
The cost-effectiveness approach in analyzing a water
supply project for the Santa Elena peninsula, Ecuador

Item Type Thesis-Reproduction (electronic); text

Authors Villao-Yepez, Juan Cristobal,1944-

Publisher The University of Arizona.

Rights Copyright © is held by the author. Digital access to this material
is made possible by the University Libraries, University of Arizona.
Further transmission, reproduction or presentation (such as
public display or performance) of protected items is prohibited
except with permission of the author.

Download date 24/05/2023 21:39:03

Link to Item http://hdl.handle.net/10150/191627

http://hdl.handle.net/10150/191627


THE COST-EFFECTIVENESS APPROACH IN ANALYZING A WATER

SUPPLY PROJECT FOR THE SANTA ELENA PENINSULA, ECUADOR

by

Juan Cristobal Villao-Yepez

A Thesis Submitted to the Faculty of the

DEPARTMENT OF HYDROLOGY AND WATER RESOURCES

In Partial Fulfillment of the Requirements
For the Degree of

MASTER OF SCIENCE
WITH A MAJOR IN HYDROLOGY

In the Graduate College

THE UNIVERSITY OF ARIZONA

1975



STATEMENT BY AUTHOR

This thesis has been submitted in partial fulfillment of require-
ments for an advanced degree at The University of Arizona and is depos-
ited in the University Library to be made available to borrowers under
rules of the Library.

Brief quotations from this thesis are allowable without special
permission, provided that accurate acknowledgment of source is made.
Requests for permission for extended quotation from or reproduction of
this manuscript in whole or in part may be granted by the head of the
major department or the Dean of the Graduate College w 	 his judg-
ment the proposed use of the material is in the intere	 of scholar-
ship. In all other instances, however, permission mu be obtained
from the author.

SIGNED:

APPROVAL BY THESIS DIRECTOR

This thesis has been approved on the date shown below:

DONALD R..DAVIS Date
Visiting Assistant Professor of
Hydrology and Water Resources and
Systems and Industrial Engineering



DEDICATION

This thesis is dedicated to Lola, Alexandra, Eduardo and

Jessia.



ACKNOWLEDGMENTS

I would like here to acknowledge individuals both on and off the

campus. On campus I am indebted to my committee who reviewed the thesis

and provided helpful comments.

Special thanks must go to my thesis director, Dr. Donald R.

Davis, whose expert guidance and advice made this work a reality.

Off campus, very special gratitude is exp'essed to Dr. William

Turner, of Hydrotechnics, whose support, both economic and moral, in

this country made possible my work study in this university. I am

grateful for his willingness to assist me in every personal problem I

had and to provide me with constant advice on all phases of my study

work.

I would also like to thank the Empresa Municipal de Agua Potable

de Guayaquil for its support. Special thanks go to Ing. Edgar Guevara of

EMAP, who supplied me with a great deal of information used in this

thesis.

iv



TABLE OF CONTENTS

Page

LIST OF TABLES 	  vii

LIST OF ILLUSTRATIONS 	  viii

ABSTRACT  	 ix

1. INTRODUCTION  	 1

1.1 General Description of the Objectives of Water
Resources Development  	 1

1.2 System Design  	 2
1.3 The Santa Elena Peninsula Area  	 3
1.4 Objectives and Approach Used in This Study  	 5

2. LITERATURE REVIEW AND METHODOLOGY USED TO SOLVE THE PROBLEM .

•	

8

2.1 Cost-Effectiveness Methodology  	 8
2.2 Dynamic Programming in Water Resources Projects	

•	

11

3. CHARACTERISTICS OF THE SANTA ELENA PENINSULA  	 14

3.1 Topography  	 14
3.2 Climate  	 16
3.3 Water Resources  	 16
3.4 Population  	 22

4. THE COST-EFFECTIVENESS IN THE SANTA ELENA PENINSULA WATER SUPPLY
SYSTEM  	 28

4.1 Define Goals, Objectives, or Purposes That the Systems
Are to Fulfill  	 30

4.2 Identify the System Requirements or Specifications .  	 31
4.3 Establish System Evaluation Criteria That Relates the

System Specifications to the System Capabilities .	 34
4.4 Develop the Distinct Alternative Systems for Attaining

the Desired Goals  	 35
4.5 Determine Capabilities of Alternative Systems . . .  	 37

4.5.1 Cost  	 37
4.5.2 Water Quality  	 46
4.5.3 Probability of Water Shortage  	 53



TABLE OF CONTENTS--Continued

4.6 Generate the System Versus Criteria Array 	
4.7 Select a Fixed-Cost or Fixed-Effectiveness Approach 	
4.8 Analyze the Merits of Alternative Systems and Perform

Sensitivity Analyses 	

5. DISCUSSION AND CONCLUSIONS  	 68

5.1 Discussion  	 68
5.2 Conclusions  	 75

APPENDIX A -- COMPUTER OUTPUT FOR THE DYNAMIC PROGRAMMING
ALGORITHM TO OBTAIN THE OPTIMUM WATER ALLOCATION FROM THE
CONSIDERED ALTERNATIVE SYSTEMS II AND III  	 77

APPENDIX B -- WATER QUALITY STANDARDS  	 83

LIST OF REFERENCES  	 88

vi

Page

58
59

61



LIST OF TABLES

Table	 Page

3.1 Average Monthly Flow (Cubic Meters Per Second) at La Capilla
and Balzar  	 21

3.2 Quantitative Estimates of Ground Water Availability  	 24

3.3 Quantitative Estimates of Water Availability (Surface Plus
Ground Water)  	 24

3.4 Population Projections Until the Year 2,000 for the Principal
Communities  	 26

4.1 Cost Factors for Water Production and Delivery for System IL 	 39

4.2 Delivery Costs and Water Production Costs for System III .	 40

4.3 Maximum Estimated Costs for Ground Water Development Based
Upon Anticipated Time Requirements  	 41

4.4 Estimated Annual Operation and Maintenance Costs  	 42

4.5 Cost Values Obtained for Each System in Order to Supply Water
to the Santa Elena Peninsula Area  	 49

4.6 Present Water Quality from Available Sources  	 51

4.7 Physical-Chemical Water Quality Classification for Systems I,
II, and III  	 52

4.8 Cost-Effectiveness Display  	 60

4.9 Ranking of the Alternative Systems Based on Costs  	 64

4.10 Sensitivity Analysis Matrix  	 65

vii



LIST OF ILLUSTRATIONS

Figure Page

3.1 Principal Topographic Features of the Santa Elena Peninsula	 . 15

3.2 Major Drainage Basins Within the Santa Elena Peninsula Area	 . 18

3.3 Isohyets Within the Santa Elena Peninsula Area 	 19

3.4 Guayas River Hydrological Systems 	 20

3.5 Location of Potential Sources of Ground Water 	 23

4.1 Relevance Tree for the Santa Elena Peninsula Problem 	 32

4.2 Proposed Alternative Systems 	 38

4.3 Schematic Description of the Supply System 	 45

4.4 Schematic Representation of System II 	 47

4.5 Schematic Representation of System III 	 48

4.6 Comparison of Demographic Growth of Guayaquil with Other
Cities of North and South America 	 54

4.7 Cumulative Histogram for Lowest Observed Values of Average
Monthly Flow in the Daule River 	 56

viii



ABSTRACT

The Santa Elena peninsula area is suffering for the lack of an

appropriate water supply scheme, which has been detrimental to population

health and caused a low-income status. The problem involved within the

area of study is described and the solution is searched for by means of

the cost-effectiveness approach. The planning process starts by identi-

fying goals which fulfill the social, economic, and physical character-

istics of the area. With the use of the relevance tree technique, a

selection of system specifications describing the project needs is made.

A water supply scheme is considered the chief way of accomplishing

the pre-established goals. The measures of effectiveness, relating the

system requirements to system capabilities, are selected. Then, the

systems are developed and their capabilities are compared. The selection

of fixed-effectiveness is made, the merits of alternative systems are

analyzed in a tabular array, a sensitivity analysis of each system in

achieving each measure of effectiveness is made, and the alternative that

most nearly satisfies them is selected.

The methodology is applied using both the traditional approach

and the recent improvements in planning water resources for developing

countries.

ix



CHAPTER 1

INTRODUCTION

In this chapter we begin with a general review of concepts in

water resources development, directed mainly toward developing countries.

As water resources projects are systems in hydrology, a review of these

concepts is also made. Further, a description of the areas with which

this thesis is concerned and an analysis of the objectives and approach

to be used is given.

1.1 General Description of the Objectives 
of Water Resources Development 

Man, to live, needs material resources which are achieved through

a planned economy where inputs are processed and where outputs are used

to achieve goals designed to improve the living conditions of the

society.

Water resources projects, for example, are visualized in this

way -- they are used to provide goods and services to satisfy human

needs. A proposed dam is designed to accomplish some or all of the

following purposes: flood control, generation of electrical power,

irrigation, and recreation, thus making an improvement in human living

conditions from an economic and social point of view. A ground water

scheme, where feasible, is designed to provide better water quality for

drinking and/or irrigation in areas where water is polluted or scarce, or

where there is no water at all, allowing an improvement in human health

1
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and a better use of land for irrigation. A water supply project is

definitively designed to improve population health and human living

conditions.

With this broad idea about water resources development, it can be

seen that, in planning water resources systems, the unquantifiable out-

come that is sought is the improvement of human life measured in

satisfying their material needs, as well as their non-material needs,

within a world where water actually plays the most important role as far

as the human being is concerned.

Since the objective of this thesis is the selection of the

optimum system for water supply, a general idea about systems is given

in the next section.

1.2 System Design 

According to O'Laghaire (1974, P. 31), a system is "in

general an arbitrarily isolated combination of elements (abstract and

arbitrary subdivisions) of the real world. Usually the elements

correspond to physical components of the real world such as rivers, dams,

sources of water, and users of water."

This definition of a system related to water resources problems

satisfies our scope, and it could be amplified to indicate that the main

purpose of the system design is to arrive at a total effectiveness of

the system, that is, to accomplish the pre-established goals.

Wymore (1966) agrees with us in that the system

designed is determined by a set of input-output specifications for the
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system, the technology available, and a measure of how well the system

performs.

Furthermore, in agreement with Chaemsaithong (1973), besides this

characteristic, human behavior toward the system should be considered in

the system design since the type of culture, level of knowledge, and

measure of aptitude contribute greatly to the dimension of the effective-

ness of the system. Thus, this unquantifiable factor must be considered

in the system in order to attain a better achievement of the goals.

1.3 The Santa Elena Peninsula Area 

The study area is located in the southwestern region of the

Ecuadorian Republic in the westernmost part of South America and in the

northernmost extension of the South American west-coast desert. Thus,

most of the area is within a typical arid climate. Accordingly, sporadic

rainfall is obtained in the winter season (December-April) and no rain-

fall at all in the summer season (May-November). The present water

sources are shallow aquifers located near the principal towns and the

present supply system consists of transport by tanker trucks from these

sources to the consumer, which causes damage in the population health.

The Ministerio de Salud del Ecuador (1973, p. 51) report for this area

established that

A considerable percentage of disease within this area is due to

the poor quality water people are drinking, in fact, since the
water is supplied by a set of uncontrollably unhealthy steps,
drinking water contamination takes place; therefore, an appro-
priate water supply system and the corresponding waste water
network are an imperative as soon as possible, in order to
accomplish the goals of the nationalist-revolutionary government.
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While this health problem was identified for the permanent popu-

lation, it also has another dimension. Because the area is surrounded on

the east and south by the Pacific Ocean, the beautiful coastal zone is a

potential national and international tourist zone, and a transient popu-

lation has begun to be noticed on a large scale, mainly in the winter

season.

The Ministerio de Seguridad Social del Ecuador (1973) reported to

the president of the Republic that the reason for the low income of the

permanent population is the lack of work sources, resulting from the low

private investment because of the present sanitary conditions.	 However,

since the area contains an attractive possibility for resort areas and

fishing industry development, the office suggests the immediate

construction of a water supply-sewer scheme (Ministerio de Seguridad

Social del Ecuador, 1973).

The national government, regarding the present and the potential

problems, recommended to the Empresa Municipal de Agua Potable de

Guayaquil that the necessary work be done in order to supply water to the

peninsula. This semi-public office of water supply for the largest city

of Ecuador contracted with two private hydrologic companies to study the

ground water resources of the Santa Elena peninsula and to design the

main pipeline between La Toma, a surface water treatment plant near

Guayaquil, and the peninsula.

The foregoing paragraphs suggest the establishment of goals in

designing the appropriate system to be used, which are briefly listed as

follows:
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1. Improve population health.

2. Improve population living standards.

3. Encourage the resort area development.

1.4 Objectives and Approach Used in This Study 

This work is motivated by the recognition of the following prob-

lems often found in traditional water resources planning:

1. In developing countries, decisions are made by means of available

but scarce physical, economic, and social data which are never

enough to give the decision-maker the appropriate information in

selecting the "best" decision in terms of fulfilling the overall

goals of the project.

2. In analyzing the alternative systems, the traditional approach

(benefit-cost) fails in fulfilling the overall goals of the

project because it is constrained by the multi-objective nature

of a water resources project; thus, another method of analysis is

required in order to choose alternative systems where, as in many

countries, the social, political, economic, and physical condi-

tions vary widely within small regions (Kunkel, 1974).

3. Because a water supply project for the Santa Elena peninsula is

dependent on the economic and technical capability of the national

government of Ecuador, which is a "third world" country and,

accordingly, has the economic and social conditions of a devel-

oping country, the following should be recognized:

a. Insufficient hydrologic data for the Santa Elena peninsula

causes uncertainties in choosing any alternative system.
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b. Capital investment for water resources development has

priority over other types of development within the Santa

Elena peninsula area.

c. There is a deficiency in labor resources and a shortage of

technical goods and services which must come from outside the

country, producing higher costs for development projects.

d. In selecting the "best" alternative system, the decision is

constrained to a very limited number of systems due to the

hydrologic conditions of the area. As far as designing a

water supply scheme for the Santa Elena peninsula is con-

cerned, an alternative system is described as the system that

consists of a water source (surface water and/or ground

water) and a set of water-handling structures, such as water

treatment plants, ground-water development stations, pipe-

lines, and pumping stations. The determination of the "best"

alternative is the main purpose of this thesis, which will be

sought by means of the cost-effectiveness approach to

emphasize the usefulness of this approach in designing water

resources projects in Ecuador.

As stated earlier, within the Santa Elena peninsula area it is

impossible to select a great number of alternative systems due to the

physical conditions of the area; thus, our study will be confined to

demonstrating the usefulness of this approach with three alternative

systems which, in our opinion, fulfill the economic and social needs of

the area.
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Chapter 2 presents a literature review and the methodology of the

principal tools used to carry out this work. In Chapter 3, the economic

and hydrologic aspects of the Santa Elena peninsula are presented.

Chapter 4 deals with the problems to be solved and a step-by-step anal-

ysis of the cost-effectiveness approach used to solve these problems is

presented. In Chapter 5, a discussion of the results is presented.

As stated in Section 1.4, the cost-effectiveness approach is

proposed since the above conditions require an approach which is capable

of incorporating not only the quantifiable components of a system but

also the non-quantifiable components, such as social change, translated

into living standards and regional income, and health improvement, which

result from the water supply project.

A standardized cost-effectiveness approach has been proposed by

Kazanowsky (1968), whose steps are as follows:

Step 1. Define the desired goals, objective, or purposes the
systems are to fulfill.

Step 2. Develop the system alternatives.

Step 3. Identify the system requirements or specifications.

Step 4. Establish system evaluation criteria that relate
system capabilities to specifications.

Step 5. Select fixed-cost or fixed-effectiveness approach.

Step 6. Determine capabilities of alternative systems.

Step 7. Generate system versus criteria array.

Step 8. Analyze merits of alternative systems.

Step 9. Perform sensitivity analysis.

Step 10. Document the rationale, assumptions, and analysis
underlying the previous nine steps.



CHAPTER 2

LITERATURE REVIEW AND METHODOLOGY USED

TO SOLVE THE PROBLEM

In this chapter, we will discuss some of the tools employed to

solve the problem. Because the purpose of this thesis is to emphasize

the use of the cost-effectiveness approach in dealing with water

resources problems in Ecuador, special emphasis will be given to this

approach as a tool in solving these kinds of problems.

A review is also made of dynamic programming as a tool in solving

problems of optimization in water resources projects.

2.1 Cost-Effectiveness Methodology 

As pointed out by English (1968, p. 2), "cost-effectiveness is

nothing but an extension of engineering economics with which alternative

plans are sought and compared." Quade (1968, p. 246) defines cost-

effectiveness as an "analysis which seeks to increase value received

(effectiveness) for the resource expended (cost)."

To better understand the term "cost-effectiveness," it is impor-

tant to define what cost and effectiveness are in the cost-effectiveness

approach. Cost is defined as all the resources used or expended. This

is a broad definition and, as such, includes monetary units, type of

labor, energy, and so on, consumed in a project. Traditionally, however,

8
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the best way to define cost has been monetary units because all the

resources expended had been reduced to such units.

Effectiveness is a difficult term to define because it is a non-

quantifiable term in planning water resources projects. There are, how-

ever, some synonymous terms to describe effectiveness, such as value,

benefit, utility, worth, gain, and performance (Kunkel, 1974). Effec-

tiveness gives a measure of the performance or level of the benefits of a

system. The benefit of a water resources project could be a dam, but its

effectiveness is a measure of its performance.

Societal impacts are characteristic of water resources systems.

Accordingly, when the goals of the system are understood, the use of the

cost-effectiveness approach for the evaluation of water resources systems

• is reasonable (Kazanowsky, 1972). However, in making decisions by means

of the cost-effectiveness approach, Kazanowsky (1968, pp. 151-164) listed

the fallacies which may involve the decision-maker. Some of them are as

follows:

1. Sole criterion fallacy. A single criterion is selected for the

basis of evaluation.

2. Ratio fallacy. The ratios between major criteria are calculated

and the alternative that has the best ratio is selected.

3. Quantification fallacy. The assumption is made that every cri-

terion pertinent to the evaluation or decision may be quantified.

4. Interrelationship fallacy. It is assumed that all of the signif-

icant criteria can be related to, and expressed in terms of, one

super criterion and that the evaluation can be made on that
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basis. In general, the fallacy leads to the sole criterion

fallacy.

5. Weighting fallacy. The fallacy proposed weighting factors as a

means to relate or weight the significance of various criteria,

or the extent to which alternatives under consideration meet the

criteria.

6. Assumptions of probabilities fallacy. Effectiveness is defined

as the probability of some specific outcome which is the product

of a series of other probabilities.

7. Derivative fallacy. This fallacy usually stems from taking

derivatives of functions believed to be continuous. In the real

world, a mathematical model of a system is a combination of

physical and predictive models; however, they are sometimes

believed to be just physical models and the derivatives taken are

incorrect because of the inherent uncertainties such systems have.

8. Maximum effectiveness at minimum cost fallacy. The effectiveness

is maximized for that alternative where the cost is minimized.

9. Neglect of spillover effects fallacy. No system can be so iso-

lated or confined that it does not exert any impact on other

systems.

10. Definition fallacy. The key problems of an economic evaluation

are defined as being irrelevant to the study.

Even though cost-effectiveness seems to fit best when dealing

with problems where the benefits are difficult to evaluate, the use of

this technique is not limited to such cases. "No literature has been
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found to indicate that if benefits can be measured in monetary units then

the benefit-cost analysis should be applied" (Chaemsaithong, 1973, P. 36).

2.2 Dynamic Programming in Water Resources Projects 

The dynamic programming technique has been widely used in multi-

stage decision processes for which an optimum policy is desired, as well

as the optimization of an objective function. In particular, in dynamic

programming the decisions must be made in the light of the entire process

rather than in the light of each stage as an entity. This means the

decision at each stage must be "right" in view of the entire process.

Bellman (1962) is responsible for this theory, which is based on the

principle of optimality.

The following terminology is defined in order to provide a better

understanding of dynamic programming:

1. Stage. A unit of time or space. In either case, a stage repre-

sents a mathematical device with which continuous variables could

be defined as physical units.

2. State. The state is the set of variables that can be used to

describe the system at any stage.

3. Functional equation. In the multi-stage decision process, as the

process proceeds from stage to stage, the state of the system

also changes. The transition from stage to stage and from state

to state is described by a functional equation. A typical func-

tional equation is given by the following to describe a forward

one-dimensional allocation process (Bellman, 1962):
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fn (X) =	 max	 [gn(Yn) + f l 	n(X-Y)]
o< Y < X	 n-— n —

[1]

where f = an objective or return, or performance matrix, to be

evaluated by the Principle of Optimality; n = the number of

stages remaining in the process; and X = the state of the system

at stage n. In other words, fn (X) represents the cumulative

value of f over the n remaining stages of the process, beginning

in state x and following the Principle of Optimality. Equation

[1] also states that the right-hand side is equal not only to the

bracketed term but to their maximum, where g(Y) is the gain to

be made during stage n by the optimal choice of Yn' and

fn-1 (X-Yn) represents the cumulative profits over the n-1

remaining stages, beginning at stage X-Yn. Equation [1] is a

recursive relationship. It gives a relationship between an n-

stage process and an (n-1)-stage process. It also gives a rela-

tionship between the states of adjacent stages.

4. Policy. The set of decisions chosen to optimize the functional

equation as a function of state is the policy. In the case of

equation [1], the policy is the set of Y i chosen to evaluate

equation [1] and the optimum policy is the set of Y 1 *, Y 2 *, .

Y
n
*, which optimizes equation [1] in each stage.

5. Principle of Optimality. Under this principle, on which dynamic

programming is based, an optimal policy has the property that

whatever the initial state and initial decisions are, the
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remaining decisions must constitute an optimal policy with

regard to the stage resulting from the first decision.

In water resources planning, dynamic programming has been used

because planning these systems involves complex and large systems which

often contain discrete input data or tabular data. Saleem and Jacob

(1971) developed a dynamic programming model and a quantitative analysis

for . the Roswell Basin in New Mexico, which proved to be satisfactory for

the case of two leaky aquifer-surface water systems, where an optimum

withdrawal of water from each source was the decision variable. Hall

(1963) used an apPlication of dynamic programming for an aqueduct

capacity under an optimum benefit policy for irrigation purposes. The

analysis of the single reservoir capacity has been studied by Guitron

C1974) and Odoni (1969) by means of the dynamic programming method to

determine the optimum release of water for a multipurpose reservoir.



CHAPTER 3

CHARACTERISTICS OF THE SANTA ELENA PENINSULA

3.1 Topography 

The area of study is the Santa Elena peninsula, Republic of

Ecuador. It is located between 10 52' and 2 ° 50' north latitude and

between 81 ° and 79 ° 50' west longitude. Approximately 6,000 km 2 in area,

the region is bounded on the north by the south end of the Manabi pro-

vince and by the Chongon-Colonche Mountains, on the south by the Gulf of

Guayaquil, on the west by the Guayas province, and on the east by the

Pacific Ocean. The area is approximately 1/25 of the total land area of

the Ecuadorian Republic and is located within the Guayas province. Ten

percent of the peninsula is coastal plain.

From a topographic point of view, the region can be divided into

five major physiographic areas: the Chongon-Colonche Mountains, the

Estancia Hills, the Chanduy Hills, the interior lowlands, and the emer-

gent coastal zone (Figure 3.1). The Chongon-Colonche Mountains have an

altitude of about 700 m and are dissected into deep and narrow canyons by

drainage channels which pass into the interior lowlands and the coastal

zone. The Estancia Hills rise to an altitude of about 120 m and are

dissected by intermittent streams which flow into the interior lowlands

to the north and into the coastal zone to the south. The Chanduy hills,

with an altitude of no more than 120 m, have the same features as the

Estancia Hills. The interior lowlands, which include most of the

14
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peninsula area, have an average altitude of no more than 100 m. The

coastal zone is characterized by altitudes of no more than 10 m, having

"undissected topography, large estuaries and low-gradient stream

channels" (Hydrotechnics, 1974, p. 14).

3.2 Climate 

The study area has two climate types: an arid climate in the

extended part of the Santa Elena peninsula and a tropical climate in the

inland area. The peninsula proper (the northernmost extension of the

South American west coast desert) has an arid climate influenced by the

presence of the El Nino marine current (warm) and the Peru current (cold)

(Hydrotechnics, 1974), which makes the climate very stable during the

year, with no rainfall at all during the summer season and a heavy mist

during the winter season. However, when the presence of the El Nino

current is to the south, rainfall on this area is very heavy, causing

floods with disastrous consequences. The tropical inland sub-area is an

extension of the tropical nature of the Ecuadorian Republic, which is the

characteristic climate of the Republic, having heavy rainfall during the

winter and almost no rainfall during the summer.

3.3 Water Resources 

As a result of the two different types of climate within the

Santa Elena peninsula, there are two different features from the hydro-

logic point of view. In the western coastal part of the peninsula, the

area is characterized by a low rate of rainfall and runoff, except in

rare cases when climatic conditions produce suddenly higher precipitation
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rates. The inland area, on the other hand, is under the influence of the

Guayas river basin climate. Rainfall is cyclic and most of the streams

are perennial. Figures 3.2 and 3.3 show the major drainage basins and

the isohyets within the study area, respectively.

The three most important hydrologic systems within the study area

are: the Guayas River basin; the discontinuous ground water reservoirs

between Guayaquil, Salinas, and Playas; and the compound system of the

Ayampe, Olon, Manglaralto, Valdivia, and Javita River basins and their

ground water reservoirs.

The Guayas river basin, with an average annual runoff of 2.13 x

10 3 (CEDEGE, 1973), is one of the most important drai10 m	 nage basins in

the western part of South America. It is formed by the Daule River,

which has its headwaters in the northern part of the Ecuadorian Andes and

contributes about 40% of the total annual flow of the Guayas River, and

the Babahoyo River, which has its headwaters on the central part of the

Andes and contributes the remaining 60% to the total annual flow of the

Guayas River.

The city of Guayaquil has been taking water from the Daule River

at La Toma since 1950 when a water treatment plant was built in order to

supply water to the city. Since then, the water quality control and the

availability of data for this river have been under the control of EMAP

(a semi-public office for regional water supply) and CEDEGE (a semi-

public office for regional water resources planning). Figure 3.4 shows a

set of hydrologic stations on this river. Table 3.1 gives values of
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Figure 3.4 Guayas River Hydrological Systems.
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Table 3.1	 Average Monthly Flow (Cubic Meters Per Second) at La Capilla and Balzar.

La Capilla Balzar

Month 1963 1964 1965 1966 1967 1968 1969 1970 1971 1972 1963 1964 1965 1966 1967 1968 1969 1970 1971 1972

Jan 45.4 294.0 72.9 563.8 546.0 47.6 56.2 83.0 71.6 108.3 42.8 229.0 59.3 387.0 402.0 46.6 55.7 72.6 56.3 88.2

Feb 147_0 507.0 402.0 1091.0 863.0 197.0 59.7 219.0 517.0 626.1 121.0 374.0 321.0 661.0 606.0 160.0 53.6 185.0 437.2 482.5

Mar 649.0 1119.0 1292.0 1088.0 642.0 208.0 401.0 249.0 1383.0 1101.1 524.0 860.0 998.0 838.0 467.0 198.0 344.0 222.0 1025.2 703.4

Apr 236.0 1271.0 1380.0 358.0 201.0 244.0 853.0 1273.0 599.0 842.8 186.0 860.0 1048.0 273.0 125.0 184.0 617.0 989.0 454.0 625.0

May 155.0 193.0 916.0 220.0 157.0 55..6 662.0 648.0 127.0 256.3 121.0 147.0 664.0 183.0 102.0 42.1 507.0 445.0 g3.0 282.9

Jun 51.7 89.3 328.0 113,0 83.6 31.1 411.0 164.0 68.4 683.3 39.5 64.9 291.0 82.7 51.5 29.2 373.0 111.0 50.6 529.4

Jul 26.2 62.5 144.0 61.2 49.2 22.9 110.0 73.2 44.2 358.1 20.4 44.9 89.1 37.8 31.5 21.3 89.4 52.7 34.0 263.8

Aug 16.0 45.2 70.1 43.1 33.1 22.1 40.7 45.4 29.5 98.1 12.2 31.4 42.3 28.4 21.8 16.4 34.8 33.0 30.3 109.9

Sep 11.0 37.0 47.8 28.7 22.2 19.4 26.5 33.0 23.8 54.6 9.0 27.0 31.8 20.2 17.3 15.0 22.0 24.7 21.4 47.9

Oct 9.7 33.0 43.4 27.0 23.2 16.5 18.4 26.0 18.0 45.8 8.0 24.3 29.7 19.1 17.5 13.0 15.9 19.9 18.4 41.4

Nov 8.8 27.0 35.0 17.4 13.8 13.8 15.1 22.0 13.4 24.5 8.0 22.7 24.1 14.8 12.7 12.0 15.0 17.7 15.3 27.5

Dec 12.0 24.3 30.1 17.0 13.9 11.4 12.0 25.0 22.8 649.1 10.5 19.9 23.0 16.0 12.0 10.0 10.5 19.3 17.0 124.7

Annual 114.0 308.6 396.8 302.3 220.7 74.1 222.1 238.4 24.3 404.0 91.8 225.4 301.8 213.4 155.5 62.3 178.2 182.7 187.7 277.2
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average annual discharge for the Daule River registered at the two most

important stations: La Capilla, Balzar.

The ground water reservoir system located between Guayaquil,

Salinas, and Playas are indicated in Figure 3.5. They were delineated in

the summer of 1974 by Hydrotechnics, an American consulting company which

was assessing the ground water resources of the Santa Elena peninsula.

Table 3.2 shows the quantitative estimates regarding the availability of

ground water for the most important ground water regions in this area of

the peninsula: Kilometer-20 area, Rio Chongon area, Progreso-El Consuelo

area, Rio Verde area, and San Juan area.

The compound system of Rio Ayampe and its ground water reservoirs

was also studied by Hydrotechnics in the summer of 1974. The streams

have seasonal runoff when rainfall occurs on their headwaters (the

Chongon-Colonche Mountains), which happens sometimes in the winter season.

Even though their ground water reservoirs have been determined by Hydro-

technics to be relatively thin, shallow, and small, they do store some

ground water in the drought season so it is possible to supply the water

demands, and the compound system is proposed in this study. Table 3.3

shows the quantitative estimates regarding the water (surface and under-

ground) availability for the system of Rio Ayampe, Rio Olon, Rio

Manglaralto, Rio Valdivia, and Rio Javita.

3.4 Population 

At the present time, the population within the peninsula is esti-

mated by the 1974 census to be 63,425 -- 52,383 are located in the
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Table 3.2 Quantitative Estimates of Ground Water Availability. --
After Hydrotechnics (1974).

Area

Anticipated
Annual	 Annual Yield

Replenishment	 Storage	 Per Well

( 3/Yr)	 On
3
)	 On

3
111 	/yr)

Rio Verde	 1.8 x 10
6

5.0 x 10
7 2.0 x 10

5

5
San Juan	 1.6 x 10

6 	2.5x 10 7 1.5 x 10

Rio Chongon	 2.9 x 10
6

	5.0 x 10 8	2.0 x 10 5

5
Kilometer 20	 2.8 x 10 6 1.5 x 10

7 2.0 x 10

Progreso-El Consuelo 	 6.7 x 106 2.0 x 10
8 2.0 x 10 s

Total	 1.6 x 10
7
	7.9 x 10

8

Table 3.3 Quantitative Estimates of Water Availability (Surface Plus
Ground Water). -- After Hydrotechnics (1974).

1 = data for 270 days	 3 = surface water plus ground water
2 = data for 95 days	 4 = ground water only

1,3 	 2,4 	 3 

Water Source
	

Sep-May (x10
6m

3
)	 Jun-Aug (x10

6
m
3 )	 Annual (x10 6m3 )

Rio Javita	 .90	 .12	 1.05
Rio Valdivia	 1.40	 .16	 1.54
Rio Manglaralto 	 .30	 .04	 .34
Rio Olon	 .40	 .05	 .43
Rio Ayampe	 7.9	 .98	 8.88

Total	 10.90	 1.25	 12.24
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principal communities of Salinas, La Libertad, Playas, Santa Elena, and

Ballenita; the remainder is located in the rural areas of the peninsula.

EMAP has determined the population projections for the entire

peninsula as well as for the principal communities within the peninsula.

These values were projected with the information given by the 1950, 1962,

and 1974 National Censuses. They were also based on the equation:

P	 IP. ( 1 + r) n

where r = the population growth rate for each area given by the National

Office of Census,

n = the period of years for which the projection is made, and

P. = the population base.

These values are shown in Table 3.4. In making these computations, esti-

mates for the transient population were also included.

According to the Ministerio de Seguridad Social del Ecuador, 70%

of the permanent population is between the ages of 18 and 60; however,

only 20% of these are found to be in active employment, with salaries

averaging under 1,200 dollars per year. This status, as determined by

the Ministerio, is due to a lack of work opportunities within the area

because of the present lack of sanitary conditions.

In 1973, eight cases of typhoid fever were detected in the penin-

sula area by the regional public health office. The poor population

health was a matter studied by the Ministerio de Salud del Ecuador in

1973. Among the principal conclusions, the poor water quality was found

to be a determinant parameter in the population health in this area, and
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Table 3.4	 Population Projections Until the Year 2,000 for the
Principal Communities. -- After EMAP (1974).

Community

Census EMAP Projections

1950 1962 1974 1980 1990 2000

Salinas 2,672 5,460 12,243 18,332 35,920 70,400

Salinas (rural) N.A.* N.A. 5,790 8,760 16,990 33,310

La Libertad 7,133 13,742 26,080 35,920 61,230 104,400

Santa Elena
and Ballenita 2,775 4,240 7,760 10,500 17,000 28,710

Playas N.A. 5,067 .	 6,300 8,542 14,180 23,540

Playas (rural) N.A. N.A. 5,252 7,120 11,820 19,620

*Not available.



the construction of an appropriate water supply-waste water scheme was

suggested.

With the information given in this chapter, the goals to be

accomplished in this study, which were described in Chapter 1, seem to

be meaningful in that they fulfill the needs of the area.
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CHAPTER 4

THE COST-EFFECTIVENESS IN THE SANTA ELENA

PENINSULA WATER SUPPLY SYSTEM

In Chapter 2, a review of the cost-effectiveness methodology was

made, as well as its applicability in civil engineering and water

resources projects.

With the information given in Chapter 3, the Santa Elena penin-

sula could be described as a zone where socio-economic problems are

making dangerous impact on the permanent population. The present hydro-

logic conditions contribute to this, since one of the primary problems to

be solved is the construction of an appropriate sanitary system. Because

the water resources within the Santa Elena peninsula are scarce, a water

supply scheme from more distant sources should be considered. In the

author's opinion, there are only three systems that could fulfill the

systems' requirements, and which should be used as alternative systems in

supplying water to the peninsula area.

In essence, the problem described has a big question: What

should be the best system in terms of the socio-economic goals for

people in the Santa Elena peninsula? The answer to this question is a

matter of the present study which, because of its complexity, will be

solved by means of the cost-effectiveness approach.

The 10 steps of the standardized approach were presented in

Chapter 2; however, they might not be followed in the same order.

28
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Chaemsaithong (1973) followed the order 1 2 3 6 4 7 5 8 9 10; Kunkel

(1974) used the order 1 2 4 3 6 7 5 8 9 10; and Duckstein and Kisiel

(1973) suggested ordering the steps as 1  2 4 5 3 6 7 8 9 10. This study

proposes the use of the following sequence:

1. Define the desired goals, objectives, or purposes that the

systems are to fulfill.

2. Identify the system requirements or specifications.

3. Establish system evaluation criteria that relate the system

specifications to the systems' capabilities.

5	 Determine capabilities of alternative systems.

4 Develop the distinct alternative systems for attaining the

desired goals.

6	 Generate the system-versus-criteria array.

7. Select a fixed-cost or fixed-effectiveness approach.

8. Analyze the merits of alternative systems.

9. Perform sensitivity analysis.

10. Document the rationale, assumptions, and analysis underlying the

previous nine steps.

This order would allow us to attain the following:

1. Identification or determination of alternative systems after the

measures of effectiveness are determined.

2. As a consequence, the effectiveness criteria will be independent

of any particular system.

3. Agreement with Kazanowsky (1972) in his suggestion for the

identification of goals and criteria simultaneously.
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Furthermore, we will develop steps 8 and 9 together in order to

avoid loops in the analysis of the alternative systems.

4.1 Define Goals, Objectives, or Purposes That 
the Systems Are to Fulfill 

Inasmuch as goal, objective, and purpose have different meanings

in general, and in water resources in particular, they are related in the

cost-effectiveness approach because their achievement has social,

economic, or physical impact on the project. In deciding goals in water

resources planning, care must be taken in their dimension because, in

water resources, a goal is something dynamic which might change with time

and, as a water resource project is designed for a long period of life

(30 to 100 years), the evolutionary nature of the goal should be recog-

nized. It is a matter of fact that society changes its values with time;

therefore, the meaning of goals defined now might have another dimension

later in time. "For example, recently, the policy of damming rivers has

been criticized on the basis that if structures that could be damaged by

floods were prohibited from flood plains, dams would not be necessary and

the flooding would be beneficial to farming (Kazanowsky, 1972, p. 774).

Because water resources planning has societal impact, a goal should

satisfy diverse requirements over time; thus, a criterion of goal deter-

mination is the selection of an important goal over time.

Some techniques for goal determination have been mentioned in the

appropriate literature. The reader is referred to Dalkey (1969) for the

Delphi technique, Sandow (1971) for the cross-purpose matrices technique,

and to Sproull and Alderson (1972) for the relevance tree technique.
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In this study, we will make use of the construction and analysis

of relevance trees, which was developed by Sproull and Alderson (1972),

under the acronym of PATTERN (Planning Assistance Through Technical

Evaluation of Relevance Number).

This technique permits the manipulation of a large number of

independent variables in the social decision process. A relevance tree

is structured by defining the scope of the area of interest and then,

through analysis, subdividing the area as necessary in a tree-like struc-

ture in order to determine their relationships (Kazanowsky, 1972).

Figure 4.1 shows the relevance tree for the Santa Elena peninsula

area. Hopefully, this approach would take all the possible goals into

consideration.

4.2 Identify the System Requirements or Specifications 

In this step of the standardized approach, the goals are con-

verted into requirements or specifications that the alternative systems

should accomplish. The specifications could be engineering, economic, or

social specifications and might be qualitative or subjective in nature.

It is important to notice that fulfilling the specifications is a neces-

sary condition for feasible alternative systems but does not mean that

the system which equals or even exceeds the specifications must be

chosen (Kunkel, 1974).

As far as the Santa Elena peninsula is concerned, Figure 4.1

gives the necessary specifications for the alternative systems, that is,

achieving tertiary goals which might be expressed as follows:
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1. Medical facilities improvement will be specified by a regional

health plan concerning the renovation of all medical facilities

and/or establishment of new ones around the area.

2. Water supply scheme requirements will be specified by a main

pipeline from the available sources, necessary to supply the

water demands up to the year 2,000 and a potable water network in

the principal communities.

3. Waste water scheme requirement is specified by a network in the

principal communities and the corresponding waste water treatment

plant.

4. A technical education encouragement in the area concerning the

future technical requirement for people in the area, regarding

the regional investment proposed.

S. Regional investment requirement by encouraging the resort and

fishing industry development.

However, only one part of requirement number 2 is a decision

variable in the Santa Elena peninsula problem. In fact, whichever alter-

native selected will achieve the first part of requirement number 2 and

in such a way should accomplish the remaining requirements due to 
the

nature of the project. In other words, once the decision of the best

main pipeline is made, the remaining requirements are accomplished be-

cause those requirements, we would say, constitute just one sub-system;

that is, there is no other way of achieving the primary goals 
without

them.
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It should be understood that this does not mean we are under the

sole criterion fallacy and all those related to it, but the nature of

the problem allows us to analyze it, after this step, with only one

specification. Thus, our problem will be reduced to deal with this sub-

system (the main pipeline) in the next steps and, as can be seen, the

goals of the project will be achieved if the decision in selecting this

sub-system is correct.

4.3 Establish System Evaluation Criteria That Relates 
the System Specifications to the System Capabilities 

In this step of the cost-effectiveness approach, we will find

measures to evaluate alternative systems in meeting the desired goals.

The measures of effectiveness (MOE) should be selected in such a way that

all the criteria in a water resources project should be taken into

account. However, as pointed out by Kazanowsky (1968, p. 126), ".

the inclusion of numerous criteria while appearing to be on the safe

side, can result in mental paralysis in selecting the alternative system."

He suggests the use of maximum 10 criteria or MOE, but, on the other hand,

omission of significant criteria may invalidate the results of the

evaluation.

Kunkel (1974) suggests the use of three techniques in selecting

criteria: (a) the Delphi technique, especially when criteria are

selected at the same time that goals are; (b) the relevance tree 
tech-

nique; and (c) to list all possible measures of effectiveness for each

goal and specification, and to make a selection of the 
MOE that reflects
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the desired goals. According to Kunkel, this should be done indepen-

dently of the alternative system selection.

Another important feature to consider in selecting MOE's is that

of taking into account both cost-related measures of effectiveness and

non-cost-related measures of effectiveness. Though both should be con-

sidered, they should be manipulated by experienced judgment and, in this

way, could be included in the MOE's for alternative systems in large

water resources projects (Popovich, Duckstein and Kisiel, 1973).

In the light of the above information, and because of the nature

of our problem, the measures of effectiveness for the Santa Elena penin-

sula problem would be listed as follows:

1. Project cost in dollars, including costs for construction,

operation, and maintenance.

2. Water quality from available sources in achieving pre-established

bacteriological and physical-chemical standards.

3. Probability of water shortage.

4.4 Develop the Distinct Alternative Systems for 
Attaining the Desired Goals 

As mentioned in Chapter 3, the present hydrologic conditions

within the Santa Elena peninsula are so poor in terms of fulfilling

water demands for the combined transient and permanent populations for

the year 2,000, that it may not be possible, at least based on present

information, to supply sufficient water from nearby sources to the

principal communities. Then an appropriate scheme should be considered
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for distant sources and/or taking all the resources scattered within the

area.

This study is based on the foregoing suggestion and it will con-

sider the following systems in the analysis:

1. La Toma-Santa Elena-Playas system. Here the source is a surface

water source and the farthest from the consumer point. The sys-

tem is composed of a surface water treatment plant; a 160-km

main pipeline between La Toma, Progreso, and Santa Elena; a 35-km

main pipeline between Progreso and Playas; a set of pumping sta-

tions; and the corresponding small reservoirs.

2. Kilometer-20, Rio Chongon area, Progreso, El Consuelo area, and 

Rio Verde area (Santa Elena); and Kilometer-20, Rio Chongon area, 

Progreso, El Consuelo area, and San Juan area (Playas). The

water sources are a set of ground water reservoirs located

between Guayaquil and Santa Elena and Playas. The system is

formed by a set of ground water pumping stations; a main pipeline

connecting them with Santa Elena and Playas; a set of pumping

stations; and the corresponding reservoirs.

3. Rio Ayampe, Rio Olon, Rio Manglaralto, Rio Valdivia, and Rio 

Javita areas (Santa Elena); and Progreso-El Consuelo and San Juan

areas (Playas). In this system, the water sources are a combined

surface water-ground water source (Santa Elena) and a ground

water source' (Playas). The system is composed of a set of ground

water pumping stations and surface water treatment plants, a

150-km main pipeline to interconnect the mentioned sources and
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the consumer points, a set of pumping stations, and their

corresponding reservoirs.

igure 4.2 shows the proposed systems.

4.5 Determine Capabilities of Alternative Systems 

In Section 4.3, the measures of effectiveness required by each

system were presented. In this section, an analysis of those measures of

effectiveness for each system will be made.

4.5.1 Cost

Due to the nature of our study, two parameters have been consid-

ered in the cost evaluation of the systems proposed herein: production

and delivery costs from each source considered. Below is an explanation

of how they were obtained.

Tables 4.1 and 4.2 show cost values for surface water treatment

plants as a function of delivery capacity. These values were obtained

using regression equations for 42 surface water treatment plants in the

United States in 1964. Assuming that all costs have risen at a compound

rate of 12% per year, the regression equation for 1975 becomes

(Hydrotechnics, 1974):

PC = 931.903 q
0.65

where PC = treatment plant cost in 1,000's of dollars and q = treatment

plant capacity in millions of gallons per day.

Table 4.3 shows costs for ground-water development, based upon

anticipated time requirements, and Table 4.4 shows estimated annual

operation and maintenance costs (Hydrotechnics, 1974). Using these
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Table 4.2 Delivery Costs and Water Production Costs for System III. --
All costs are in $1 x 10 6 . Delivery costs as listed are for
1 mgd according to the considered segment.

PC	
DC

1	
DC

2	
DC

3	
DC

4	
DCA

(mgd) (SW	 GW) (x 1 mgd) (x 1 mgd) (x 1 mgd) (x 1 mgd) (x 1 mgd)

1 .0860 .1375 .0246 .0807 .1494 .0871

2 .1260 .1675 .0299 .0979 .1813 .1008

3 .1654 .1900 .0343 .1124 .2081 .1145

4 .2048 .2125 .0378 .1239 .2293 .1283

5 .2390 .2325 .0414 .1353 .2508 .1399

6 .2731 .2500 .0444 .1454 .2694 .1515

7 .3043 .267 5 .0480 .1570 .2908 .1731

8 .3555 .2850 .0506 .1656 .3068 .1947

9 .3644 .3000 .0541 .1771 .3280 .1986

10 .3941 .3125 .0563 .1842 .3414 .2025



Table 4.3 Maximum Estimates Costs for Ground Water Development Based
Upon Anticipated Time Requirements.*-- After Hydrotechnics
(1974).

Estimated Cost
Item	 ($)

41

Technical manpower**
Administrative manpower**
Expert driller
Equipment maintenance manpower
Labor (drillers, helpers, security guards,

secretarial)
Project management personnel (home office)
Transportation (air travel and field)
Communications
Field residence
Per diem
Report cases
Training
FICA insurance
Drilling rig, spare parts, freight
Well service rig and spare parts
Drilling fluid
Drill bits
Casing
Water line costs
Pumps, pump column, controls, spart parts,

freight
Fuel tanks (2,000 gallons)
Chlorination
Site preparation and enclosures
Engineering (6% of 18-23)
Contingencies (5% of total)

$ 467,000
65,000
130,000
10,000

120,000
86,000
50,000
15,000
24,000
5,000

20,000
10,000
40,000

214,000
20,000
18,000
70,000
180,000
575,000

770,000
40,000
5,000

500,000
124,000
178,000

Total	 $3,736,000

*Does not include land acquisition costs.

**Includes salary, transportation, post adjustment, medical, freight,

insurance.



Table 4.4 Estimated Annual Operation and Maintenance Costs. --
After Hydrotechnics (1974).

42

Estimated Cost
Item
	

($)

Technical staff	 $	 35,000

Maintenance staff 	 50,000

Administration	 15,000

Transportation	 13,000

Computer time	 5,000

Depreciation	 112,000

Pumping cost	 350,000

Total annual operation and maintenance
cost

Operation and maintenance capitalized
at 8% $7,250,000

$ 580,000
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figures, an estimate of ground-water development operation and mainte-

nance costs was obtained for units of millions of gallons per day for

each source. The estimates are shown in Table 4.1.

Because the objective of this thesis is the optimization of costs

for each alternative system and one of the most important items that

differentiates among them is the pipeline construction cost, an analysis

of pipeline cost as a function of the average delivery capacity was made,

using the procedure indicated by the Texas Water Development Board

(1967). Accordingly, water delivery capacity, peak factor, growth rate,

and geographic profile segment were used to obtain the optimum diameter

and optimum cost per each unit of water delivery capacity per segment

considered. With this procedure, all possibilities have been included;

in fact, the decision of local pumping stations, optimum size of pipe-

line, growth rate, peak factors, and allowance for engineering and

contingencies, are covered in the costs.

Table 4.1 shows figures of cost as a function of average delivery

capacity for length of a requirement considered.

System I. As mentioned earlier, this system proposes the use of

surface water only as the source to supply the Santa Elena peninsula

demands. Accordingly, its cost has been evaluated with the foregoing

cost information.

Systems II and III. Schematically, each of the systems may be

described as follows: N water sources are available to supply the

demand, D, for Santa Elena; we denote these sources by n, n = 1, 2, 3,

..., N. Each source has a limited supply rate which we call maxqn,
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n = 1, 2, 3, ..., N, respectively. A decision is to be made in selecting

the amounts, qn , to be taken from the nth source, n = 1, 2, 3, ..., N, in

order to supply the total demand, D, and minimize the cost involved.

Two types of cost are involved: production cost (PC) and

delivery cost (DC). Figure 4.3 describes the elements of the supply

systems, where qn = the amount of water taken from source n, n = 1, 2, 3,

N; Qn = the amount of water to be delivered between the n+1 and n

sources; and LN,N-1 = 
the distance between the nth and (n-1)th sources.

For each n = 1, 2, ..., N, let PC(q) be the production cost

associated with the supply, qn , and DC(Q 1) be the delivery cost

associated with the amount, 0	 delivered from the nth to the (n-l)thla-1'

location.

We may then write:

TC = E P (g ,0 ),
n=1 n n

where TC is the total cost of supplying the demand, D, and the relation

between Qn and Qn _.1 is given by:

Qn-1 = Qn	 qn ; n	 1, 2 ' 3 '	 N

with Qn = O.

Accordingly, our problem is to determine the sequence q l , q2 ,

qn , such that TC will be minimized, subject to 0 < qn <. max qn
,

n = 1, 2, 3, ..., N, and Q 1 = D.

Thus, in order to solve this problem, dynamic programming will be

used to determine the set of values, qn*, 
that will minimize the total

cost of the system using the following recursive equation:

Pn (qn' lln ) = PCn (qn ) + DC(qn + Q. )
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fn* (Qn )
min	

[Pn(qn'Qn)	 fn-l * (qn	 Q1)]0<ci <max q
n

with

f1 * (Q 1 )	 1(D-Q1,D), [PC 1 (D-Q 1 ) + DC 1
 (D)]

which is similar to the equation given by Bellman and mentioned in

Chapter 2, with the difference that this is a backward one-dimensional

allocation process.

Figures 4.4 and 4.5 are schematic representations of systems II

and III. Values for q i 's are also indicated as well as values for Q i 's.

Values for DC.'s and PC.'s were indicated in Tables 4.1 and 4.2 and
1	 1

these values are used to solve the cost optimization problem indicated

above by means of the dynamic programming approach for systems II and

Table 4.5 shows compiled system costs and optimum allocations of

water from the sources of each system.

A computer program has been written to solve this dynamic pro-

gramming problem and it will be used to evaluate costs for both system II

and system III (see Appendix A).

4.5.2 Water Quality

Several attempts have been made in the United States and the rest

of the world to set up a common standard for water quality (Water Quality 

Criteria, 1973). However, because of the different needs of different

societies, it has been impossible to accomplish that goal.

Accordingly, a water quality criteria for the Santa Elena penin-

sula should be established, taking into consideration the regional
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requirements for drinking use. In Chapter 3, the present situation of

the permanent health population was given and, on this basis, standards

for the region should define bacterial, physical, and chemical quality.

This study proposes the combined use of the water quality stan-

dards given by Water Quality Criteria (1973) of the Environmental Protec-

tion Agency, and by Drinking Water Standards (U. S. Public Health

Service, 1962). It should be pointed out that the chief requirement for

this problem is to achieve the bacteriological standards. Once it has

been done, a second test is made to account for the achievement of

physical-chemical standards, namely as far as total dissolved solids are

concerned. Then, water achieving these standards would be categorized as

having a very good quality.

Appendix B shows the standards and recommendations for the

principal parameter in deciding water quality (taken from Water Quality 

Criteria, 1973).

Table 4.6 shows the present physical-chemical water quality from

the sources to be used in the alternative systems of this study.

Then, a water quality classification for each alternative system

is made and is shown in Table 4.7. In making this classification for

systems II and III, the decision of blending water from all sources was

taken into account. As a result, for system II, the average of values

for each parameter investigated achieves the standards already

established.

The available data for system III is for the average of ground

water sources. The corresponding surface water quality data 
is not
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Table 4.7 Physical-Chemical Water Quality Classification
for Systems I, II, and III. -- According to
standards described in Appendix B.

System I System II System III Standard

Ca 18 117 79 200

Mg 5	 , 48 18 125

Na '	 0 146 107 200

K 0 8 5

HCO3
0 388 120 500

SO
4

44 185 36 250

Cl 15 115 158 250

pH 7.1 7.5 706 7-8

TDS 210 1026 530 500-1500

Quality excellent good very good
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available for this study and the system proposes the combination of both

surface and ground water use. This means the inclusion of a surface

water treatment plant. Therefore, whatever the surface raw water quality

would be, after passing the treatment plant, its quality would improve

and the blending with ground water gives an appropriate water quality for

system III.

4.5.3 Probability of Water Shortage

This measure of effectiveness will be done. for each alternative

system. The objective is to obtain an estimate of the water shortage

probability.

Because system I takes water from the Daule River, and since this

river is presently used for the city of Guayaquil as its water source, an

analysis of the Guayaquil water demands for the year 2,000 and of the

river runoff will be made.

EMAP (1974) has made an analysis for Guayaquil in comparison with

other cities in South and North America (Figure 4.6). An extrapolation

is made for Guayaquil after the year 1974 up to the year 2,000 and a high

and low population forecast has been estimated for the year 2,000 at

between 3,250,000 and 2,000,000; for the suburban environs of Guayaquil,

the population forecast has been estimated at 1,800,000 inhabitants.

Because Guayaquil is an industrial city in Ecuador, EMAP has estimated

the per capita water demand at 250 liters per day. Then, the water

demand forecast would be established between 9.4 m
3/sec and 5.8 m

3
/sec.

Further, the average water demand for the year 2,000 for Guayaquil and

vicinity would be 11.8 m
3/sec. Table 3.4 gives the population forecast
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for the entire peninsula. EMAP assumed a per capita consumption for this

area at 160 lt/d/h. Thus, an average of .53 m 3/sec are forecast as the

water demand for the entire peninsula, up to the year 2,000.

Accordingly, the forecast for the average water demand for

Guayaquil and vicinity and the Santa Elena peninsula will be 12.4 m
3/sec.

In an earlier chapter, it was mentioned that the Daule River is a tribu-

tary of the Guayas River, which flows into the Pacific Ocean. Tidal

influence and salt encroachment occur in the Guayas River, upstream to

the Daule and Guayas Rivers' junction. This phenomenon has been

observed in La Toma in the low-water season. Regarding this problem,

EMAP decided that a minimum of 30 m
3/sec at La Toma should avoid the

problem of salt water encroachment. Then, a minimum of 42.2 m
3/sec

should flow through La Toma in order to supply water to Guayaquil and

vicinity and the Santa Elena peninsula.

In Table 3.1, the average monthly runoff of the Daule River was

presented. Because this is limited data, its use for a probabilistic

operational analysis will be constrained to the development of a

cumulative histogram (Figure 4.7) and, on this basis, to determine

graphically the probability of occurrence of a runoff lower than 42.2

m3/sec in this river.

Since this probability was found to be .32, the probability of

failure of this system looks very high.

However, in 1972, the National Government of Ecuador made the

decision to develop the Guayas River basin. They decided a multi-purpose

dam shold be built on the Daule River. Because the dam design would take



V-
.

0
$-1

bp

P.

r.:
	Cr) 	 v-4

(%) Xotionboad onT4uplunD

56

;-n
o

t4-1

0
\ 0	 Cd

;-1
bp
0

...	
4-)

NO	 1.(1 M

•

\	 (I) 0)
$-1

?

W



57

into account the minimum water requirements for EMAP at La Toma, the

probability of failure for this system turns out to be zero or, in other

words, will be categorized as very low.

Systems II and III. To determine an estimate of probability of

water shortage for these systems is a serious task found in the develop-

ment of this problem. System I has been considered only for taking water

from ground water sources between Guayaquil and Santa Elena, and between

•Guayaquil and Playas. These ground water aquifers were delineated by

Hydrotechnics (1974) and their hydrologic parameters estimated. However,

a consistent data base for a probabilistic operational analysis is not

available, simply because of the time factor.

The problem is similar for system III, where a compound ground

water-surface water sub-system between Santa Elena and Rio Ayampe

comprise the system. Estimates of this system for yielding enough water

to supply the peninsula were obtained by Hydrotechnics (1974).

In obtaining these estimates, a deterministic approach was

followed, and even though no clear values for water shortage probabilities

are mentioned, an analysis of those approaches could lead us to estimate

those probabilities.

For system II, the uncertainty in achieving the required water

demand was thought of as yielding on the physical chemical water quality

from each source, mainly where TDS is concerned. In the 
cost determina-

tion for this system, the optimum policy indicated that 15.2 x 10
3 m3/day

should be used from the Progreso-El Consuelo area.
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Evidently, an improvement of water quality would be achieved if

more water is taken from this source and blended with that of lower

physical-chemical quality. Even though this decision is feasible, it is

also non-optimal. For this reason, we would suggest the water shortage

probability for this system as a low probability.

In analyzing the southern sources of system III, Hydrotechnics

(1974) stated that ". . . a 30 percent reduction in the annual water crop

may lead to water shortages." As this system has been considered to be

comprised of ground water-surface water sub-systems, with the charac-

teristics described in Chapter 3, a reduction in the annual water crop is

highly important. On the other hand, this area was described in

Chapter 3 as highly variable from year to year as far as precipitation is

concerned. Accordingly, a reduction of 30 percent in the water crop is

likely to occur. Even though the system includes the Rio Ayampe basin,

which is estimated to yield enough water to supply the peninsula, the

available data gives a high uncertainty in the determination of those

estimations. Thus, in light of the information given above, we would

suggest a fair-to-moderate probability of water shortage for System III.

4.6 Generate the System Versus Criteria Array 

In this step of the standardized methodology, we will develop a

relationship between the system capabilities as obtained in the models

and the evaluation criteria as established in Section 3. Accordingly,

they will be the cost of the project in dollars, water quality from

sources in achieving the standards pre-established, and water shortage
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probability. Because the best way to show the array is in tabular form,

Table 4.8 presents the measures of effectiveness from each system.

It should be noticed that, in presenting this array, non-

quantifiable values have been used for items 2, 3, and 4 since, in our

understanding, this is the appropriate way for measuring their effective-

ness in the project.

4.7 Select a Fixed-Cost or Fixed-Effectiveness Approach 

This step is a necessary one for all cost-effectiveness analyses,

and it should be mentioned that it is not a trivial decision. A fixed-

cost approach may be selected when "an amount of expenditure is given and

the selection between alternatives is a function of the effectiveness

measures of each alternative" (Chaemsaithong, 1973). In other words, it

should be appropriate when either a budget has been allocated or when a

post-evaluation is made. In the fixed-effectiveness approach, selection

of alternatives is made by determination of the cost required to achieve

a pre-established level of effectiveness, Then, fixing effectiveness

would require that a system be selected no matter how high its cost

would be as long as it satisfies the effectiveness previously fixed.

Thus, in analyzing a water resources project by means of the cost-

effectiveness approach, this is an important constraint for developing

countries, and for rich countries as well, due to the 
limited and/or

available resources. On the other hand, some water resources projects

would require the achievement of some minimum measure of 
effectiveness in

order to accomplish the pre-established goals. For the Santa Elena

peninsula area, this seems to be truthful. As described in the foregoing
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chapters, the present socio-economic conditions require that the fore-

casted water requirement be met as well as bacteriological water quality

standards in order to accomplish the pre-established goals. The fore-

going paragraph suggests that, for the Santa Elena peninsula problem, the

fixed-effectiveness approach be selected. Thus, though Ecuador is a

developing country and, as such, is compelled to seek funding from

abroad, the fixed-effectiveness approach will be chosen for this study

since there is always the possibility that additional funds could be

sought and the fixed measures of effectiveness achieved. In this case,

it would be possible that system I, even though it is the most expensive,

meets all levels of the pre-established effectiveness. Accordingly, the

fixed-effectiveness for this study will be achievement of bacteriological

water quality standards and water requirements.

4.8 Analyze the Merits of Alternative Systems 
and Perform Sensitivity Analyses 

In this step of the cost-effectiveness methodology, a ranking of

the effectiveness criteria is necessary in order of importance and

according to the decision already made in the foregoing step. Next, a

sensitivity analysis of each criteria is made to estimate the uncertainty

of each alternative system in achieving the criteria.

As can be noted after this step, the process of the cost-

effectiveness may end since the selection of the "best" alternative is

often a matter of political decision; thus, it falls in the hands of the

decision-maker. For this reason, the display should be accompanied by

verbal portrayal in addition to their respective values.
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In the foregoing section, the decision of fixed-effectiveness was

made. Accordingly, the remaining measures of effectiveness that we

described in Section 4.3 need another type of treatment. An analysis of

them would lead us to consider them as cost-related functions for each

system due to the nature of the systems and to the scarcity of available

hydrologic data. A failure in not achieving the pre-established physical-

chemical water quality standards might be translated into cost due to

physiological or psychological effects, i.e., presence of substances with

adverse effects and the presence of objectionable tastes, odors, or

colors. A higher failure might be translated into dollars-cost since it

represents the inclusion of an unexpected water treatment plant and/or to

bypass the unsuccessful source for another available one. On the other

hand, though we consider that each system is able to supply the required

water demand to the consumption points, water shortage from each system

should be considered probabilistically into the analysis to mean either a

deterioration of water quality or any other contingency within the system

whose effects should be converted into costs or even dollar-costs if

necessary. Thus, the ranking of this measure of effectiveness, which

from here on we prefer to call cost-related function, is made as shown

on Table 4.10 (p. 65) and based on systems that have met the fixed-

effectiveness measurements, i.e., bacteriological water quality standards

and forecasted water requirements.

An analysis of the sensitivity of each system to an increase in

the water demand was made. As can be seen, this analysis showed an

increase in costs for each system. Furthermore, an analysis was made on
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system II, taking into consideration that source 3 may fail in giving the

specified physical-chemical water quality. This possibility was analyzed

assuming that La Toma will supply the respective water productions

instead of source 3. This analysis is presented in portrayal form in

Tables 4.9 and 4.10.
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Table 4.9 Ranking of the Alternative Systems Based on Costs. -- Each
system meets the fixed-effectiveness required.

Physical-Chemical
Alternative Water Quality Water Shortage Project

Rank Systems Achievement Probability Cost ($)

1 System II good low 6.74 x 10
6

2 System I excellent very low 14.88 x 10 6

3 System III very good fair-moderate 7.04 x 10
6
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CHAPTER 5

DISCUSSION AND CONCLUSIONS

As mentioned in foregoing chapters, the decision of selecting the

alternative system which would accomplish the pre-established goals is

not a trivial affair. However, with the approach followed in this study,

we have presented, in great detail, the capabilities of the alternative

systems and have analyzed them in achieving the pre-established goals.

Furthermore, the information given in Tables 4.9 and 4.10 is the currently

available.

A decision to be made in selecting the best alternative system is,

without doubt, a matter for EMAP. However, in light of the information

given herein, we will attempt to determine the best alternative in order

to provide feedback for the decision-maker in making his selection.

Accordingly, a discussion of the information obtained is pre-

sented as well as our selection of the best alternative system. Next, a

conclusion with regard to the usefulness of the cost-effectiveness

approach in analyzing water resources projects in Ecuador is made.

5.1 Discussion 

We have made use of the cost-effectiveness approach as a tool in

analyzing a water resource project in Ecuador. The standardized approach

has been followed and its steps accomplished. The relevance-tree

technique was used to classify goals and to relate them to system
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specifications. They were chosen to improve population living standards

in the Santa Elena peninsula area. Measures of effectiveness for this

problem were selected according to the pre-established goals which were

listed as follows:

1. Project cost.

2. Water quality achievement.

3. Water shortage probability.

Alternative systems were developed according to the hydrologic

and physical characteristics of the area: system I, a single surface

water source (La Toma); system II, a series of ground water sources; and

system III, a combination of surface and ground water sources.

System capabilities were estimated in achieving the pre-

established measures of effectiveness. Dynamic programming was used to

estimate system costs since an optimum policy for release of water from

each source was also sought.

An analysis of water quality for each system has been done,

including bacteriological and physical-chemical water quality standards,

giving chief importance to the former because the main purpose of this

work is to supply a bacteriologically safe water supply to the Santa

Elena peninsula area.

For each system a water shortage probability was estimated

according to the available information. Further, the selection of fixed-

effectiveness was made despite the fact that Ecuador is a developing

country and that a fixed cost is advisable in regard to the economic

aspect in a developing country. Our reasoning was that, because of the
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present socio-economic conditions of the area, some minimum measure of

effectiveness must be accomplished in order to achieve the pre-

established goals. That is, due to the present sanitary conditions of

the area, the minimum MOE to be achieved must be equal to the maximum

MOE. Then we decided that achievement of a bacteriological water quality

standard and the forecasted water requirement is necessarily a fixed

measure of effectiveness to be accomplished by all the alternative

systems. An analysis of the remaining measures of effectiveness was made

considering that, at this point of the analysis, they should be treated

as cost for each system in the sense that decreasing effectiveness means

increasing costs.

A sensitivity analysis was made on the alternative systems for a

10% increase in water demands. For system II, a second sensitivity

analysis was made for a failure of source 3 in supplying the required

demand and including the replacement of source 3 by La Toma. All this

information has been presented in Tables 4.9 and 4.10.

Regarding Table 4.10, where the measures of effectiveness were

ranked in order of importance and the sensitivity analyses were made, we

will examine each criteria of effectiveness for each system.

Accomplishing water quality standards is, necessarily, the first

measure of effectiveness to be ranked. In fact, due to the present

sanitary conditions of the Santa Elena peninsula area, achieving a

bacteriological water quality standard must be the first measure of

effectiveness that each system should accomplish.



71

On the other hand, a rigorous achievement of the physical-chemical

standards is not necessary. To select a criteria to determine how far

from the mean each system might be is not an easy decision. It is not

our purpose here to furnish such criteria, but we should point out that

this is a subjective criteria which must be in the mind of the decision-

maker. On the other hand, achievement of the pre-established water

quality standards does not mean that the system will be automatically

selected. This measure of effectiveness is only a guide for the decision-

maker in choosing which system achieves it in a higher degree.

Regarding the analysis made in Table 4.10, system I seems to

better achieve this effectiveness since the presence of a surface water

treatment plant in it allows this conclusion. However, for system II,

the uncertainty in achieving this effectiveness is based on a possible

high concentration of TDS for source 3 (Chongon area). Actually, this

uncertainty might be dissipated if some change in this system were made.

In fact, in the event that source 3 yields a high TDS concentration, the

system may be extended to comprise La Toma as the replacement for source

3; however, this decision would increase the cost of the system. For

system III, at least with the available data, the uncertainty in

achieving this effectiveness does not seem to exist since the system

comprises a water treatment plant and permits the blending of treated

surface water with ground water. However, because of the scarce avail-

able data, as far as water quality and water availability are concerned,

it is difficult to estimate the accomplishment of this measure of

effectiveness for this system.
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As described in Section 5, a minimum of 42.2 m 3/sec are required

for Guayaquil and the entire peninsula up to the year 2,000. Not

achieving this demand is the probability of failure for system I, which

was studied in that section. With the available data, a high probability

of failure was detected for system I. However, as mentioned therein, a

national decision is to build a multi-purpose dam at Peripa on the Daule

River. In this event, this system will not fail, since one of the

purposes of the dam is to regulate the Daule River runoff.

Accomplishing this measure of effectiveness for this system seems

to be very probable once the dam is built. Nevertheless, this constraint

must be first satisfied if the system proposed is selected. In fact,

this is a strong constraint that should carry a heavy weight in the

decision-maker's selection.

System II is very sensitive to a water shortage probability deter-

mination because of its nature. Hydrotechnics (1974) showed that a

possible failure for this system would result from a high concentration

of TDS for source 3, but, as mentioned above, a change in the structure

of this system would lead to the elimination of this uncertainty.

Again, it must be noticed that such a change will cause this system to

be more expensive.

System III, like system II, shows sensitivity to a water shortage

probability determination. In fact, because of its geographical situa-

tion, a failure in achieving this measure of effectiveness is a problem

without solution for this system. This system is located on the west

side of the Santa Elena peninsula and has its water sources at the
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northernmost part of the peninsula. The hydrologic data available is not

enough to get the best estimate of this probability within some confidence

interval. Thus, a decision of selecting this alternative systems seems

to be a risk that the decision-makers should take.

We decided to follow the fixed-effectiveness approach and compare

the achievement of this effectiveness for each system, taking into con-

sideration the cost-related functions as explained in the last section.

Our decision was based on the premise that achieving some effec-

tiveness is the best approach to accomplishing the pre-established goals.

It might appear, at first, that costs are not decision variables in this

system selection. In fact, this has not been the purpose because, first

of all, this project is related to a develping country with the economic

situation already established. What was not wanted was to be biased in

selecting an alternative system and, as mentioned before, funding is

available to support a more expensive system which would accomplish the

pre-established goals. However, the funding which is sought is limited

to the economic constraints of the country. Accordingly, the decision is

a matter for the decision-maker. For our study, system I appears to be

most expensive even though it accomplishes all the pre-established goals

subject to some strong constraints, namely the Daule-Peripa dam

construction.

System II appears to be the least expensive; however, it is

sensitive to the two measures of effectiveness. But because this effec-

tiveness could be accomplished with a change in its structure, namely

disregarding source 3 and replacing it by La Toma, an analysis of this
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change in its cost has been made. This appears to raise its cost by 6.5%

of its initial value. Even though, under these conditions, this system

is no longer the least expensive, this difference against system III is

too low.

Another feature that has been analyzed is the system flexibility

for construction purposes. System I, without doubt, allows little

flexibility in planning and construction. In fact, it should be built

with its maximum capacity in the year 1976; that is, with the capacity

for supplying water at the year 2,000, but supplying the 1976 demands.

Then, a higher investment should be made in the initial stage whose

profits will only be reached after the year 2,000.

System III is semi-rigid as far as construction flexibility is

concerned. An exception is source 4 (Valdivia Valley) which might supply

water to the peninsula area up to the year 1976, and is located 40 km

from the nearest consumption points; the remaining sources should be

taken into account to supply the demand after the year 1976.

System II seems the most attractive in this regard because its

flexibility for a step-by-step construction is feasible. As a matter of

fact, this system seems to be the best alternative of the three analyzed.

The system allows a flexibility in construction purpose and permits

change in its structure without a great change in its cost; that is, if

source 3 has high TDS it could be bypassed to La Toma.

Thus, our decision will be for the selection of System II in

achieving the pre-established goals of the Santa Elena peninsula area

since, with the information at hand, this system has, among the three
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systems, the best possibilities of fulfilling the requirements or

measures of effectiveness.

5.2 Conclusions 

As has been illustrated in this work, the principal needs in

developing countries might be said to lie in imperative requirements for

investments in the infra-structure development and in a lack of suffi-

cient data for design purposes.

However, due to physical, social and economic demands, this kind

of investment must be done in order to preserve the existence and/or

continuity of a nation.

A water resources project is an infra-structure work and, in most

countries is initiated by the above-mentioned realities. Furthermore,

a water resources project is very closely related to the population living

standards of the country and its completion is sometimes an imperative to

the life of that country. Thus, the fact of insufficient data for design

purposes should not be an unavoidable task in its planning.

Ecuador is a developing country and, as such, the above-mentioned

characteristics hold. In the face of this reality, a method of analysis

for a water resource project is required which is capable of handling

these problems with the available data.

The cost-effectiveness approach has proved its capability to do

so in analyzing the Santa Elena peninsula problem. It provides a solid

guideline for the analysis. Since goals or objectives and alternative

systems must be explicitly stated, it gives a powerful link between them

in the sense that it does not allow loops in the analysis. A great
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advantage is the possibility of handling quantifiable and non-

quantifiable criteria, often difficult to manipulate in traditional

methods of analysis. The display of system capabilities versus criteria

array is, without doubt, an objective way of looking at the problems

before a decision on fixed-effectiveness or fixed-cost approach is made.

This decision will allow the decision-maker to analyze the problems with

regard to a pre-established measure of effectiveness to be achieved or

with regard to a pre-allocated budget.

System sensitivity analysis may be executed since the approach

lends itself to this. Such analysis is necessary to account for the

uncertainty in data and in system structure.

Thus, the decision-maker would be able to analyze the entire

problem without a conclusion-oriented approach, sometimes excessively

sophisticated and possibly misunderstood. Instead of this, the decision

might be taken in light of an objective portrayal and the alternative

systems might be weighted all at once in the mind of the decision-maker.

Inasmuch as, in the execution of this study, some assumptions

have been made, mainly with regard to costs, the analysis done does take

into account the principal features of the area which do reflect the

characteristics of the Ecuadorian Republic. Accordingly, the use of the

cost-effectiveness approach in analyzing water resources projects in

Ecuador would be strongly suggested by the author.



APPENDIX A

COMPUTER OUTPUT FOR THE DYNAMIC PROGRAMMING ALGORITHM

TO OBTAIN THE OPTIMUM WATER ALLOCATION FROM THE

CONSIDERED ALTERNATIVE SYSTEMS II AND III
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APPENDIX B

WATER QUALITY STANDARDS *

*Water  Quality Criteria, 1973, p. 54, passim.
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Alkalinity:

Ammonia:

Arsenic:

Bacteria:

Barium:
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No recommendation can be made, because the desirable
alkalinity for any water is associated with other
constituents such as pH and hardness. For treatment
control, however, it is desirable that there be no
sudden variations in the alkalinity.

Because ammonia may be indicative of pollution and
because of its significant effect on chlorination, it
is recommended that ammonia nitrogen in public water
supply sources not exceed 0.5 mg/l.

Because of adverse physiological effects on humans and
because there is inadequate information on the effec-
tiveness of the defined treatment process in removing
arsenic, it is recommended that public water supply
sources contain no more than 0.1 mg/1 total arsenic.

In light of the capabilities of the defined treatment
process for raw surface waters and the statistical
correlations mentioned, it is recommended that the
geometric means of fecal coliform and total coliform
densities in raw surface water sources not exceed
2,000/100 ml and 20,000/100 ml, respectively.

Because of the adverse physiological effects of barium,
and because there are no data on the effectiveness of
the defined treatment process on its removal, it is
recommended that a limit for barium of 1 mg/1 not be
!exceeded in public water supply sources.

Bicarbonate:	 SOO mg/l.

Cadmium: Because of the adverse physiological effects of
cadmium, and because there is inadequate information on
the effect of the defined treatment process on removal
of cadmium, it is recommended that the cadmium concen-
tration in public water supply sources not exceed
0.010 mg/l.

Calcium:	 200 mg/l.

Chloride: On the basis of taste preferences, not because of toxic
considerations, and because the defined treatment process
does not remove chlorides, it is recommended that
chloride in public water supply sources not exceed 250
mg/1 if sources of lower levels are available.



Chromium:

Color:

Copper:

Cyanide:
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Because of adverse physiological effects, and because
there are insufficient data on the effect of the
defined treatment process on the removal of chromium
in the chromate form, it is recommended that public
water supply sources for drinking water contain no more
than 0.05 mg/1 total chromium.

Because color in public water supply sources is
aesthetically undesirable and because of the limitations
of the defined treatment process, a maximum of 75
platinum-cobalt color units is recommended.

To prevent taste problems and because there is little
information on the effect of the defined treatment
process on the removal of copper, it is recommended
that copper in public water supply sources not exceed
1 mg/l.

Because of the toxicity of cyanide, it is recommended
that a limit of 0.2 mg/1 cyanide not be exceeded in
public water supply sources.

Dissolved	 No recommendation is made, because the presence of
Oxygen:	 dissolved oxygen in a raw water supply has both bene-

ficial and detrimental aspects. However, when the
waters contain ammonia or iron and manganese in their
reduced form, the benefits of the sustained presence
of oxygen at or near saturation for a period of time
can be greater than the disadvantages.

Fluoride:

Hardness:

Iron:

Because of adverse physiological effects and because
the defined treatment process does nothing to reduce
excessive fluoride concentrations, it is recommended
that the maximum level of 1.4 mg/1 for water with an
annual average of maximum daily air temperature of
27 °C-33 ° C, for a minimum of five years data, not be
exceeded.

Acceptable levels for hardness are based on consumer
preference. No quantitative recommendation for hardness
in water can be specified.

On the basis of user preference and because the defined
treatment process can remove oxidized iron but may not
remove soluble iron (Fe++), it is recommended that 0.3
mg/1 soluble iron not be exceeded in public water supply
sources.
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Lead: Because of the toxicity of lead to humans and because
there is little information on the effectiveness of the
defined treatment process in decreasing lead concen-
tration, it is recommended that 0.05 mg/1 lead not be
exceeded in public water supply sources.

Magnesium:	 125 ppm or mg/l.

Manganese:

Mercury:

On the basis of user preference and because the defined
treatment process can remove oxidized manganese but does
little to remove soluble manganese (Mn), it is
recommended that 0.05 mg/1 soluble manganese not be
exceeded in public water sources.

On the basis of adverse physiological effects and
because the defined water treatment process has little
or no effect on removing mercury at low levels, it is
recommended that total mercury in public water supply
sources not exceed 0.002 mg/l.

Nitrate-	 On the basis of adverse physiological effects on infants
Nitrite:	 and because the defined treatment process has no effect

on the removal of nitrate, it is recommended that the
nitrate-nitrogen concentration in public water supply
sources not exceed 10 mg/l. On the basis of its high
toxicity and more pronounced effect than nitrate, it is
recommended that the nitrite-nitrogen concentration in
public water supply sources not exceed 1 mg/l.

Odor:	 For aesthetic reasons, public water supply sources
should be essentially free from objectionable odor.

pH:	 Because the defined treatment process can cope with
natural waters within the pH range of 5.0 to 9.0 but
becomes less economical as this range is extended, it
is recommended that the pH of public water supply
sources be within 5.0 to 9.0.

Phosphate:

Selenium:

No recommendation can be made because of the complexity
of relationships between phosphate concentrations in
water, biological productivity, and resulting problems
such as odor and filtration difficulties.

Because the defined treatment process has little or not
effect on removing selenium, and because there is a
lack of data on its toxic effects on humans when
ingested in water, it is recommended that public water
supply sources contain no more than 0.01 mg/1 selenium.



Silver:

Sodium:

Sulfate:

Temperature:
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Because silver in waters is rarely detected at levels
above 1 pg/l, a limit is not recommended for public
water supply sources.

Because waters containing concentrations of sodium more
than 270 mg/1 are likely to be too highly mineralized
to be considered desirable from aesthetic standpoints
and from health considerations, the limit for sodium
concentration will be determined by the consumer
approval under the above concentration.

On the basis of taste and laxative effects and because
the defined treatment process does not remove sulfates,
it is recommended that sulfate in public water supply
sources not exceed 250 mg/1 where sources with lower
sulfate concentrations are or can be made available.

No temperature change that detracts from the potability
of public water supplies and no temperature change that
adversely affects the standard treatment process are
suggested guidelines for temperature in public water
supply sources.

Total	 Although waters of higher than 500 mg/1 concentrations
Dissolved	 of TDS are not generaly desirable, it is recognized that
Solids:	 a considerable number of sources with dissolved solids

in excess of 500 mg/1 limit are used without any
obvious ill effects. Therefore, instead of recommending
a general dissolved solids limit, specific recommenda-
tions are made in this report for individual substances
of importance in drinking water sources, such as
chloride and sulfate.

Zinc: Because of consumer taste preference and because the
defined treatment process may not remove appreciable
amounts of zinc from the source of the supply, it is
recommended that the zinc concentrations in public
water supply sources not exceed 5 mg/l.
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