parameters,thgt were explicitly given in these reports. For exfnple,
the capital cost for diversion works was related to 'Lh, L bé&ng

the crest‘length and h the maximqm'height of the diversion dam,



TABLE A.2
Hydrometeorological Data

A.2.1. Monthly Discharge in Cubic Meters per Second (20) (24)*-

Station: 14.15.1.H Puente Chixoy INDE Drainage Area: 5727 Km.
Latitude: 15°21'30" Longitude: '90°39'30" Elevation: 600 Meters

2

r

Nater Year- May - June July Aug. Sept. Oct. Nov. Dec. Jan. Feb. Mar. Apr.

1962-1963  27.4 - 69.7 . 90.4  65.8 152.7 92.2 43.5 28.0 21.8 18.7 .17.4 16.9
1963-1964  15.5  49.7  77.8  55.6  72.6 69.7 454 29.3 22,9 18.6 15.0- 17.1
1964-195  15.4  44:8 . 79.3 647 110.7  104.9 41.1  36.2  26.4 19.6 14.9  14.4
195-1966 16,1 . 57.2  50.4  S5.5 100.0  125.4  65.3 35.1  26.2 20,4 18.2 26.0
1966-1967  24.8  166.2 133.4  69.2 130.6  175.8 49.5 38.3 21.0 27.8 25.8  26.5-
1967-1968  14.6 . 98.8. 96.0  69.6 125.6 -287.1 52.2 35.0 25.5  21.1 15.6  15.0

1968-1969 35.7 167.5 83.4 56.0 216.2. 210.0 74.3 42.1 30.2, 28.1 20.5 19.3
. . . . . . EEo )
196¢--1970 34.7 140.1 203.2 255.9 ' 323.7 161.3 74.5 55.0 37.1 *¥30.3 -'28.9 21.9

3

9LT .

* For-all-the tables:in this Appendix, the numerals:in parenthesis refer to corresponding items in the
source list presented in section A.7.



TABLE A.2 (Continued)

A.2.2. Monthly Precipitation in Millimeters (12)(31)

Station:

1.1.5 Cubilguitz
Latitude: 15°40' Longitude: 90°26' Elevation: 519 Meters

Feb.

Mar.

Water Year May June July Aug. Sept. Oct. Nov. Dec. Jan. Ap;;
1956-1957- 352.0 735.5 -511.0 356.0 693.0 582.0 380.0 444.0 - 202.0 291.0 ;6.0 3510‘
‘1957;1958 166.0 495fb 635.0 391.0 868.0 400.0 165.0 378.2 254.0 61.0 324.0 68.0
1958-1959 588.0 958.0 876.0 271.0 481.0 415.0 488.0° 519.0 248.0 129.0 253.0 450.0
1959-1960 352.0 457.0 287.0 311.0 380.0 590.0 461.0 171.5 296.0 72.0 137.5 .144.4’
1960-1961 399.0 667.0 351.0 653.0 1064.5 565.0 595.0 228.0 479.0 - 245.0 244.5 “(149.5
1961;1962 213.0 394.0 418.0 613.0 383.0 725.0 307.0 121.0 28%.0 81.0 320.0 175.0
1962-1963 176.0 444.0 449.0 466.0 59%90.0 430.0 201.0 108.0 158.0 78.0 114.0 19.0
1963-1964 66:0 357.0 366.0 347.0 686.0 634.0 357.0 272.0 ‘150.6 © 100.0 163.0 36.0
:1964-1965 238.0 590.0 623.0 465.0 320.0 311.0 484.0 656.0 298.0 125.0 - 30.0 20.0
-1965-1966 79.0 572.0 401.0 443.0 815.0 853.0 416.0 458.0 438.0 249.0 533.0 217;0
1966-1967 423.0 520.0 505.0 330.0 691.0 679.0 405.0 175.0 326.0 163.0 134.0 266.0
~1967-1968 26.0 3;3.0 627.0 667.0 419.0 851.0 490.0 222.0 264.0 188.0 198.0 26.0
1968-1969 541.0 509.0 509.0 354.0 670.0 512.0 443.0 346.0 229.0 243.0 °'334.0 103.0
1969-1970 309.0 634.0 509.0 ?h539.0 613.0 640.0 655.0 105.0 253.0 45.0 147°.0

149.0

BT



TABLE A.2 (Continued)

A.2.3. Mean Monthly Precipitation for the Irrigation froject Arga in Millimeters (1) °
Jan. Feb.  Mar. Apr. May June July Aug. Sept.  Oct. Nov. Dec.
200.0 170.0 40.0 125.0 22570 450.0 500.0 400.0 550.0 $00.0  360.0 500.0
Effective precipitation: 60 percent (1)
Total irrigation losses: 60 percent (1)
A.2.4. Monthly Average Temperature in °C: (T max * Tain)/2 (31)
- Station: 1.3.8 Sebol (4 year averages)
Latitude: 15°48' Longitude: 89°56' Elevation: 140 Meters -
Jan. Feb. Mar. Apr. May June July Aug. Sept. Cct. Nov. Dec.
22.3 22.6 24.8 26.8 26.6 26.9 26.0 26.4 26.2 25.6 24.1 21.9
A.2.5. Mean Monthly Pan Evaporation in Millimeters (20)
Station: 2.6.4 San Jeronimo Rh (2 year averages)
Latitude: 15°05' Longitude: 90°16' Elevation: 979 Meters
Jan, Feb. Mar. Apr. May June July Aug. Sept. Oct. Nov. " Dec.
98 104 139 143 132 108 102 91 76 71 76 81
A.2.6. Monthly Percentage of Annual Daylight Hours (35) :
Jan, Feb. Mar. Apr. May June July Aug. Sept. Oct. Nov. Dec.
7.8 8.0 8.3 8.6 8.8 8.9 8.9 8.7 8.4 8.1 7.8 7:7

8LI
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Figure A.9

rCépital Cost of Irrigation System Including
Land Preparation (Adjusted to 1970)
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Notes:

I o Adjusted to 1970
® {rrigation Cost not Included
® Benefits with Irrigation = 2.5 Benefits
without Irrigation for Pasture, = 3
Benefits without Irrigation for Corn
and Beans
® For 2 Crops a Year, Multiply by 2
lo | ] ] 1 [ ] | | 1 1 ] 1 |
0o 80 160 240 320 400 480 560
10 Q/ year
Figure A.11

Crop Annual Net Return Increase



Cost in 106 Q

Capital

AT S
184 .
v . ¢

34
32|
30
ol Capital Cost
26
24
221
20F
18} 4900
16 4800
14} <1700
H3 4600 &
>
'Qr O and M Cost 4500 <
e
8 <1400 %
6 4300 ¢
‘ >
4 <1200 ,g
(=)
2 4100 o
6 ] ] [ 1 ] 1 | 1 ’

O 20 40 60 80 100 i20 140 160 180 200 220
Installed Capacity in10®kilowatts

Figure A.12

3Capital and Operation and Maintenance Costs of Power Plants



185

Oand M Cost in 10%/year

5000 10 e 20 40 50
Capital
Cost

1000
44
g OandM
€100 Cost
L
L2
3
‘o
£
Q
E
2
S 10
Q
[ ]
o
s
wn

| e

O'l [ L [ | i L | [l 1 [ [}

0 40 80 120 160 200

Copital Cost in 10° Q
‘Figure A.13

Capital and’ Operation and Maintenance Costs
of Storage Reservoirs (Adjusted to 1970)



186 . .

Conveyance costs, assumed constant at Q 17,500/Km., were félated to
the length of the canal only and no capacity considerations were made*,
Costs for irrigation works, operation and maintenance costs, and crop
net benefits were related to the net -irrigated area.

A factor of 12 percent for construction equipment and installa-
tions, and a factoryof 10 percent for contingencies were added to ail
capital costs whenever these costs did not'include them. Capital
costs of power piants and reservoirs include also the interest during
construction, computed by assumiﬁg five years at 12 percent annually.

Since the reports are from different years, all costs were
standardized to 1970 by a standardization factor of 5 percent per
annum. For the net crop benefits, a 2 percent factor was used and the
assumption was made that the benefits with irrigation are 2.5 times
those that would be obtained without irrigation for perennials - (pas-
ture) aqd.three times for twice-a-year crops (corn and bean§).

Since .most of these reports referred to small scale pfoject§,
the upper portion of the curves was estimated, wheﬁeye; possible,
with the gid of cost and benefit figures given for the United States
in references (40), (44), and (59), mﬁking the necessary adjusgment§
to make ihem compatible to the Guatemala épsts and benefits as
described in the above paragraph. For the case of capital costs for
large ;esefvoir§, the estimation of the upper portion of the curves
was also made with the aid of Figure A.14 takegyfrom Sorensen and

Jackson (60), including also the necgs%afyﬂgdjustmeqys.

* Q is the symbol for Quetzal, the monetary unit of Guatemala
(1 Quetzal =1 U.S. Dollar).
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Operation and maintenance costs for pumping were estimated to
be Q 6.00 per Hectare per year, capital costs for pumping were esti-
mated as Q 200 per Hectare, tunnel construction costs in the area as
Q 1,290,066 per kilometer, transmission line costs as Q 31,800 per
kilometer, an&)conveyance capital costs as Q 175,000 per kilometer.
All costs are on.a 1970 basis. ‘

Losses: The average annual shortage ratios (see.;ection ébout
the final form of the objective function in Chapter VI) that can be
tolerated by crops are quite variable, depending upon factors such
as the type of crop, soil moisture cond@tions, growth stage, and
flexibility of the irrigation operations. No data was available
for Guatemala from which to develop an annual loss-annual shortage
ratio curve to estimate the coefficient b of Equation (6.1), for
agricultu?al areas. The value of 9.5 given in reference (46) was
thus a;bitrarily adopted for no reason at all other than because the
curve shown in this figure is supposed to represent a typical rea-‘
sonable relationship for agricultural areas.

For hydro-power the situation gets more complex. In developed
couﬂtries, contracts for power are subscribed based on a 100 percent
availability for a given price for firm power, so that no shortages
at all are allowed. A power system, however, may comply with th?s
requirement by turning to the next cheapest source available at ;thgr
systems to supplyr-at a cost--the deficit of small and infrequent
shprtages that may be experienced. The power systeﬁ insures itself
againsf severe shortages by assigning a very high penalty to -shortages
above a certain limit, 50 that alternatives that would produce these

shortages are automatically eliminated in the'egbnomic analyéis by
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a loss function. This loss function will also evaluate the cost of
shortages below that limit by~assigning the cost of buying from the
cheapest a}ternative as a penhlty.

In small developing countries, however, the case may well be
that the project under consi@ération is going to be the major source
of energy for the system and that tﬂére are no other systems from
which to buy the energy required to supply these small deficits.
Furthermore, the energy may be scarce in the country and the users
have to buy whatever energy is available. Under these conditions it
should not be surprising that contracts for power are structured in
this fashioﬁ, with no price distinctions made for firm power. This
circumstance, however, may not prevail in a given country forever,
and later on contracts may be renegotiated.

The construction of a power loss function then gets complicated
because there is no cost of buying from an alternative source that
can ﬂe assigned as a penalty, since the power system itself will not
lose anything by these shortages. Consumers, however, do lose and
although it may be possible to approximately evaluate these losses
(in the case of industry for example), no data for such a task were
available fdr Guatemala. ‘

When contracts are structured in the manner just described, it
will be.unfhir not to give the users. an idea of‘the'uncertainty
associated with a given power supply, ugéertainty that is produced
by the stochastic nature of both supply and demand. This is another
advantage ‘of the systems approach aﬁd‘an objective funcfion,such as

that of Equation (6.5).
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B;séd on the considerations previously made, no discontinuity
was assumed for the péwe% loss function but, to limit the allowable
shortages, a quadratic loss function similar to the one assumed for
irrigation was adopted. Recognizing that the consequences of power
shortages may be more serious than irrigation shortages, a b coef-
ficient of 20 (annual loss/annual shortage) was arbitrarily assumed
for hy&ropower.

Power Benefits: The estimation of benefits from hydro-power in

developing countries may also get complicated. 1In developed countries,
these benefits are estimated in terms of the cost of the cheapest
alternative available (other than hydro), under the premise that if
the project under consideration is not built, the next cheapest alter-
native will provide the energy and if it is built, these foregone
costs will be the benefits of the project. An implicit assumption
is that an adequate balance exists between the different sources'so
that prices are more or less stabilized: and will not be influenced
by the new project. o
The benefits from hydropower are expressed. by two cdﬁponent; (14),
(40): a value for the kilowatts of power supplied, and a vglue for the
kilowattérhour of energy deliveged. The first compd?ent\represents
the fixed costs of the alternative source of power,{?qd the second
represents the variable costs of this alternative (mainly fugl costs).
In preliminary planning stages such as this, these two parts are_
expressed in a single average value for kilowatt-hours by taking the
value of the power component over the average hours per month ?hat

this power is demanded, and then adding this value to the energy value.

H
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In developing countries, however, because of an imbalance in
the sources being used (among other reasons) the existing average
energy prices‘may be very high and one of the objectivgs for building
a hydroeleétric project may be precisely toylower these prices*. ‘As
will be shown in the next section, the price to be used depends upon
the size of the project to be built and upon:economic-policy consid=-
erations of the planning agency, so that no arbitrarj irice may be
assumed. A price of Q 0.018 per kilowatt-hour was finally selected

for reasons which will be explained in the next section.

A.4. Conventional Economic Analysis

For this analysis, it was assumed that project construction would

be from 1975 to 1979 and that project operations would begin in 1980,

A.4.I; Demands

Irrigation: Avgrage monthly diversion requirements were estimated
using the metﬂods outlined in Chapter II, and }heﬁdata‘of Table A.2,
assuming thq‘fbilowing crop pattern (Table A.3).

This gives a total net area of 24,700 Ha (the Icbolay section
was not considered at this stage), and monthly diversion requirements

as indicated in Table A.4.

* The main reason being to encourage the development of the
industrial sector. Whether it can be obtained or not depends on each
particular case, since the price of energy is only one of the many fac-
tors which can encourage or discourage the establishment of new indus-
tries. Whether it can decrease the cost of manufactured goods is also
a fact that cannot be established a priori and should be examined with
more detail in each case. These analyses fall within the realm of
national policy-making.
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TABLE A.3

Crop Pattern in the Project Area*

Net
Area ** Soil
Section  Ha. Type Crop Type Growing Period
' . b
Chixoy 15,000 Tzeja pasture  perennial starting May.15
o g -
1,200 Tamahu pasture perennial starting May 15
Tzeja
' ]
5,700 Chacalte corn two-crop approx. 136 days
May 15-Oct. 1
Lot Nov.15 April 1
Canilla
[}
800 Coban beans two-crop approx. 136 days
June 1-Oct. 15
Dec. 1-April 15
[}
2,000 Carcha beans two-crop approx. 136 days
June 1-Oct. 15
(pump- Dec. 1-April 15
ing)

** Net area is 80 percent of gross area. -

percent of gross area is used by canals, roads, etc.

TABLE A.4

It is assumed that 20

Monthly Irrigation Diversion Requirements

Month Diversion requirements in million cubic meters
Jan. 2.10
Feb. 15.10
. Mar. 76.50
Apr. 19.20

* These are best

estimates obtained by the author based . on the
~available information, without the benefit of an. Agronomist consultant.
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Hydro-Power: Two projections of annual energy demands were made:
by the rate of aggregate increase and by per capita consumptions. For
the first one and using estimates of the National Development Plan that
demand will increase at aﬁ annual rate of 12.6 percent, an estimated

demand of 1,960 X10°

kilowatts-hour was obgained for 1980, based on
the 1967 demand. However, the historical demands have been restricted
by the means of supply. To avoid this, the second estimate was made
using the following index: I = Energy per capita (kw-h/year)/Annual

per capita Gross National Product. The values shown in Table A.5 are

from statistics reported by the Agency for International Development

(AID):
TABLE A.5
Selected Energy Indexes for Latin America
Country I
19 Latin American Republics 1.04
Costa Rica 1.09
]

Central America (including Panama) 0.62
Guatemala 0.38
]

Central America (including Panama but
excluding Guatemala) 0.72
Central America (excluding Guatemala) 0.69

Using I = 0.72, and a desired per capita Gross National Product
(GNP) of Q 500 (present ﬁer capita GNP is about Q 346 and the goal

for 19?0 expressed in the Development Plan is Q 500), a projected
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figure of 360 kw-h/year per capita was obtained .for 1980, With this
figure and a projected population of 7.25 million, a projected annual
energy demand of 2600 X106 kilowatt-hours was obtained for 1980,
According to present plans'the estimated supply for 1980, not including
the NLW Pro;ect is 1600 x10 _kw-h so that a net unsatisfied demand

of 1000 x1o kw-h would exist according to these estimates.

The NLW Project as a vwhole may or may not be able to satisfy this
demand. Assuming-that it could, the que;tions are how much of this
demand would El1 Jocote reservoir be able to meet, what the reservoir
size would be, and what capacity could be installed. To answer this,
the water supply and the irrigation demands must also be taken into
consideration. '

First, the average monthly percentage of annual energy and the
average -monthly load factor were obtained from historical records.
Then, a mass diagram for monthly flow volumes was const;ucted and by
trying several sequence; of monthly energy requirements (corresponding
to several assumed annual energy demands) Eombined with the irrigation
requireﬁents, the annual energy demand to be satisfied by the project
was estimated to be 828 X10° kw-h.

The necessary storage was 850 x106mi, Add1ng 108 X106m3

minimum storage (see Figure A.5) gives 958 x106m3 and, dividing by

0.80, a total of 1195 X106m3 is obtained, 20 percent of which is for

for

flood control. Figure A. S(b) gives an elevatlon of 142 mts. for

958 x106m3 and from Figure A,5 (c) it is seen that the average head
can be computed as 2§0+H'(1/2) = 230+(142-50)/2 = 276 meters. Using
the aQove estimates, Equation (2.28) gives an installed capacity of

175,000 kw.
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. Monthly Hydro-Power Diversion Requirements
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TABLE A.6

Requirements
Monthly Vol. 'in
% of energy in Monthly Flow in million
annual million load 3 cubic
Month energy Kw-h factor m“/sec.* meters
Jan. 8.28 66.4 0.60 45,2 119.0
Feb, 7.80 64.5 0.57 42,5 112,0
Mar. 8.36 69.0 0.60 45.5 120.0
Apr. 7.71 64.0 0.56 42,0 110.5
May 8.45 70.0 0.62 46.3 122.0
June 8.17 67.5 0.61 44.5 117.0
July 8.35 69.0 0.62 45.5 120.0
Aug. 8.43 69.8 0.61 46.1 121.8
Sept. 8.21 68.0 0.59 44.7 118.0
Oct. 8.63 71.5 0.61 47.0 124,0
Nov. 8.47 70.0 0.58 46.3 122.0
Dec. 9.13 75.5 0.59 49.9 131.5

* Obtained using Equation (2.27) with an average gross head of
276 m , and assuming an 85 percent efficiency of turbines and genera-
tors and a 90 percent efficiency in head,
capacity to be installed is 175,000 Kw.

A.4.2. Benefit-Cost Analysis’

Using Equation (2.28) the

Costs: The computation of costs was made based on the sizes of

the different elements of the project and on the cost curves gifeg
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in this Appendix. A summary of these costs is as follows:
Element Sizes:

Reservoir*: 1060 x106 cubic meters

Hydro plant: 175,000 Kw

Irrigated area: 24,700 Ha (including 2,000 Ha involving
pumping)

Conveyance canals: 55 Km

Tunnels: 9.75 Km

Transmission lines: 37 Km

Diversion works: L =250 m; h = 25 m

Capital Cost:

Reservoir Q 58,000,000
Hydro plant 30,000,000
Tunnel 12,550,000
Transmission 1,180,000
Diversion 5,450,000
Conveyance 9,620,000
Irrigation network 6,800,000
Pumps 400,000

Q 124,000,000

Annual Costs:

Power plant Q 750,000
Reservoir 38,000
Irrigation 240,000
Pumping 12,000

Q 1040,000

Benefits: Benefits from irrigation are obtained from Figure
A.11. - To 6§thin the benefits from the energy, however, several con-
siderations must be made. As it has been previously s%ate&, energy

prices in Guatemala are high. Their structure is as follows:

% The real size was 1195 X106m3 including the extra storage for
flood control. To account also for possible benefits from flood con-
trol, only 10 percent instead of the 20 percent of total storage was
considered for this purpose in the determination of the reservoir
size. This was done for cost estimation purposes only,
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TV=NI + OE (A.1)

in which TV is th; total energy value; NI 1is the net income of the
power entity, and 'OE is the operation expenses. Theseloperation
expenses include direct expenses, depreciation, administration expenses,
general expenses, and operation and maintenance costs. The net income

is given by

. re
NI = 100 X FC (A.2)

in which re is the rentability rate of the power entity in percent,
and FC 1is the flxed capital. This fixed capital includes the invest-
ment in both construction and operation of the different components
of the system.

The National Development Plan specifies that the energy price
must be lowe;ed from its actual value (about Q 0.03 per kw-h) while
striving for a rentability rate of the power entity of the order of

12 peréent, higher than the present rate. Under these conditions, the

3 1

total energy value’would become
TV = 0.12 FC'+ OE (A:3)

According to the National Development Plan, the total 1nvestment
planned up to 1979 is Q 137, 934 400 1nc1ud1ng all previous investments
but excluding the NLW project. According to plans, the total available
energy for 1980, not including the NLW project, will be 1,557.75
million kw-h. Tota} operation—expenses were not.given, but they were

estimated based on historicgl data of operation expenses and installed
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energy and from estimates made for some of the projects planned for
the decade: of the seventies. ‘A flgure of Q 14,000,000 was ootained

for pre-project operation expenses. .

To convert the total energy value to a pr1ce per kw-h, TV ’ as.
given by Equation (A 3) was- divided by 85 percent of the 1,557.75 Xlo6
kw-h estimated for 1979 (15 percent losses areAassumed for transmission

and distribution). This ptice~per kw-h,'inciudingﬁthe NLW project, is

given in Table A.7 for different rentability rates”of the power entity.

TABLE. A.7

Energy Prices for 1980 Wlthout the Pro;ect,
for Different Rentabllity Rates re

Rentability Rate Energy Price in
re in percent ‘ Q/Kw-h
6 » 0.0169
7 0.0179
8 0.0190
9 , 6.0200
10 0.0210
i1 0.0221

12 0.0231

The price adding El Jocote Project would be computed as follows:

-5- (137 934 400 + AFC) + (14,000 000 + AOE)

(T 557 750 000 X 0.85 % 0. 5 2E) (A.4)
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in which EP 1s the energy price in- Q/kw-h AFC is the investment
to be made 1n this project, AOE are the operation expenses of this
pro;ect, and AE 1f the annual energy to be produced by this project.
As it'can be seen, the‘energy price is a. function of the installed

capacity and the reservoir size. Another problem arises here, since
the reservoir is to be used also for irrigation purposes and the .
1nvestment to be made on it should be allocated to both irrigation

and power. Various procedures can be followed to find the portion of

the cost that should be allocated to each use (22) and, although this

subject has given rise to much controversy since none of these methods

b

can be regarded as entirely satisfactory, it is considered that the °
method of justifiable alternative costs is the most useful (22).
A United Nations report (22) defines this method as follows:

1 This procedure consists in apportioning the common
investment in terms of what it would cost to obtain the
benefits of each of the objectives in the multiple pro-
ject, by means of separate projects.

The most economic alternative cost of each of the
objectives, which in all cases must be "justifiable",
must therefore be ascertained. The justifiable limit
of the alternative investment is understood to be that
which does not exceed the capitalized value of the bene-
fits which it would provide. ...Thus, for the purpose
of apportionment, the alternative investment will be
taken to be that assessed for an alternative project,
or the capitalized value of the estimated benefits. The
lower of the two will be taken...

The "justifiable differences' are then obtained for each.purpose
by subtracting from each justifiable investment that ‘part directly
attributable to that use in the multipurpose project, and the appor-
tionment is made based on these differences.

For 1rr1gation, aiternative projects would be, for example, the

SRS ‘ S N U
use of water from local streams or the use of groundwater. Since no
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data was available fbt these, only the capitalized'valpe of the
estimated benefite was considered as justifiable investment. The
Justlflable difference was negative, thus’ indicatlng the reservoir
costs should all be attributed to hydropcwer and. that the pro;ect
would be better off without the irrigation.. However, since eliminating
the irrigation_would not allow for the inveetigation of the effects

of the different forms of irrigation demands (i.e., stechastie,
deterministic, dependent, and independent from flows); it was assumed
that for political reasons, the government wants to carry along the
irrigation part*.

The price of energy including El Jocote Project may now be

obtained from Eqnation (A.4). Prices for rentability rates of the
pover entity other than 12 percent were also obtained and are shown
in Table A.8, The cerresponding annual benefits are also included.

Fom Tables A.7 and A.8 it is seen that if the rentability of the
power entity is raised to the order of.12 percent, the:price of the
energy 'is lowered from its present value both with and without‘the
project, but still remains relatively high**. The National Electri-
fxcation Plan (1968) strived for an energy price of Q 0.0150 with a
net rentablllty of 10.8 percent but from the above computations this -
does not seem fea51b1e with or without the project unless the operation

expenses of the power entity are somehow lowered. Since this aspect

* 1In the real case, it would pay to make a detailed analysis of
the alternatives of prov1d1ng water from local streams or groundwater.
The alternative of conveying water from Chixoy does not seem economical.

** An analysis made with thermal power as the cheapest alternative
for E1 Jocote Project showed that prices would be between those shown
in Tables A.7 and A.8.
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is dufside the §cope of this work, it wili not be examined in moreA

detail.

TABLE A.8

Energy Prlces for 1980 With the Pro;ect, for Different Rentab111ty
Rates, and Annual Beneflts to be’ Expected from the Project

Rentability Rate Energy Price in ' Annual Beanits

re in Percgnt . * Q/kw-h in million- Q
6 0.0144 . 11.9
7 0.0156 12.9
8 0.0167 '13.8 .
9 0.0180 14.9
10 0.0191 '15.8
11 0.0203 16.8
12 0.0214 17.7

A repori from the Economic Commission for Latin Améric; of the
United Nations showed that for the year 1964, the average net ‘renta-
bility for the power entities in Central Amerlca was of the order of
9 percent. Accepting this rentability as a m1nimum value, it.is seen
from Table A.8 that the energy price could be lowered to Q 0.0180/kw-h.

Net ﬁenefits: Based on the foregoing considerations, results

shown in Table A.9 were obfaiﬁgd using different rates to discount to
present time the stieam of costs and benefits during an estimated

economic life of 50 years.



TABLE A.9

Benefit-Cost Analysis for El Jocote Project, Assuming an Energy Price of
Q 0.018/kw-h and a Net Rentability for the Power Entity of 9 Percent

Actualization Costs in Million Q |
Discount . Benefits - Net Benefits
Rate in (1+r)T -1 : O&M (Present (Present’
Percent LS —— (Present - Value) - Value) in
T r(l+x) - Capital Value) Total in Million.Ql Million Q
6 15.76 124.00 16.40 -140.40 246.00 ~ -105.60
7 13.80 124.00 T 14.40 138.40 216.00-- 77.60
8 12.23 124,00 12.80 136.80 192.00 55.20
9 11.00 124.00 11.45 135.45 | 172:.00 36.55
10 9.90 124.00ﬁ’ 10.30 134.30 155.00' 20.70
11 9.02 124.00 9.40 133.40 -~ 141.00 7.60

12 8.30 124.00 . 8.65 132.65 ” . .132.00 -0.65

.20z
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Although the national developme@t plan strives for a net power
rentability re of éhefofder of 12 percent, the government usually
specifies that proieéts should be evaluated at discount rates r
of 9 aﬁdrlg percent. Tﬂe following’éompérisons give an idea aboﬁt
the trade-offs between power rentability, energy price, and total
project return géte.

From Table A.9’it is seen that for a power net rentability of
9 percent and ah energy price of Q 0.018/kw-h,‘tﬂe prdjéct becomes
infeasible for a discount rate of 12 percent. Separate. computations
showed that fb?‘therprojeéy to give a return rate of 12 percené, ﬁﬁe
price of energy should be at least Q 0.0iQI/kw-h (corresponding to
a power rentability of 10 percent). On tﬂe gthgr extreme,,a|low energy
price of Q 0.0144/kw-h (corresponding to a 6 percent power rentabi-
lity) gives a total return rate of 9 percent.

To give yoth a project return rate and Lower rentability rate of
12 percent, the energy price would need to be Q Q,OZI[RN:@. The
question that arises is how to evaluate the benefits lost by, the
country by keeping a relatively high}eneréy price, in terms of fore-
géne industrial development. As it has been stated before, this
point is controversial and it will also depend on the price elasticity
of demand (the percentage change in the quantity consumed resulting
from a‘pricg change of one percent) for energy.

For the purpose of this example, it will be assumed that 9 percent
i; the minimum acceptable value for béth total project return rate
and poﬁer'rentabi}ity and,. therefore, the,maxi@u?'pqergy price is

assumed to be Q 0.018/kw-h.
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A.S Modifiea Economic Model

i

In order to take into account the characteristics of a developlng

economy as stated’ in Chapter II the‘estimation of net benefits was -

made using Equation (4.1) for the deterministlc 11near programming

model and Equdtion (6.5) for the stqchastic simulation model. To use

these equations, the coefficients of the equations presented in the

section about the alternative economic model in Chapter II had to -be

evaluated first. This was done as follows:

1.

Social rate of discount. Using data from the National

Development Plan for Equation (2.1), a soc1al rate of d1scount

of 4.3 percent was obtained.

Social opportunity cost of capital. Although it was con-
sidered that data to evaluate Equation (2.2) was included in
several of the reports reviewed for this Appendix,'it was
not in a. form that would have made this taek easy. It was
eetimhted that a considerab}e amount of time (more than the
tiqe available for this work) would have been required to
put this data in a usable form for Equation (2.2). Instead,
the;fpllowing\values were assumed:
a. zdi = 9.326
b. Social value of present consumption of 0.12 (equal to
the recommended ciscount rate)
c. A constant average rate of return on capital invested in
all sectors equal to 0.15
With the social rate of discount of 4.3 percent, the

value of the social opportunity cost of capital is eg = 1,22,
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3. Social value of net additional income received by sectors.

This value isngiven by Eéqation (2.7)1
The sectors considered for the Guatemalan economyyyere:
agriculture, mining, industry, construction, power and‘&the}

‘facilities, trade, trgnspdttation, services, and "other."

It was assumed that the total benefit for the project yiil )

be:d{stributed among three of these sectofs; power, industry,

éqd’agriculture. Since power is.government controlled, Pp
is 1.0 and 1-Pp is zero. So, only agricultu?e and industry

need to be included in Equation (2.7).

For agriculture, thevfbllowing values were adopted for

the coefficients of Equation (2.7):

a. An average propensity to save equal to 1 minus the income
elasticity of demand.

b. An income elasticity of demand for consumption, goods of
0;5 (taken from the National Development Plan) indicating
that the goods consumed by the sector are necessities.

c. A value of bagty equal to the benefits from irrigation
as computed in section A.4.2,

d. An assumed average rate of return on capital .of 15 per-
cent,

e. A social rate of discount of 4.3 percent.

f. P equal to 25 percent.

ag

Pag is the percent of -the extra benefits obtained by
the sector which is paid to the government for products and
services. In this case, it represents the water charges for

the irrigation water. Rather than assuming a specific charge,
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' 25 percent was selectea taking into consideration that the

more the amount left to’tﬁg farmers, the greater the incen-
tive for them to move into the project area.

For industry, the values adopted for the coefficients of

Equation '(2.7) were as follows:

a. An average propensity to save of 13 perceﬁt and an average
' - 9

ERte

rate of return of 20 percent.
b. An ipqome\elasticity of dqmaﬁd of }.72;
c. A social rate of discount of 4.3 percent
d. P; equal to zero.

e. A value of b,,, assumed to be the difference of the

4
price of energy from "without" to "Wifh project" cbndi-
tions for a 9 percent power rentability rate (see Tables
A.7 and A.8), multiplied by the percentage of the energy
consumed by the industrial sector (eskimqted as 50 per-

cent).

Annual revenue from the operation of the project. The

coefficients of Equation (2,8) were as follows:

a. For power, the net government revenue is the net benefit
as obtained in section A.4.2.

Pu For agriculture, b and 0t

agty Y
the operation and maintenance costs as obtained in section

are the benefits and

A.402.

c. P is 0,25,

. ag .
Shadow wqgg rates for underemployed agricultural labor. The

following considerations were made to estimate the coeffi-

cients of Equation (2.10):
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a. A type A labor was assumed i.e., that the workers
were to be removed from, their own village so that transfer
eqd settling costs, costs'for foed collect1oq and distri-
bution, and higher wages than the average farm income
were assumed. The reason for this was that, once the
water resources project is finished, these workers  could
be the core of the settling considered in the NC éteject.

b} Relocation costs were assumed to be covered by the NC |
Project. |

c¢. The value of J1 = W;g/wco was computed using for wco
the selary scale for unskilled construction labor of the
National Electrification Institute, and computing W;g by
dividing the part of the gross national product corre-
sponding to the agricultural sector by the rural popula-
tion. J1 was thus estimated to be 0.28.

d. Assuming 20 percent underemployment in the sector, the
relationship L_ /L' is 0.80. .

ag  ag

e. J, , the added cost due to scarce living facilities near

2
the project as a ratio to W., » Was estimated to be 1.2
using the salary scale for difficglt conditions of the
National Electrification Institute.

ag * pag , and r are as previously estimated.

Shadow rate of fore;gn exchang_ The value of SF in

f. u

‘Equatlon (2.13) was estlmated to be'1.05 using the black

' market rate.

Present value of the net effect on the balance of payments.

The coefficients of Equation (2;14) to estimate ABPy were
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obtained as follows:

a.

C.

Cy\Ais the totallconstruction cost of the project as
estimated in section A;;.Z. The portion of this cost
which requires foreign exchange was estiméteq aﬁcording
to the following percentages:: For fhe éééervoir 44 per-
cent, for the power plant 605percen£; for transmission
facilities 88 percent, for the tunnel divérsion works
and éonveyance canal 40 percent, and for the irrigation
system 25 percent.

Oty represent the operation and maintenance costs of the
project, as estimgted in.section A.4.2, 'The percentage
of 0ty which requires foreign exchange was .assumed as
20 percent in all cases.

The percentage of the benef@tb which goes to import
substitution in each sector was estimated assuming that
all crops gp,fbr local consumption (so.the péiceptagg is
zero for agricultrue) and that the benefits tofindust;y
all go to reduction of imports (ergo this percentage is
100 for industry). It was also assﬁmed thaé Bgcguse a
hydroelectric plant is uéed,instead of a thermal plgn;,
70 percent of the net power benefits go to reﬁuctiop ?f
imports (6).

As for the percentage of industrial operation costs which
require foreign exchange, they were not taken into con-
siéeration because the assumption was made that no extra

operational.costs are incurred by industry to obtain the

benefits from the reduction in énergy prices. As for
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power; the operation costs are already inélu&ed in the
net annual revenué from the operation of the project,
assuming a percentage of 20 percent.

e. Finally, the percentagés of the total cost assigned to °
unskilled labor (Ly in Equation (2.13)) were assumed as
follows: For the reservoir 20 percent, for the power

- plant 5 percent, zero for transmigsion‘works, 20 pErcent
for tunnel construction, diversion works, and conVeyanée

canal, and 45 percentqur the irrigation system.

A.6, Metric Equivalents

The equivalents of the metric units used in this work are as

follows:

1 millimeter 0.03937 inches,
1 meter 3.281 feet
1 kilometer 0.621 miles
1 square.meter 10.764 square feet
1 hectare (10,000 square meters) 2.471 g;;Q§

1 square kilometer 0.386 square miles
1 cubic meter 35.32 cubic feet
1 million cubic meters 811 acre-feet

A.7. List of Information Sources for the Data Used in This Appendix

and ‘in Chapter III

1. Acres International Limited, and Nederlandsche Heidemaatschappij,

‘ consulgants. Estudio de Electrificacion y Riego; vol. I
"S?ccion de Riego", vols. II and III "Seccion de Electrificg-
cion" and vol. IV "Informe de Factibilidad-Proyecto Hidroelec-
trico El Canada, Proyecto Hidroeléctrico Atitlan I, Proyecto




10.

11.

12,

13.
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1] ] .
de la Linea de Transmision." Guatemala: 1962 and.

© 1963,

Acres International Limited, consultants. ' "Proyecto

! Los Esclavos, Informe de Fact1b111dad " Guatemala: 1962.

.. Agency for International Development. 'Selected Economic

Data for the Less Developed Countries.' Data based on most
recent information available, generally for years 1967
and 1968. U.S. Government Printing Office, Washington:
June 1969.

1]
Andrino, R né. Calculo de la Presa de Almacenamiento
Sobre el Rio Lajas. Civil Engineering thesis, School of
Engineering, University of San Carlos, Guatemala: 1963.

Arias, Jorge, '"La Industrializacion y el Crecimi?nto de
la.Poblacion,"” Boletin de la Facultad de Ingenieria, Epoca
III, vol. III, Nos. 1-2., Guatemala: 1969.

La Pob1a01on de Centro Amer1ca y Sus Per-
spectivas. Temas de Ingenieria .0. 2, Facultad de
Ingenieria, Universidad de San Carlos, Guatemala: 1966,

Arteaga, Orlandino. Analzsls y Diseno de Pequenas Presas

Tipo Movil. Civil Engineering thesis, School of E Engineering,

University of San Carlos, Guatemala: 1964.

Banco de Guatemala. Cuentas Naciona{gs dq;gpatemala.
Departamento de Estudios Economicos, B. de G., Guatemala:
1968.

Bulkley, Jonathan, W., R.T. McLaughlin, and Fernan Ibanez.
On_the Water Resources Problems of Latin America. Depart-
ment of Civil Engineering, Hydrodynamics Laboratory Report
No. 87, M.I.T. Cambridge, Mass.: 1965.

Colegio de Ingenieros de Guatemala. III Congreso Nacional
de Ingenieria. Sector Energia. Guatemala: 1967.

Comision Economica Para América Latina. Document E/CN.
12/CCE/SC. 5/43 TAO/LAT/66. UN CEPAL 1966.

Comlte Coordinador de H1drolog1a y Meteorologla . Datos
Meteorologlcos Mensuales Hasta 1959 Inclusive, Ministry
of Communications and Public Works, Ministry of Agricul-
ture, and INDE. Guatemala: 1968.

' [} R '
Consejo Nacional de Planificacion Economica. "Invitacion
a Firmas Consultoras-Proyecto Estudio de Pre-factibilidad,
Regursos Hidraulicos y Terrestres Conexos del Norte del
Pais." Guatemala: 1969.



14,

15.

16.

17.

18.

19,

20.

21.

22.

23,

24'

25.
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Departamento de Recursos deraullcos. "Proyecto No. 1.
Irrlgaclon y Electr1f1cac10n de los Valles de S
Jeronimo, Salama y Chicaj; Departamento de Baja Verapaz."
Ministry of Agriculture, Guatemala: 1962,

Division de Recursos Hidr ulicos. Docyments of the small-
irrigation projects "El Jicaro,'" 'Montufar," "La’Cebadilla,"
"Laguna deI'Hoyo," "El Progreso," and "San Cristobal
Acasaguastlan." Direccion General de Recursos Naturales
Renovables, Ministry of Agriculture, Guatemala: 1967 and 1968,

'
Divisién de Recursos Hidraulicos. 'Programma Nacional de
Pequeno Riego-Documento General." Direccion General de
Recursos Naturales Renovables, Ministry of Agriculture.
Guatemala: 1967,

! ]
Electro-Watt, 9onsu1tants, "Proyecto Jurun-Marinala, Informe
de Pre-Inversion." Guatemala: 1964,

Farrington, W. and Uswaldo Porres. 'Proyecto de Irr1gac1on
del Valle de La Fragua." Departamento de Recursos Hidraulicos,
Ministry of Agriculture, Guatemala: 1964,

] ]
Gogzales Jaime. ,Interconexion de los Sistemas Hidroelectricos

"Rio Samala' y "Rig Michatoya." Civil Engineering thesis ,

School of Engineering, University of San Carlos, Guatemala:
1957,

Harza Engineering Company, Consultants. Prefeasibility
Study of the Water and Land Resources of Northern Guatemala,
preliminary drafts of appendices "Surface Water Resources,"
"Ground Water Resources,'" and '"Geology and Construction
Materials." Chicago: 1970,

Instituto Geogréfico Nacional. 'Mapa de Cuencas," scale
1:500,000. Guatemala: 1958.

. Topographic map scale 1:250,000. Sheets
""Coban," and "Guatemala.'' Guatemala.

. Topographic map scale 1:50,000. Sheets
""Coban," "Cubulco," "Los Pajales," "Salama "‘"San Andrés
SaJcabaJa," "Tactic," "Tiritibol," "Uspantan," and
"Zacualpa." Guatemala.

/
Instituto Nacional de Electrificacion. Boletin Hidrolégico
numbers 1, 2, and 3. INDE, Guatemala: 1965, 1966, and 1967.

T '
"Plan Nacional de Electrificacion." INDE,
Guatemala: 1968.




26.
27.
- 28.

29.

30.

31.

32,

33.

34.

35.

36.
37.

38.

212’

. Records of maximum monthly power demands and
of monthly energy production for the period of 1957-1970,

Central Power District. Guatemala: 1970

‘ . Salary scale for project personnel. INDE,
Guatemala: 1969,

Instituto Nac1ona1 de Transfbrmaclon Agraria. 'Proyecto de
Colon1zac10n de la Faja Transversal de la Zona Norte de la
Republica de Guatemala." Mimeographed report and maps.
Guatemala.

f t
Mena, Eduardo. Estudio de Factibilidad de la Hidroelectrica
de '"Matanzas' en el Desarrollo de la Zona Norte del Pais.
Civil Engineering thesis, School of Engineering, University
of San Carlos. Guatemala 1968.

’
Ministerio de Agricultura. "Proyecto de Diversificacion
Agricola Para el Plan de Desarrollo Rural." Guatemala: 1969.

Observatorio Nacional, Guatemala. Meteorological records.
Orozco, Oscar L. and Munoz, Antonio. Graph "Epocas de Cosecha
de los Pr1nc1pales Granos, Especias y otros en Guatemala."
Direccidn General de Mercadeo Agropecuario, Ministry of
Agriculture. Guatemala: 1967,

1 4
Paiz, Ricagdo. Comparacion Entre los Proyectos Hidroelec-
tricos Jurun Medio Monte Sccorro y Jurun Marinala. Civil
Engineering thesis. Schooi of Engineering, University

of San Carlos. Guatemala: 1961.

Rios S., Gilberto, Costso de Productos @grloolas Financiados
por el Banco Nac10na14§gpar1o. Departamento de Estudios
y Analisis Estadistica, BNA. Guatemala: 1968.

Robles, Bodrigo. Consideraciones Generales Sobre 1la
Irrigacion del Valle de Asuncion Mita. Civil Engineering
thesis. School of Engineering, University of San Carlos.
Guatemala: 1962.

] '
Secretaria General del Consejo Nacional de Planificacion
Economica. ,'"Lineamientos Generales de un Plan de Desarrollo
Para el Periodo 1971-1975," Mineographed. Guatemala: 1969.

Plan de Desarrollo 1971-1975, vols. I and 11.

Guatemala: 1970.

Simmons, Charles S., J.M. Tarano y J.H. Pinto. Class1f1cac10n
de Reconoc1m1ento de los Suelos de la Republica de Gi Guatemala,

IAN, SCIDA, Ministry of Agriculture. Guatemala: 1959,



