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TECHNIQUES FOR ESTIMATING CONSTRUCTION COSTS 
OF WASTE TREATMENT PLANTS

CHAPTER I 

INTRODUCTION 

General
The increasing size and density of population, and 

its activity has made water-quality management more and more 
important. This point is stressed by The Select Committee 
on National Water Resources (1):

Because the Nation will presently reach the limits 
of its capturable supplies while water demands are in­
creasing sharply with no let up in sight, it becomes 
abundantly clear that for the foreseeable future, water 
needs can only be met by using the available supply 
over and over again. This has already happened in some 
of the more heavily populated and industrialized areas 
of the country. Ihus, during periods of low flow it has 
been estimated that the water of the Ohio is reused 
almost four times before it reaches the Mississippi.
In the future, the waters of many of our major rivers 
may have to be reused many more times than this.

To be reusable, water must be of the right quality. 
Used water is always polluted and pollution degrades 
the physical, chemical, biological, bacterial, and/or 
esthetic qualities of water; the degree depending upon 
the kinds and amounts of pollution in relation to the 
extent and kind of planned reuse. Pollution can be 
just as effective in reducing or eliminating a water 
resource as a drought or consumptive withdrawal. Be­
cause of the rapid increase in the kinds and amounts of 
pollution occurring in water, water quality management
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may now be given the highest priority if we are to meet 
future water requirements.

For the efficient development and management of any 
water resources region, it is desirable that all the vari­
ables and their interactions be well defined and their 
effects be well understood. These variables are: number of
people within a water resources region, type and number of 
industries, area and topographical nature of the region, 
hydrology of the region, and cost of treating water and 
wastes.

It is then necessary that means be available for 
estimating the future population and the probable number and 
type of industries, both current and future, and the vari­
ability and alterability of the topography and hydrology of 
the region under study.

Other two variables are the costs of treating water 
and wastes which are functions of scale, time and pollutants. 
There is also a relationship between the cost of treating the 
water and the wastes. Minimal cost of processing and cooling 
water is a factor in industrial plant location and the cost 
of production of certain types of goods depends on the cost 
of treating the water and the wastes. Therefore, a knowledge 
of the above two variables is very essential and a pre­
requisite in the development and operation of a water re­
sources region.

There are many reasons why engineers and economists 
concerned with the development and management of water
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resource regions should be conscious of costs. First, the 
public and the elected officials often prefer low cost, short 
term benefits, but engineering ethics puts sound engineering 
over cost and generally prefers long term over short term 
benefits. Second, economics is a factor in sanitary and 
water resources engineering at the local level because of 
public apathy toward pollution. The public likes to enjoy 
the benefits of clean water, but it is often reluctant to 
pay for the renovation of waste waters. Naturally, the at­
titude of the public is reflected in elected officials who 
do not cherish the idea of spending any more public funds on 
a waste treatment plant than is barely necessary. However, 
public policies related to water quality objectives are be­
coming more and more restrictive and pollution abatement 
laws exist at state and federal levels. Thus adequate and 
proper treatment of municipal and industrial wastes is neces­
sary from both the legal and moral aspects. It is essential 
therefore, that there is available in the planning stages of 
the development of water resources activities a reliable 
estimate of the cost of treatment of wastes to a desired 
degree within any basin.

Problem
The problem of this dissertation arises from the 

need of reliable unit cost estimates for construction of 
plants of major treatment categories. Present cost esti­
mating data, though numerous, vary widely in format from
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author to author. Much of this data is reported without 
sufficient and representative cost information. Many authors 
did not take into account regional differences. Very few 
considered unit construction cost in terms of population 
equivalency [PE]. Most authors estimated unit construction 
costs in terms of population or flow. An intensive search of 
past and present literature failed to find a single article 
or paper which considered all the significant factors or 
variables with enough data to develop a reasonable mathe­
matical model for estimating the cost of municipal sewage 
treatment plants. The terms "enough" and "reasonable" as 
used herein are meant in a practical and statistical sense.

Reliable input data for use in the models is needed 
to make them workable or to get a better output. The 
authenticity of any cost estimation data is dependent upon 
the number of projects involved in establishing criteria, 
the inclusiveness of the types of projects, and local con­
ditions under which the projects have been constructed. A 
few mathematical models for maximizing net benefit in the 
development of a water resources region have been proposed,
A reliable estimate of the cost of waste treatment is one of 
the variables which is needed to make a mathematical model 
operable.

Objective
The purpose of this study is to provide estimates of 

the cost of treating municipal and industrial wastes. The
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study will use statistical tools to establish a model for 
estimating the cost of municipal waste treatment plants.
In the case of industrial wastes many statistical procedures 
could not be followed because of the lack of data on various 
types of industrial wastes.

By application of the data obtained as a result of 
the mail survey a mathematical model will be developed to 
provide means for estimating the construction cost of waste 
treatment as a function of several variables such as, popula­
tion equivalency, degree of treatment, types of processes, 
and flow. The model is to be simple and future independent 
variables reasonably easy to observe so that it can be 
readily applied to any region, for any major process, and at 
any scale, considered in the study. The general form of the 
equation desired is:

n (1 )

Although a fairly large volume of data has been obtained, 
additional and more representative data as available should 
be used to refine the model. The variables in the model, 
however, will remain unchanged.

This study will give separate mathematical equations 
for estimating the unit construction cost for different 
categories of current treatment works commonly constructed 
for treating municipal wastes.
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Need for Study 
According to the Bureau of Census estimates (2,3), 

the population of United States may reach 27k million by the 
year I98O and exceed ̂ 20 million by the year 2000. The in­
crease in population will increase water consumption. The 
U.S. Public Health Service (USPHS) has estimated that by 
1980 total withdrawals of water for all purposes might equal 
650 billion gallons per day (h). )tmicipal demands alone in 
the year 2000 could reach five times the present domestic 
requirements or about 90 billion gallons per day.

The sanitary and water resources engineers are thus 
not only concerned with the problem of meeting the ever in­
creasing demand for suitable water, but also with the fact 
that water as it is used becomes polluted and unfit for 
further use unless adequately treated.

It is thus clear, that one of the principal require­
ments for water in the future is for the dilution of effluent 
from the treatment plant and disposal of wastes into streams. 
Dilution requirements, in relation to the degree of treat­
ment, for maintenance of four parts per million of dissolved 
oxygen in the stream have been estimated by Reid (5)* This 
model trades treatment costs off against impoundment costs 
for the projected waste discharges (6). Impoundment costs 
are available. The optimal solution, of course, can be 
found by the relationship:
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Minimum cost per Unit Vol. ($/MGD) of Wastes =
($)̂  X Vol. Treated + ($)g x Vol. for Dilution

where and a.re costs of waste water treatment and rela­
tively pure water storage for dilution, respectively.

Reid (5) has predicted that in the period 198O to 
2000 approximately 64 per cent of the required stream flow 
for all purposes will be needed for dilution of wastes.
Table 1 shows the distribution of predicted required stream 
flow.

Increasing requirements for relatively pure water for 
waste dilution make it necessary to select the most eco­
nomical and efficient combination of water storage facil­
ities and new, highly efficient waste treatment facilities. 
The solution lies in engineered systems of water quality 
management. There are two main approaches to such systems;

1. Water reclamation, i.e. removal of water from 
waste-water return flows.

2. Water renovation, i.e. removal of the quality 
factors or upgrading of the water quality.

Needless to say, water renovation is the most common 
approach today and will continue in the future. This ap­
proach is generally known as water treatment; municipal 
waste treatment, or purification; and industrial waste treat­
ment. It follows then that new and efficient treatment 
processes, requiring less dilution water and treating the 
wastes to a degree so that reuse of the water is possible,
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TABLE 1
DISTRIBUTION OF REQUIRED STREAM FLOW BY USES, 

UNITED STATES, 1980 AND 2000

Use
Per Cent

1980

of Total Plow 
2000

Agriculture 20.0 18.1

Mining 0.1 0.1
Manufacturing 1 .7 3 .0

Thermal Power 0 .3 O.V
Municipal 0 .7 0.8
Land Treatment 0.8 1.0
Fish and Wildlife Habitat 12.8 12.8
Sub-Total 36.^ 36 .2

Waste Dilution Flow 6 3 .6 63 .8

TOTAL 100.0 100.0

Source; Water Requirements for Pollution Abatement, Com­
mittee Print No. 29, Water Resources Activities in 
United States, U.S. Senate Select Committee on 
National Water Resources, July 1960.
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must be developed. A study of current waste treatment costs 
can provide guidelines for extrapolating costs of treating 
wastes by new and improved waste treatment systems.

Such a study must be kept up to date by research and 
new data. This study is concerned with the development of 
mathematical and statistical techniques for estimating the 
current cost of construction of the waste treatment plants 
and also provide estimates of expected costs in future. Such 
estimates would take into consideration the developments in 
the waste treatment and construction technology.

Justification 
Grants-in-aid for municipal waste treatment works 

construction were first authorized under the Federal Water 
Pollution Control Act of 1956 (7), and widely liberalized 
by the congress in the decade which followed. Commensurately, 
the dollar volume of the construction contracts awarded for 
these facilities has steadily increased. The annual invest­
ment in municipal waste treatment construction has more than 
tripled in the past 7 years (8). This, plus the many 
changes which have evolved in treatment methods such as 
modifications in the activated sludge treatment process and 
increased use of stabilization ponds have increased the need 
for shortcut reliable estimating methods.

It is necessary for the public officials charged with 
the responsibility of providing sewage treatment facilities; 
for the consulting engineers whose task is to plan and
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design the treatment works; for the investors who need to 
make bond purchase decisions; and last but not the least for 
the regulatory agencies who are vested with the authority of 
approving or disapproving the methods and physical processes, 
to have reliable information on how much the treatment fa­
cility would cost.

It is not possible to have actual project costs in 
the initial stages of planning. Actual costs are available 
only after plans and specifications are complete, bids for 
construction work̂  and materials and equipment are received, 
and contracts awarded. But before this long and often 
cumbersome procedure, there is a real need for some method 
which will provide preliminary cost estimates.

Emphasis must be placed on the actual cost informa­
tion; there is no substitute for it. However, cost estimates 
play a very important role in the initial stages of sewage 
treatment works planning. Of course the decisions should be 
based on water quality requirements and not on availability 
of funds (8). The size of the project is established by 
organic and hydraulic loadings on the proposed plant. Yet, 
information supplied by preliminary cost estimates of the 
treatment plants will be valuable (8) in the following ways :

a. One can get some indication whether the project 
should be constructed in stages rather than full-scale works 
on a one time basis. Plants are designed for 10-20 years in 
future depending on various considerations including
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financing at the project time. It is possible to estimate 
the costs of a waste treatment plant at various stages of 
construction and come up with minimum total cost of balanc­
ing between economies of scale and the cost of amortization 
of the original capital outlay.

b. Tt will help municipal officials develop master 
plans for sewage works facilities and estimate future 
financial needs.

c. It may indicate the future period for which 
actual construction will be scheduled on a long range plan.

d. Such estimates can guide bond issue referenda.
The above examples of the usefulness of construction

cost estimates demonstrate the definite need for reliable 
estimating tools. Cost-estimating guidelines based on valid 
cost statistics and their intelligent interpretation when 
used with caution are very useful tools for consulting 
engineers, municipal officials, developers, and the agencies 
charged with the development and management of the water re­
sources region.

Once more, it must be emphasized that estimates are 
just estimates and are in no way substitutes for actual cost 
figures. They may be used by experienced persons with a 
thorough knowledge of the specific projects.



CHAPTER II 

PREVIOUS WORK

One of the first attempts to establish a relationship 
between the costs and various methods of municipal waste 
treatment and the different processes involved within a 
particular method, was made by Schroepfer (9)« Based cn ob­
servations and statistics gathered on a nationwide basis, 
he analyzed both construction and operation costs of treat­
ment in terms of waste reduction. The parameters for the
waste water quality were suspended solids and biochemical 
oxygen demand (BOD). He also gave construction costs for 
various plant capacities in terms of flow measured as mil­
lion gallons daily (MOD).

The cost data of this study are of little value
today since they were derived from a rather limited number of
plants. Furthermore, this study, carried out before the 
development of high rate trickling filters and nationwide 
standards of operating efficiency, showed widespread varia­
tions in cost. Its main significance lies in the general 
ideas and concepts presented. For example, Schroepfer 
derived functions describing the costs of waste treatment

12
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for different sizes of treatment plants and for various 
degrees of treatment. Ever since Schroepfer's work, various 
authors have attempted to find a relationship between the 
costs of construction and operation, with various design 
parameters.

VqIz (10), collected information on construction 
costs of treatment plants from literature and questionnaires 
made a statistical analysis of the data. He related the unit 
construction cost of waste treatment works per MOD to the 
size of plant in MGD. The cost data he used were bid 
prices or final payments to the contractor. Preliminary 
expenses, land, engineering, legal, and interest charges were 
excluded. The author estimated that these bid prices or the 
final payments represented about 80 to 85 per cent of the 
total costs of the treatment plants. All plant costs were 
referred to 1926 as the base year of construction, adjusted 
by means of United States Average Engineering News Record 
Construction Cost Index (ENR-C Index), Velz used the data on 
185 different plants. The costs were referred to 100 per 
cent efficiency in the removal of the BOD by considering 
primary, chemical coagulation, trickling filter, and acti­
vated sludge systems as effecting 35? 65? 85 and 90 per cent 
BOD removal, respectively, A plot of the data on double- 
logarithmic paper suggested a linear relationship between 
the plant size and the construction costs per MGD; the



equation of the line was then determined by using least 
squares method.

In the above study by Velz, no regional price dif­
ferentials were considered. The estimation equation used 
was of the form:

y = ax  ̂ (2)
where y is the unit cost per MGD, and x is size of plant in 
MGD. The study was based on a sample of waste treatment 
plants in northeastern and central United States, and as 
such cannot be considered valid for the rest of the regions.

In 195^ Morgan and Baumann (11) studied the costs of 
trickling filter plants in Iowa. Since there were some in­
dustries the authors based costs on population equivalents. 
Whether these population equivalents were based on a hy­
draulic flow or BOD loading basis is not mentioned.

Diachishin in 1957 (12), attempted to refine and up 
date the work of Velz. He analyzed the data of 15^ plants 
and derived two estimating curves, one for primary treatment 
and one for secondary treatment. All plant costs were re­
ferred to 1913 as the base year of construction, adjusted 
by means of the EMR-C Index which has a value of 100 for the 
year 1913. Diachishin's data formed a curve parallel to 
that of Velz but with roughly 30 per cent lower costs. He 
concluded, that increased efficiency of design, better 
equipment and new and better methods developed as a result of 
research, have decreased the costs of sewage treatment.
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In Diachishin's study, the cost curves were based on 

information for the treatment plants constructed since 19^7 » 
However, no attempt was made to account for regional dif­
ferences in the estimation equation. Like Velz, he also 
related the unit construction cost of waste treatment works 
per MGD to size of plant in MGD. He also did not consider 
other variables such as, PE and efficiency, which may in­
fluence the cost of construction.

The same conclusion was reached by Mau (13), who 
analyzed treatment plant costs in the State of Kansas. He 
indicated that the costs of treatment plants built in Kansas 
between 1950 and 1956 were approximately 70 per cent of the 
costs of the plants which Velz analyzed in 19̂ 8. The author 
found that the design criteria for treatment plants built 
before 1939 were much different from the current design 
policies.

Recognizing the need for some sort of preliminary 
cost estimating aids, the USPHS, began in 1958 & study of 
the construction costs of sewage treatment facilities. Such 
cost estimating aids, which may be called cost "indicators,” 
were designed to be of value to municipal officials, con­
sulting engineers, and agencies involved in sewage treat­
ment works. Since then many studies have been made by the 
USPHS mainly to refine and update its previous studies.

Howells and Dubois (14J, made the first of these 
investigations shortly after a Federal grants program was
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authorized by PL-660. This study, based on the analysis of 
twenty small secondary sewage treatment plants in the upper 
midwest, concerned itself with engineering design practices, 
cost of construction, and estimated operation and main­
tenance costs for projects assisted under the program.

The above construction cost study drew its data from 
actual contract prices. It did not include the cost of land, 
or engineering, administrative and legal services. The 
design population range was from 600-12,500 and design data 
were given for primary sedimentation, activated sludge, 
trickling filters, secondary sedimentation, sludge digestion 
and sludge drying beds. The cost data from these twenty 
projects were evaluated against the parameters of design 
population, population equivalent, and design flow to 
establish unit cost curves for each parameter.

Access to data on the increasing number of treatment 
plants receiving Federal construction grants led to another 
cost study conducted by the USPHS. These data indicated 
probable construction costs and did not include land, 
engineering, administration and legal costs. Interceptor 
and outfall sewers, pumping stations and similar works were 
also excluded.

The study made by Thoman and Jenkins (15), in 1958, 
presented construction cost estimating equations and curves, 
one for primary treatment plants, one for secondary treat­
ment plants and one for stabilization ponds. Construction
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costs were adjusted to the ENR-C Index base year 1913. The 
equations were computed for estimating cost per capita as a 
function of design population. In an effort to account for 
regional differences in construction costs the United States 
was partitioned into twenty regions on a county line basis. 
Each region corresponded to one of the twenty cities used 
in obtaining the United States average ENR-C Index. A 
treatment plant selected within any region was assigned the 
ENR-C Index for the ENR City. The form of the equation was,

y = ax^ (3 )
where y is cost per capita, x is design population.

In i960, the USPHS reported a study which expanded 
and refined the preceding investigations (16). This study 
updated specifically the previous USPHS cost studies. All 
cost data were converted into 1913 dollars using the ENR-C 
Index. It evaluated costs for six specific types of treat­
ment: Imhoff tank, conventional primary treatment with
separate sludge digestion, activated sludge, trickling 
filter with separate sludge digestion, trickling filters with 
Imhoff type treatment, and stabilization ponds. The data 
were analyzed by the statistical method of least squares. 
Estimation equations were derived relating costs per capita 
to design population.

The above study by Rowan, et al. was an improvement 
over the previous studies, although much was left to be de­
sired. The authors used ENR-C Index to convert all cost
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data, nationally, to a "common denominator" of cost. In 
Chapter V, of this study, in the discussion of the cost index 
it has been pointed out that the Federal Water Pollution 
Control Administration Sewage Treatment Plant Construction 
Cost Index (WPC-STP Index) has certain advantages over the 
EKR=C Index. Also, Rowan, et al= did not consider either the 
flow or population equivalency.

Logan, et al. (17) investigated the application of 
systems-analysis techniques to the preliminary design of 
waste water treatment plants. Since the unit-process data 
was not available, construction and operation costs were 
obtained by visits to the plants. Equations for estimating 
cost per MOD as a function of design capacity in MGD were 
derived for unit processes in primary, high-rate trickling 
filter, standard-rate trickling filter, and activated sludge 
treatment plants.

Because of the inconsistencies in the field data, 
and the resulting difficulties involved in establishing 
parameters from actual costs of the existing plants the 
authors attempted to make cost estimates of a series of 
theoretical designs predicted on idealized conditions.

These estimates were based on St. Louis, Mo., con­
ditions. ENR-C Index prevailing in 1960 was used. While 
this study was well planned the idealized conditions on 
which the authors based their theoretical designs seldom
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exist. The attempt to analyze the costs for each of the
■unit processes, however seemed to be a better approach.

Wollman (18) was the first to use a multiple re­
gression model for the estimation of operation and main­
tenance costs. The estimation equation used was of the form

y = b̂  + b̂ x̂  + b2%2 + 3̂^3 (4-)

where
y = the annual operation and maintenance cost per 

daily population equivalency (PE), 
x̂  = treatment level in per cent of BOD removed,
X2 = per cent of total waste that is industrial, and
X3 = population served by sewage system.
Park (19) approached the problem of estimating 

sewage plant construction costs by taking both hydraulic 
and biological loadings. He based the primary treatment 
plant construction costs on hydraulic loading capacity, 
dollars per gallon per day and secondary plants on organic 
loading capacity, dollars per lb per day. The author took 
into consideration both the hydraulic and organic loadings 
for estimating the cost of, what he termed a complete 
treatment. He deducted the unit costs of primary treatment 
plants from the unit costs of the corresponding complete 
treatment plants to get the incremental costs. Incremental 
costs were attributed to the organic characteristics of 
wastes.
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Park converted the unit cost per capita to a unit 
cost per lb of BOD by assuming 0.2 lb of 5 day BOD per 
person per day. Similarly, the unit construction costs of 
primary treatment plants were converted to a unit cost per 
MGD, using 100 gallons per capita per day as the conversion 
factor. Such flat assumptions with regard to flow or the 
organic waste are questionable, because the nature of waste 
varies with the nature of the area, the number and type of 
industries contributing wastes and the amount of infiltra­
tion into the sewers.

In 1963 Assenzo (20), using multiple linear re­
gression techniques analyzed the cost data on the basis of 
nine regions. It may be recalled that the USPHS divided the 
country into nine regions. He studied the construction and 
operation costs under the categories of primary and the 
secondary plants.

Assenzo's technique for estimating the cost of con­
struction of the waste treatment plants was a definite im­
provement over previous methods. However, like other 
workers, he based his work on the ENR-C Index instead of the 
WPC-STP Index. Also, he considered one single equation for 
all types of treatment plants. The estimate of variance 
which he used to calculate the sample size was based on the 
studies made by the USPHS. The data from which the variance 
was estimated was not representative enough. This has been 
discussed in Chapter IV.
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Smith in his report (21) made an effort to bring 
together in one computation scheme the significant cost and 
performance relationships for a limited group of processes 
and then attempted to calculate the performance and cost of 
the system as a whole, based on relationships which had 
been developed for the processes individually. The processes 
were: primary settler, aerator, final settler, thickener,
digester, élutriation, vacuum filter, and incinerator. In 
Smith's study the program has been slanted towards pre­
liminary design rather than towards simulation.

Very limited data is available on construction costs 
under different categories of industrial waste treatment 
plants. An effort was made by Eckenfelder (22) to put to­
gether the costs of constructing and operating industrial 
waste treatment plants. Graphs for estimating the cost of 
construction were presented on the basis of very limited 
data. No equations were given.

It is believed that this study will lead to the 
establishment of a mathematical model which will give better 
predictions than some of the previous models. This improve­
ment will be achieved in various ways. For example, 
separate equations will be provided for estimating the con­
struction costs of activated sludge plants, and high-rate 
and standard-rate trickling filter plants rather than in­
cluding all of them in a broad category of secondary treat­
ment plants. The use of the WPC-STP Index rather than the
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ENR-C Index to bring all costs to a common base will provide 
a better evaluation of waste treatment plant costs. The 
WPC-STP Index is believed to be representative of cost 
changes peculiar to municipal sewage treatment plant con­
struction and is more responsive in elimination of variations 
in treatment plants costs due to geographic location and 
time differences. Consideration of more than one inde­
pendent variable might help in determining the significant 
variables as far as cost of construction is concerned. Also 
an attempt will be made to collect representative data from 
all over the United States.

Therefore, it is hoped that the study will update, 
refine, and improve waste treatment construction cost 
studies, and will also provide good predictive model.



CHAPTER III 

MATHEMATICAL MODEL BUILDING

In many engineering and scientific studies the clear 
concept of cause and effect is obscure. This situation, 
tragic as it may seem, is due to perhaps unidentifiable 
variables because of lack of knowledge or some variables may 
be unquantified. If the causes of an effect are not known 
then it is not possible to predict the effect exactly, but 
there may be independent variables which can be observed and 
which can be used for predicting the effect, the dependent 
variable or response.

One of the important decisions in planning and de­
velopment of a mathematical model is selecting the variables 
to be tested. It is desirable to represent the relation­
ships adequately with a minimum and most significant number 
of explanatory variables. Only those independent variables 
which are thought to add materially to the significance of 
the regression should be included.. Also, independent 
variables that are readily measurable should be selected. 
Experience and previous work in the area of study play an 
important role in selecting the appropriate variables.

23
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In general, the explanatory variables in the model 
should not be correlated with some other unincluded variable 
or variables. Depending on the degree of correlation, nature 
of the study, and type of the model, the correlationship 
among the variables may mask the true relationship. Only 
those independent variables which account for the correla­
tion with the dependent variable in the model must be se­
lected. If the explanatory variables included in the model 
are interdependent a problem called multicollinearity 
arises. Johnston (23) has indicated that this problem of 
intercorrelation is generally not serious in predictive type 
models, the type of model involved in this study, if the 
interdependency may be expected to continue. However, coef­
ficients of determination (R̂ ) may be misleading due to the 
interdependency of the explanatory variables.

The forementioned criterion for selecting variables 
were kept in mind in the study. Also, experience and 
previous work in the field were taken into consideration. 
Statistical procedures in the establishment of the model are 
discussed in Chapter V. Details of the data collection, 
procedures, and distribution of the data are given in 
Chapter IV. Stepwise multiple regression technique (240 was 
employed for establishing a model and is discussed in 
Chapter V. Only those variables which seemed to be meaning­
ful and significant were included in the model.
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Variables

From the theoretical considerations it is logical to 
relate unit costs of primary treatment plants to hydraulic 
loadings, and of secondary treatment plants to hydraulic 
and organic loadings. In designing the biological treatment 
unit process of the secondary treatment plant consideration 
to the organic loading is given.

A good measure of organic loading is the PE of the 
waste, reflecting the contribution to the organic loading 
from all sources within the community, for example, domestic 
and industrial. The population equivalency of municipal 
wastes can be computed,

P.E. = (5)

8 .3 3 is a conversion ponstant, Q is average waste inflow 
to the treatment plaiït in MGD, L is average 5-day BOD of the 
waste in milligrams per liter (MG/L), and b is generally 
assumed to be, 0.17 to 0.2 lb of BOD per capita per day.
In this study the figure of 0.17 lb per capita per day was 
used. Very few workers have used PE as a variable in the 
development of unit cost estimation equations. The word 
sufficient as used here, means volume of the data which 
would have given statistical precision. In addition to PE, 
other variables which may be important are: flow, BOD of
the influent and efficiency.



26
Two methods can be used for establishing the equations 

for estimating the unit costs of construction of different 
types of treatment plants. One of the methods used by Rowan, 
et al. (16), is computing different equations, one for each 
type of treatment plant. Another possible method is to 
quantify the types of plants on some rational basis. Tt 
would then be possible to have more observations to use in 
the development of the regression equation for estimating 
the unit cost of construction of the plants. Both methods 
were tried in this study. It was thought that use of both 
possible methods of computing the equations would at least 
provide a good comparison.

No satisfactory method concerning the quantification 
of the treatment plants could be found. It was decided by 
the author to use dummy variables to represent the different 
types of secondary treatment plants. Their use in the study 
is expounded in Chapter V. Discussion concerning the use of 
the dummy variables can be found in Johnston (25) and Draper 
and Smith (26).

In previous studies (9,10,12,15,16,17), the dimension 
of the dependent variable was either dollars per capita or 
dollars per MGD. To compute the total cost one computed the 
estimated value of the dependent variable from either the 
design population or design flow and multiplied the value by 
either design population or flow, depending on the equation 
one chose. In this study, equations will be provided which
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predict unit costs of construction in terms of dollars per 
PE for which the plant was designed and dollars per MGD (de­
sign flow). In the case of the primary treatment plants a 
single equation will be presented estimating unit cost in 
terms of waste volume. The reason for providing the unit 
cos'c estimating equation in terms of waste volume is, that 
generally, primary plants are designed on the basis of 
volume of waste flow. Costs of primary treatment plants 
can therefore justifiably be estimated according to its 
hydraulic loading.

For industrial waste treatment plants it is desir­
able to consider chemical oxygen demand (COD) as one of the 
variables. Unfortunately not enough data was available to 
compute a regression equation for estimating the unit costs 
with reasonable precision. Dummy variables were used to 
quantify the different types of industrial wastes treated.

The expected strength of the influent and the ef-
fulent will give a measure of the overall efficiency re­
quired of a treatment plant. The type of treatment plant is
accordingly decided upon, and its cost of construction
estimated.



CHAPTER IV 

SAMPLING PROCEDURE

In order to estimate the parameters of a predictive 
model for estimating the construction costs of the waste 
treatment works, a study of already constructed plants was 
conducted. Generally, when data on a large number of sampling 
units is needed, such as in this study, a sample survey will 
provide desired precision. In planning such a sample survey 
the following information must be known at some stage (2 7).

(a) Objective of the survey,
(b) The population to be sampled,
(c) The information desired concerning this popula­

tion,
(d) The degree of precision desired in the results.
There are two kinds of sampling methods— probability

and nonprobability sampling. In probability sampling, each 
unit is drawn with known probability. Methods of selecting 
the sample based on the theory of probability provide a 
measure of precision (28). The precision of the estimate 
based on a certain sample size can be computed if the sample

28
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is selected, its size calculated, and the estimate obtained 
by methods based on the theory of probability.

As indicated earlier, this study is concerned with 
the establishment of a mathematical model for estimating 
waste treatment plant construction costs in any part of the 
United States. Therefore, the sample should be representa­
tive of all types and sizes of plants from all over the 
country. Since the scope of inference was to be all plants 
in the United States, a mail survey was conducted. As dis­
cussed below, this was possible for municipal waste treat­
ment facilities but not for industrial waste treatment fa­
cilities.

In probability sampling one must have a list of 
treatment plants in order to assign equal probability of 
selection to each sampling unit. In this study a list of 
the types and locations of all completed treatment facil­
ities was needed. The Federal Water Pollution Control 
Agency (FWPCA), Department of the Interior (29) kindly pro­
vided lists of all municipal waste treatment facilities 
constructed during 1957-1967» However, no list was avail­
able for industrial waste treatment facilities and therefore 
use of the theory of probability in this case was not pos­
sible. Thus no precision could be attached to the pre­
dictive equations for the unit costs of construction of the 
industrial waste treatment plants.
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For municipal waste treatment plants, separate lists 

for each of the five categories of plants were available 
(2 9). These categories of the plants were: activated
sludge, high-rate trickling filter, standard rate-trickling 
filter, stabilization pond and primary treatment.

To account for the economies of scale in the con­
struction costs, if any, each list was stratified according 
to the size. The stratification was based on designed 
population equivalency and was arbitrary. Populations di­
vided into non-overlapping subpopulations are called strata. 
The sample is chosen by selecting simple random sample of 
elements from each stratum. The process of breaking down 
the population into strata, selecting simple random samples 
from each stratum, and then combining these samples into a 
single sample to estimate the population parameters is called 
stratified random sampling. In a simple random sampling 
procedure a sample is so drawn that every element has the 
same chance of being drawn. To be sure that each element 
has an equal probability of being selected, a table of 
random numbers was used.

It was decided at the outset to exclude the states of 
Hawaii and Alaska, and the Territories from the sampling 
plan, but to include the District of Columbia. No list of 
treatment plants was available for these states. It was also 
decided to eliminate septic tank treatment facilities.
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The population to be sampled should coincide with 

the population about which the information is wanted. The 
population defined, the information desired concerning this 
population was determined. The variables that are to be 
studied have been indicated in Chapter III.

The required precision, in statistical terms, is 
difficult to specify and also difficult to obtain. To com­
pute a sample size, n, for a specified precision, one must 
have an estimate of the population variance. The precision 
is generally specified by defining the expected width of a 
specified confidence interval. For example, it may be 
specified that the expected width of a 95 per cent confi­
dence interval for the population mean be of a certain size. 
The confidence interval which can be calculated for any 
statistic is of considerable importance as it expresses the 
reliability of the estimate of a parameter. The narrower 
the interval, the more precise is the estimate.

In order to estimate the sample size within each 
stratum of the stratified random sampling scheme it is 
necessary to know or have an estimate of the variance within 
each stratum. A random sample of reasonable size (greater 
than 30 wherever possible) was taken and an estimate of the 
variance was obtained for each stratum. With the help of 
this estimated variance, the required sample size within 
each stratum was calculated by Neyman's allocation (3 0).
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Neyman's allocation allows the assumption of equal 

cost per sampling unit for all strata. This method of al­
location was therefore considered appropriate for this study. 
Hence, the problem of allocating the sample size among the 
strata can be put in mathematical terminology. The sample 
size ng was determined using the relationship (3 0):

_ Ng 8g I/■ \
■ ZNgSg • ^ .......

where ng is the sample size required of s^̂  stratum,Ng is the 
size of the s^  ̂stratum, Sg is the sample estimate of the 
standard deviation, and n is the number of observations re­
quired. The required sample size can be computed by the 
formula.

(2NgSg)2
n = --- 5--- ^    (7)

ZNgS; + N'̂V'̂
pwhere N is the total population size, and V is the desired 

variance, which is:
£ 
t2 ’

where d is the half width of the required confidence inter­
val, and t is the level of reliability, d the half width of 
the required conficence is approximated by the relation­
ship (31);

E = _kc  (8)I-
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where E is the maximum error of the average of the sample in 
per cent, t is "students" t for (n-1) degrees of freedom at 
a specific probability level, n^ is number of observations, 
and c is called the coefficient of variation which is the 
standard deviation expressed as a percentage of the average 
X, and is equal where is estimated total variance,
within and between the strata.

Considering the procedures used in the previous 
study (20) and the proposed statistical analyses to be used 
in this study, a 95 per cent confidence interval width of 
10 to 20 per cent of the estimated mean cost in dollars per 
PE was chosen. It should be pointed out that these per­
centages of the estimated mean cost in dollars per PE repre­
sent the interval sizes for the mean of the dependent vari­
able when the independent variables take on their mean 
values. Using the required precision and the estimates of 
the variances, the number of observations required for each 
type of treatment plant was computed using the relationship 
in Equation 7* The total required sample size thus computed 
was 616.

Having computed the required sample size (Table 2) 
for each type of treatment plant, Neyman's allocation using 
Equation 6 was applied to compute the required sample size 
for each stratum. For example, the total number of observa­
tions required for activated sludge plants was 135* Neyman's 
allocation indicated that a sample size of 92 of the
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TABLE 2

DISTRIBUTION OF SAMPLE SIZES BY TREATMENT TYPES

Sample
Size
Needed

Sample Sample 
Size Size 

Requested Received

Difference 
Between 

Size Needed 
and Received

93
Primary Municipal 

103 102 + 9

19^
Stabilization Ponds

232 157 -37

83
Standard-Rate Trickling Filter 

98 67 -16

111
Hlgh-Rate Trickling Filter 
155 122 +11

Activated Sludge
135 172 115 -20
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activated sludge treatment plants designed for population 
equivalency of 2,500 or under was needed. Such computa­
tions were made for the five different types of treatment 
plants considered in this study.

In order to obtain a representative sample of dif­
ferent types of municipal waste treatment plants (types 
considered in this study) in each state within each stratum 
proportionate stratified sampling was used. The lists of the 
treatment plants (2 9) furnished by the FWPCA were based on 
states. For example, the list of activated sludge treatment 
plants indicated 14- such plants within the range of 1-2 ,5 0 0  

design PE were located in the state of Illinois and therefore 
on a proportionate basis the required sample size of 6 was 
computed. In other words, to meet the statistical require­
ments for a given precision, and to be representative, in­
formation concerning 6 activated sludge treatment plants for 
the stratum (1-2,500) was needed from the state of Illinois.

As indicated earlier, a mail survey was deemed 
feasible and was carefully designed. The questions were 
formulated such that the answers to the questions either 
gave values of the variables for which the information was 
desired or gave the data from which variables could be com­
puted, The questions should be clear, concise and easy to 
answer as this brings a better response. This was kept in 
mind when designing the questionnaire for this study. For 
example, the population equivalency was not asked, instead.
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TABLE 3

DISTRIBUTION OF SAMPLES RECEIVED BY THE DESIGN CAPACITY 
IN TERMS OF POPULATION EQUIVALENCY (PE)

1 -2 ,500
2,501-
10,000

10,001- 2 5,001- 
25 ,000 50,000

50,001-
100,000

Above
100,000

Primary Municipal*
17 29 21 14 12 9

Standard-Rate Trickling Filters
2h 26 10 2 3 2

Hlgh-Rate Trickling Filters
18 56 26 11 6 5

Activated Sludge Treatment Plants
58 21 15 8 6 7

1-1 ,000
1,001- 2, 
2,500 10

501- 10,001- 2 5,001- 
,000 25 ,000 50,000

stabilization Ponds

- 50,001- 
100,000

Above
100,000

91 32 20 8 2 3 1

Distribution based on population.
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flow and BOD were asked. This enabled the author to calcu­
late PE. Appendix A is a copy of the questionnaire used in 
this study. This questionnaire along with the instructions 
for filling it and a cover letter from Professor George W. 
Reid, Director, Bureau of Water Resources Research, Uni­
versity of Oklahoma, and a stamped return envelope was 
mailed to the Superintendent of the Sewage Works of the com­
munity whose treatment plant was selected by the random 
sampling scheme. In addition, a questionnaire requesting the 
same information was sent to each State Health Director, with 
a list of communities whose treatment plants were selected 
within their respective jurisdictions.. This was done to 
ensure a better response and also to check the reliability 
of the data. The purpose was achieved to some extent.

It was indicated earlier that the required sample 
size computed was 616. However, 760 questionnaires were 
mailed. These additional questionnaires were sent for two 
reasons: mail surveys usually result in a low response rate
and therefore it was hoped that more questionnaires than 
required would bring a response closer to the sample size 
required, and secondly, rounding of fractions was made on 
the positive side. For example, suppose on a proportional 
basis if the computed sample size for a stratum in a certain 
state was 1.4', it was rounded to 2.0.

Eight hundred and nine letters with questionnaire 
forms were mailed on March 1, 1969, including 49 letters to
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State Health Directors. The addresses were requested to 
return the completed questionnaires by March 22. On 
March 26 the questionnaires received numbered 370 including 
the information received from the various State Health De­
partments. Since the sample size received was not enough, it 
was decided to send reminders to State Health Departments.
The reminders were not sent to Superintendents of the indi­
vidual plants because of the large number of letters in­
volved. On March 30, 19&9, a personal letter from 
Professor Reid was sent to the State Health Directors who had 
not responded to the original questionnaire. The reminders 
requested the Directors to return the completed question­
naire by April 7 . At that time it was decided that the 
processing of the data would be started on April 11, and any 
questionnaires received after that date would be discarded. 
The total sample size obtained by April 11 was 563> 53 less 
than required. Distribution of the stratum sample size re­
ceived is given in Table 2 for each type of treatment plant.



CHAPTER V 

METHODOLOGY

This chapter discusses the selection, employment and 
justification of certain procedures and techniques.

Procedures for Accounting Regional 
and Time Differentials

In order to account for the regional differences in 
the cost of waste treatment plants which were noted in 
several studies (12,15\16,17,18), the United States was par­
titioned into several regions. The question arose as to how 
many regions and what basis should be used for dividing the 
United States for this study. It was first thought that the 
United States should be divided into 22 regions based on the 
major water resources regions (5,6). However, the lists of 
the municipal waste treatment plants supplied by the FWPCA 
were not based on the water resources regions. It was con­
cluded that it would be very difficult to construct 22 lists 
based on water resources regions. The assignment of several 
plants to any one region might be questionable. It was 
finally decided that it would be more meaningful if political 
boundaries were used for dividing the country. The state
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■boundaries were used for obtaining the samples as discussed 
in Chapter I'V. To account for possible regional differences 
the United States was partitioned into 20 regions on a county 
line basis. Each region corresponded to one of the 20 cities 
used in obtaining the United States Average Engineering News 
Record (E.N.R.) Construction Cost Index (?). Figure 1 shows 
the twenty regions.

Cost indices thus developed for the areas of in­
fluence of 20 major trade centers are helpful in comparing 
the costs on a regional or time basis. These 20 regional 
indices can be used to evaluate the costs in any of the 22 
river basins by considering the index or indices which in­
fluence the area within a particular basin.

Since waste treatment works were generally con­
sidered to follow the ENR-C Index, a comparison of this index 
to the WPC-STP Index was undertaken by the FWPCA (7). In 
order to compare the indexes both were converted to a base of 
1930 = 100. The base of 1930 = 100 means that the average 
plant cost for each of the 20 cities was determined for the 
year 1930 and the sum of these 20 average values was the 
base for the index and equals 100. In Figure 2, the con­
verted WPC-STP Index is shown graphically. Appendix B pre­
sents the converted WPC-STP Index.

It is clear from the graph that since 19^0 there has 
been a widening divergence between the WPC-STP Index and the 
ENR-C Index. In order to provide a comparable base to other



Figure 1. Map of 20 Index Cities and Their Assigned 
Areas of Influence. After Federal Water Pollution Control 
Administration.
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Figure 2. Sewage Treatment Plant Construction Cost 
Indexes, 1930=100. After Federal Water Pollution Control 
Administration.
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Federal Indexes, the FWPCA selected a 36-month period from 
January 1, 1957, to December 31, 1959, as a base for the cost 
index. This period conforms to the postwar base period for 
Federal indexes numbers as defined by the Bureau of 
Budget. This index may be used to evaluate past construction 
activity and to estimate future sewage treatment plant con­
struction cost requirements for the 20 areas of influence in 
the United States as well as for the nation as a whole.

Because the WPC-STP Index is based on information 
peculiar to sewage treatment plant construction its useful­
ness for evaluating the construction costs of waste treat­
ment plants is believed to be much greater than the ENR-C 
Index. The FWPCA has indicated (7) that revaluation of the 
index base will be undertaken at intervals of about 10 years. 
It is expected that the WPC-STP Index will reflect new de­
velopments in the field of waste treatment. Therefore, in 
this study it was decided to use WPC-STP Index to convert 
the cost data of treatment plants obtained from the various 
parts of the country to a common base. For example, a 
treatment plant in Virginia is in the area of influence of 
Baltimore. Thus, the cost index (1957-59=100) prevailing 
in Baltimore at the time of contract award was used to con­
vert the plant's construction cost to a common base. The 
statistical procedures and techniques used for analyzing the 
data in Chapter VI, are discussed below.



Correlation Coefficients 
The correlation coefficient between two random vari­

ables X and y which are following some unknown bivariate 
distribution is defined as:

P =  covariance (x,y)______  (g)
[variance(x)variance(y)j ̂

The range of values of the correlation coefficient is from 
-1 to +1. A non zero value of the correlation coefficient 
indicates the association between the observed values of two 
variables but this does not necessarily imply that there is 
a relationship between the two variables. A zero value of 
the correlation coefficient implies that the variables are 
uncorrelated. However, a zero correlation coefficient can 
exist between dependent variables. This is possible because 
only the linear relationship is explained by the coefficient 
of correlation. A simple correlation coefficient may indi­
cate a correlation between two variables because of the 
common relationship with another variable and not a rela­
tionship between each other.

If one has to deal with more than two variables at a 
time the partial correlation coefficient is used as a measure 
of linearity between observations of two variables with 
others held constant. Thus, the partial coefficient removes 
the influence of the other variables.

A partial correlation coefficient in terms of simple 
correlation coefficient is expressed as follows:
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^12~^13^23
’ 1̂2.3  = ' • 2 1 . 3  = [ ( I . r 2 ^ ) ( i . r 2 ^ ) ]

where 1^2 .3 and 1*21 .3 have the same meaning and are the 
partial correlation coefficients of and Xg with x̂  held 
constant. The right hand side of the equation has the simple 
correlation coefficients of the variables which are identified 
by subscripts.

Correlation coefficients were used as one of the pro­
cedures for screening to select the variables. Only those 
variables which significantly explained the variation in the 
response variable (dollars per MOD or dollars per PE) were 
selected. Correlation coefficients also were used to indi­
cate which independent variables had a high correlation 
existing between their respective values and therefore the 
inclusion of either variable in the regression equation would 
give similar parameter values.

As more data on the cost of waste treatment systems 
becomes available, calculation of correlation coefficients 
would provide further insight into the variables. Correla­
tion coefficients would help in determining which independent 
variables best explain changes in the response variable (unit 
cost), which variables do not appear to influence unit cost, 
and which variables may only appear to be significant in 
explaining the magnitude of unit cost because of its apparent
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high association with a variable that actually contributes to 
the regression of the response or the dependent variable.

Multiple Regression 
A great deal of mathematical and statistical theory 

has been developed using linear equations. The examination 
of the data from a previous study (20) indicated the use of 
a multiple regression model in this study.

The linear model is an equation that involves de­
pendent and independent variables, and parameters. It is an
equation that is linear in the random variables and in the
parameters.

The form that is used in this study is

Y = + ... (11)
For the definition of the variables and parameters, see 
Equations 15 through 19*

The problem of best fitting a hyper plane to a set 
of joint observations on a dependent variable which is a 
linear function of several independent variables can be ac­
complished by the least-squares principle. Least-squares can 
also be applied to a number of more complex trend types such 
as certain types of transformations. For any linear model, 
least-squares minimizes the residual sum of squares and pro­
vides an unbiased linear estimate with minimum variance of 
the parameters.
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It becomes tedious and complicated to analyze a model 

as the number of variables and observations increase. 
Fortunately, the use of matrices provides a compact way of 
treating the equations. The use of a digital computer is 
essential if investigation of many possible predictive 
equations is desirable.

The n equations can be set out compactly in a matrix 
notation as

Y = xp + e (12)

where V is a n by 1 vector of observations of a dependent
variable, X is a n by k matrix of independent variables 
which explains the dependent variable's value, P is a k 
by 1 vector of unknown parameters, and 0 is a n by 1 vector 
of residuals. P^ is the intercept term and indicates that 
each element of the first column of the matrix X , equals
unity. A sample of n sets of observations on y and k values
of X can be represented by matrices as below.

I
yi 1 %2i ' ' ' %k1 ^ 1  ^ 1

y2 1 %22 o • • x^2 ^ 2
• • • •

Y =  X = P =  e =

^n ' ^2n * • ' T  n ®n
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The method of least-squares minimizes the sum of the squared
residuals 0 ' @ in matrix form as y ef. From Equation 12

i=1 1
we have e = y - XP .
Therefore,

e ' e = ( V - x P )' ( ¥ - HLp) (13)
= X ¥ - 2 X Y + r ' x' Xp

The least-squares estimate of P is b. This when 
substituted in the above equation minimizes 0 ' 0 . Dif­
ferentiating and setting the resultant matrix equation to 
zero gives the normal equation,

( X ' X )P = X ¥ (14)
For a review of the derivation of the distribution 

of pertinent statistics needed for estimation of the param­
eters in this model and for testing hypotheses about them
and for the necessary assumptions see Johnston (32).

An inspection of the data indicated the inappro­
priateness of fitting a linear relationship. In such cases 
the two possibilities are to try an appropriate nonlinear 
fit directly to the data or else to make an initial trans­
formation of the data such that the relationship between 
the transformed data is almost linear and principle of 
least-squares can be applied. The most commonly used 
transformations used to reduce complex models to linear 
ones are the logarithmic and the reciprocal. Draper and 
Smith (26) warn that when transformation involve the de­
pendent variable special care must be taken to check that
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least-squares assumptions are not violated. These assump­
tions and their verifications will he discussed in the Section 
(Examination of Residuals) helow.

An examination of the data obtained as a result of 
the sampling of municipal waste treatment plants and from the 
previous studies (16,20) indicated that a transformation of 
variables would be necessary. A frequency polygon of y 
values resulted in skewed frequency distributions of the 
sample to the right. A transformation commonly used for this 
type of distribution is the logarithmic transformation.
While the forementioned procedure indicated the need for a 
transformation in the response or dependent variable it was 
not possible to determine the necessity for a transformation 
of the independent variable. Consequently, using the same 
sample data partial regression coefficients for the follow­
ing linear equations would be computed. The form which gave 
the best fit was to be used as the estimation equation:

k
InY = b_ + T  bilnX.' (i=1,2,...n)

i=1 ^

ïnŸ = *0 + - ....................
1 — I

(15)

(16)

1
InY = b  ̂+ Z  b.X. .......... (17)o 1=1 1 1

i = b„ + I  b̂ X. •    (18)X o 1=1
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k
Y = t + £  b.X_.   (19)

° i=1

where Y is the dependent variable, are the independent 
variables, and b̂  ̂are partial regression coefficients and 
are the estimates of the unknown parameters in equation.

A modified stepwise regression procedure as opposed 
to typical stepwise regression was used in this study. A 
typical stepwise regression procedure uses a simple corre­
lation matrix and enters into regression the independent 
variable with the largest absolute value correlation coef­
ficient with the response or the dependent variable. The 
subsequent variables in the typical stepwise procedure are 
selected from the remaining independent variables by select­
ing the variable having the highest partial correlation 
coefficient with the response. The decision of acceptance 
or rejection of each new variable is based on the results of 
an overall and a partial F test. Often, the partial F cri­
terion for each variable in the regression at any stage of 
calculation is evaluated and compared with a preselected F 
value. Any variable which provides a nonsignificant con­
tribution is removed from the model. Given the regression 
equation, Y = f(X^,X2 ), the stepwise regression examines the 
contribution previously added variable X̂  would have made if 
the newly added variable X2 had been entered first. A 
variable once accepted into the regression may be rejected 
by this method.
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For this study, the modification made to the typical 

stepwise regression procedure was that the variable’s order 
of entry was determined by previous studies and the author's 
prior study and not the correlation matrix alone.

Selection of Best Equation
The square of the multiple correlation coefficient 

or the coefficient of multiple determination (R ), the ratio 
of the sum of squares due to the regression to the total sum 
of squares, is one possible criterion for selection of the 
best equation. When one uses the same data to compute 
several forms of linear equations, the procedure for select­
ing the form that fits "best" is to choose the form which

2gives the highest coefficient of determination, R , or the 
highest R, the coefficient of multiple correlation. However, 
the significance can be misleading. This is possible par­
ticularly when only a small number of observations are used 
in computing the parameters of an equation. The increase in 
the value of R̂  may be more influenced by the increase in the 
number of independent variables rather than the related 
explanation contributed by the variables. The addition of 
another variable to a regression equation will either cause 
the sum of squares to increase or remain the same.

Draper and Smith (33) have indicated that if a set 
of observations on a dependent variable has only four dif­
ferent values a four parameter model will provide a perfect 
fit. However, the number of observations in this study is
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much larger than the number of parameters Involved in the

2equations. Therefore, the R values in all probability will 
reflect the explanation contributed by the variables.

The standard error of estimate is defined as the 
square root of the residual mean square. It takes into con­
sideration the degrees of freedom of the residual and, 
therefore, is also used as indices for evaluating alternative 
regression equations. In previous studies (15,16) reviewed 
in Chapter II, the smallest error of estimate was the 
criterion used for selecting the form of the regression 
equation. However, the standard error of estimate does not 
give a measure of the proportion of the variation in the de­
pendent variable which can be explained by, or is associated 
with, variation in the independent factor. The standard 
error of estimate is indicative of the closeness with which 
estimated values of the dependent variable agree with the 
original values which are used to determine regression coef­
ficients .

Either standard error of estimate or the multiple 
correlation coefficient can be used as the test criterion for 
"best" fit if one has determined which set of independent 
variables provide such a fit. Both provide a comparison of 
the residual variation for each set of independent variables 
with the same standard deviation. In this study, at this 
stage, the problem is not one of determining which set of 
independent variables to choose so as to provide the "best"
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fit but rather to determine which transformation of the same 
set of variables gives the best equation. After transforma­
tion, the standard deviation of the response may change and, 
therefore, the standard error of estimate may not necessarily 
decrease with the increase in correlation. The former is an 
absolute measure whereas the latter is a relative measure. 
Hence, in this study the multiple correlation coefficient 
was used as the criterion for selecting the best equation.

A significant F-value, the ratio of the regression 
mean square to the residual mean square, indicates that the 
regression coefficients explain more of the variation in the 
data than expected by chance alone, under identical condi­
tions, a certain percentage of time. A reference to the 
work of J. M. Wetz made by Draper and Smith (33) suggests that 
an equation should be regarded as a satisfactory predictor 
if the obseryed F-ratio should exceed by about four times 
the selected percentage point of the F-distribution. For 
example, for a ninety-five per cent confidence level F-value 
from the distribution tables for 1 and 22 degrees of freedom 
is 4 .3 0. Therefore, F-ratio should be about 17*20 (*+x̂ ,30) 
or more for the fitted equation to be a satisfactory predic­
tion model. As discussed in the next section, a necessary 
condition for the F-test is that the residuals be normally 
distributed. However, normal distribution of the residuals 
is not necessary condition for regression analysis.
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The partial F-test Is the ratio of the mean square 

corresponding to the addition of a new variable (equal to 
the sum of squares since it has one degree freedom), to the 
residual mean square. In this study, the partial or sequen­
tial F-test was used to determine if the addition of a new 
variable to regression explained more of the variation then 
would be expected by chance. The F-tests were used at a 
5 per cent level of significance.

Examinations of Residuals
Residual is the difference between the observed and 

regression equation value of the dependent variables. As 
indicated above, there are certain basic assumptions made 
about the residuals when using least-squares regression 
analysis. These assumptions are; that the residuals are 
independent, have a constant variance and zero mean and if an 
F-test is used that they follow a normal distribution. 
Residuals, therefore, should be examined for verifying the 
forementioned assumptions.

A fitted model may be regarded as correct if the 
above assumptions do not.appear to be violated on the basis 
of the data seen (3̂ )* This does not mean that one is con­
cluding that the assumptions are correct. It means that on 
the basis of the data from the sample observations, it is 
seen that there is no reason to say that they are incorrect.

To test for independence of the successive dis­
turbances "Durbin-Watson d Statistic " is used. Let
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Sp(p=1,2,...n) denote the residuals from a fitted least 
squares regression. Statistic d is defined

d = -2-:---------- (20)
I s2
P=1 p

Durbin and Watson have tabulated (35) lower and upper
bounds, dr and d , for various values of n and k (= number " u
of independent variables). If d<d^ one concludes that there 
is a positive correlation; if d> d  ̂the assumption of inde­
pendent residuals holds. However, if d^< d<d^ the test is 
inconclusive and further observations are needed. The tests 
on the sample observations did not give any evidence of cor­
relation between the errors. Appendix C gives the values of 
d, dĵ and d̂ .

A plot of the estimated values of the response versus 
the corresponding residuals yields information on any ab­
normality, such as, variation in variance and systematic de­
parture from the fitted equation. In the latter case low and 
high fitted values of the dependent variable produce negative 
and positive residuals, respectively. A plot indicated ap­
proximately a horizontal band and, therefore, abnormality 
was not suspected.

In order to check the assumption that the residuals 
are normally distributed these residuals are transformed 
into a unit normal deviate form. The resulting form of the
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residuals can be compared to an N(0,1) distribution. Using 
this technique approximately 95 per cent of the unit normal 
deviates would be expected to be within -1.96 to +1.96 or 
between the limits (-2,2). A sample computer print-out 
(Appendix D) clearly indicates a normal distribution of the 
residuals.

No checks can be made for the assumption that the 
residuals have a zero mean because the method of least- 
squares necessarily gives a zero sum of the residuals.

The runs test used to examine the pattern of 
residuals ' signs to determine if the arrangement was unusual. 
This is done by comparing the observed values to the overall 
average. When the number of observations is greater than 20 
a normal approximation of the underlying distribution is sug­
gested by Draper and Smith (3̂ ) where:

u = ^^1^2 + 1 (21)
n̂  +n2

^  _ 2n̂  ng [ 2n̂  ng - (n̂  +ng ) ]
2(n̂  +n2 ) (n-|+n2-1)

Z = (U.-U+1/2) (23)<T
with representing the number of positive residuals and n2 

the number of negative residuals.
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2u and 0* are the mean and variance of the discrete 

distribution; u, the number of runs. Z approximates the unit 
normal deviate.

The sample size was greater than 20 for each type of 
treatment plant and therefore the above approximation was 
made. Since no unusual statistical arrangement was found, it 
was concluded that no unconsidered variables changed levels 
within the sample range.

Diiminv Vari ahl e s

The variables considered in regression equations 
usually can take on values over a continuous range. In order 
to introduce a factor which has two or more distinct levels 
one can assign to these variables different levels to ac­
count for possible separate deterministic effects on the re­
sponse. Such variables are called dummy variables. They 
can be used to represent temporal effects as well as quali­
tative variables (25). In the study an attempt was made to 
use the dummy variables for the quantification of the type of 
treatment plants. Results obtained as a result of the use 
of these dummy variables are discussed in the next chapter. 
Tables 9 and 10 give the (R̂ ) values obtained for the re­
gression equations with dummy variables.



CHAPTER VI 

RESULTS OF THE ANALYSES OF THE DATA

Having received the data as a result of a mail 
survey, analyses were made. It was indicated in Chapter IV 
that in an attempt to get a better response and to provide a 
check similar questionnaires were sent simultaneously to the 
Superintendents of the Sewage Treatment Plants and to the 
State Health Departments of the country.

Some disagreements were noted between the data re­
ported by the Superintendents of the plants and the State 
Health Departments. Almost all differences noted were in the 
contract costs and effluent BOD values. On comparing the 
cost figures with those furnished by the FWPCA (29), agree­
ment was noted between the State Health Department and the 
FWPCA figures. There was considerable difference between 
the cost figures furnished by the FWPCA and the ones re­
ported by some of the Superintendents. Since the treatment 
plants were sampled from a list of plants constructed under 
PL-660 grants given by FWPCA, the cost data furnished by the 
latter was considered reliable. The Superintendents of the 
Treatment Plants generally have very little to do with the

58
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cost of construction of the plants. Therefore, some of them 
do not keep up-to-date and complete records of the plant costs 
and the cost figure reported in some instances might have been 
an approximation. This thinking is supported by the fact that 
some of the questionnaires were returned without the cost in­
formation or with the remark that the information was not 
available.

In a few instances, disagreement was also noted on 
the effluent BOD values. The operators of some of the 
treatment plants reported lower effluent BOD values than 
those reported by the State Health Departments. Here again, 
the figures reported by the State Health Departments would 
appear to be more reliable because most State Health Depart­
ments being the regulatory agencies, keep complete plant 
performance data reported by their District Engineers.

From the questionnaires received, the author noted 
that many treatment plants still do not have laboratory fa­
cilities to evaluate plant performance and/or do not have 
reliable and up-to-date records. One of the items in the 
questionnaire mailed concerned the current influent and 
effluent BOD values. It was surprising to note that out of 
563 completed questionnaires received only 189 provided in­
formation on the influent and effluent BOD. The remaining 
questionnaires, k27 of them were returned either with the 
remark that no laboratory facilities were available or that 
no records were kept bn the influent and effluent analysis.
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Even the State Health Departments were unable to furnish this 
information in most cases.

Regression Equations 
Regression equations using all possible and reasonable 

combinations of explanatory variables were developed to 
explain the response, unit cost of construction. Variables 
used in the regression equations were:
Y' = Construction cost per design PE, in 1957-59 dollars.
Y" = Construction cost per design MOD, in 1957-59 dollars.
Y^ of Y^ indicate that explanatory variable the ef­

ficiency has been included in the equation, Y' and 
Y" defined as above.

Y|J = Construction cost per design MOD of the primary treat­
ment plants treating industrial wastes, in 1957-59 
dollars.

X-| = Design PE.
%2 - Design flow in MGD

= Design BOD of the influent in MG/L.
\  = BOD removal efficiency BOD influent^- BOD^gffluent X ,100

Y" = Construction cost per design MGD of the secondary treat-8
ment plants treating industrial wastes,, in 1957-59 
dollars.

D̂  and Dg are dummy variables and have been explained in 
Tables 9 and 10.

X^ = Effluent BOD in MG/L.
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The procedures and criteria discussed in Chapter V 
were used to develop and evaluate the regression equations. 
Data on each type of treatment were used to derive several 
forms of linear equations. Typical regression equations 
using the above variables are presented in Tables ^ through 
10. À discussion of the equations derived for each type of 
plant with different combinations of variables is presented 
below. As discussed in Chapter V, the criterion for the
selection of the form that fits "best" is to choose the form

2which gives the highest coefficient of determination, R , or 
the highest R, the coefficient of correlation. The sequen­
tial F-test, using a 5 per cent significance level, was used 
to justify the acceptance of each variable into the regres­
sion equations.

Primary Treatment Plants 
Data on 102 primary treatment plants were obtained 

from all over the country for the study. Based on the argu­
ment presented in Chapter III, the variables cost per PE (Y'), 
and the design PE (X̂ ), were not used to derive the regres­
sion equations. It was believed that it would be more 
meaningful to compute an equation which would give unit con­
struction cost in terms of flow. Therefore, the relationship 
between the variables cost per MGD (Y"), and the flow in 
MGD (Xg), was studied. Several forms of the linear equation 
were derived. Equation 24- has the highest R value and is 
preferred over other equations for estimating the unit
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construction cost of the primary treatment plants. Table U- 
presents the results of the analysis.

Stabilization Ponds 
Equations relating response variables Y' and Y" and 

the explanatory variables , Xp, and X:̂, and X^, X2 , and Xq. 
were derived in various forms as discussed in Chapter V.
Only 12 of the 157 plants reported the current performance 
of the treatment plant (in terms of the BOD removal). So 
only 12 observations were available on the variable: X̂ .̂ 
Therefore, equations with the explanatory variable Xĵ were 
based on a sample size of only 12. The screening of the 
correlation matrix indicated a high correlation between X̂  
and Xg. Since BOD is one of the parameters used in computing 
the PE the high correlation between the two was not sur­
prising. Xg was therefore dropped altogether from the re­
gression equations. A sequential F-test indicated the non­
significance of the variable and all equations with the 
variable 3^ were rejected.

The regression equations with explanatory variables 
X̂  and Xg were developed. Of these, Equations 3^ and 39 have 
the highest R values. These equations are therefore sug­
gested for estimating the unit cost of construction and are 
presented in Table 5*
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TABLE

EQUATIONS CONSIDERED FOR ESTIMATING THE UNIT CONSTRUCTION 
COST OF THE MUNICIPAL PRIMARY TREATMENT PLANTS

Equations R r2

InY"?12.42265-0.385201nX. (**) 0.783 O.6I3 (24)

. 08079+0 .002621n%2 (**) 0 .7 7 8 0.605 (2 5)

InY"=12.42463-0 .0 50 (**) O.6I7 0 .3 8 0 (26)

Y"=307258.31250-
5345.71875X2 (**) 0 .3 0 9 0 .0 9 2 (2 7)

^0.00001 +0 .00003X2 (**) 0 .5 6 8 0 .3 2 2 (28)

(**) = Satisfied sequential F-test criterion and 
indicates no evidence of residual correlation.
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TABLE 5

EQUATIONS CONSIDERED FOR STABILIZATION PONDS 

Equations R R̂

lnY' = 5.98^5^-OAl688lnX^ +
O.OOSl^lnXg 0.560 0 ,313 (2 9)

lnY"=5.98301+0.58331nX,-
0.99k831n%2 (*) 0.6^0 0.409 (30)

lnY^=0.48488-1.192IlnX^+
0.47956ln%2+2.83l4lnĴ . O .807 0.651 (3D

lnYg=0.48487-0.19215lnX-, -
0 .52043111X2+2 .8 3 l4lnXî  0 .8 0 7 0.651 (3 2)

.52594-0.230791nX^ +
0 .2492510X2 0 .3 2 7 0 .1 0 6 (33)

:pl^O. 129l8-0.0044l.lnXi +

0.007321nXp (*) 0.647 0.418 (34)

1_

05035lnX2-0.504l21nXî  . 0.73^ 0 . 538 (35)
1.1 544+0 .177801nX̂  -

j l ^ O . i 575+0.0021 InX̂  +
^ 0.00301nX2-0.019891nX^ 0.860 0.739 (36)

InY'=3,1955-0.00005X1+
0 ,03394X2 0 .4 7 4 0.224 (3 7 )

InY'fc 12.42808-0 .00001X1 -
0 .34552X2 0 .363 0.131 (3 8)
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TABLE 5— Continued

Equations R r2

. 0511 +0.0000.1 X-) -0.06^03X2 (*) 0.760 0 .577 (39)

Ÿ7f=0.00001 =0. OOOOOXi +
0 .00001X2 0.24-8 0.061 (40)

Y’=32.7355-0.00067X^-

1.4-4-013X2 0.291 0.084- (44)

Y"=36281 3.6875-2 . 39894-X̂  -
5905^.9375X2 0 .236 0 .0 5 5 (42)

(*) = Satisfies sequential F-test criterion but 
there is some evidence of residual correlation.
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TABLE 6

EQUATIONS CONSIDERED FOR STANDARD-RATE TRICKLING FILTER 

Equations R R̂

InY'=7o90^80-0^99271nX^+
0 .0 .̂317111X2 .806 0 .650 (43)

lnY"=7.9049+0 .500721nXi-
0 .956821nX2 (**) .867 O .751 (44)

lnY =̂ 15.6896-1.34738lnX̂  +
0.937171nX2+0.04231lnXî  O.87I 0.758 (45)

lnY^=15.6895-0.3473714X 1 -

.06284lnX2+0.04231lnX̂ , O.83O O .698 (46)

-0.09277+0.04424lnXi -
0.00385lnX2 0 .7 5 9 0 ,5 7 6 (47)

ĵ ÿlî=0 .11458-0 .003 74lnXi +
0 .0065514X2 (*') 0.860 0 .7 3 9 (48)

-1̂ - =_o.4160+0.07706lnXi -
0.0465314X2+0.00046lnX^ 0.832 0.692 (49)

~ n ~ Q ' 06319+0,00181 InX̂  +
0.0006510X2-0 .000201nX^ 0 .8 2 5 0.680 (50)

InY'=3 . 9739- 0 . 00004x  ̂+

0 .01387X2 0.661 0 ,436 (51)
lnY"=1 3 . 1956+0.00002X1-

0.48421X2 _ 0.681 0.463 (52)
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TABLE 6— Continued

Equations . R R^

lnŶ =>+ .05163-0.0001 +0.97866X2+
0 .00125%̂ 0.641 0.410 (53)

lnYg=13.17069-0 .ÛÜÛO3X.-
0 .09898X2+0 .00217%̂ 0.679 0.461 (54)

^ 0 .0183+0 .00000X1 -0 .0 0 557X2 0 .780 0 .6 0 8 (55)

^0.00000-0.00000X1 * 00000X2 0 .507 0 .257 (56)

^0.020^+0.0000X1 -0 .01581X2- 
E
0.00003X^ 0 .6 3 8 0.407 (57)

ÿL=0 0 0000-0.0000X1+0.0000X2-
E
O.OOOOX^ 0 .6 5 6 0 .4 3 0 (58)

Y'=57.972-0 .00094X1-1 .96928X2 0.629 0 .3 9 5 (59)

Y"= 5973 57.68+0.41803X1 -

116894.9375X2 0.551 0 .3 0 4 (60)
Y^=56.933-0.00877X1 +67 • 737Xg+

0 .19194%^ 0.511 0.261 (61)

Y"= 540436 .6875-3 2.319X1 + £ *
150139.625X2+1538.3889X^ 0 .6 0 8 0.369 (62)

(**) = Satisfies sequential F-test criterion and 
indicates no evidence of residual correlation.

(*.) = Satisfied sequential F-test criterion but 
test to check the correlation of the residuals was not made.
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TABLE 7

EQUATIONS CONSIDERED FOR HIGH-RATE TRICKLING FILTERS 

Equations R R̂

InY'=9.39389-0 .6^^31lnX^+

ü.j^ÿ/OlnXg (**) 0.673 0.^53 (63)

lnY"=9 . 39381 +0 .35571 -

0.644-31lnX2 (**) 0.731 0 .5 3 4 (64)
lnY^=12.13465-0.845531nX̂  +

0,53106lnX 2-0-2005llnX i^ O.707 0 .4 9 9  (6 5 )

lnY^=12.13470+0 .15446lnX^-
0.46894lnX2-0.2005llnX^ 0.684 0.468 (66)

j i ^ - 0 . 20818+ 0 .054971nX.,-

0.02935lnX2 (*•) 0.644 0.4l4 (67)

j l p = 0 .10049-0  o 002321nXi +

0.004l4lnX2 (*.) 0 .728 0 .5 2 9 (68)

1__

0.044701nX2+0.017921nX^ 0.657 0.431 (69)
Y^gT=-0 .4 4l16+0 .071951nXi-E

j ^ ^ O  .08416-0 .001091nX̂  +
E
0o00308lnX2+0.001l4lnXî  O.68I 0.463 (70)

InY'=3 o 7 5422-0 .00003%i +

' 0 ’09126X2 (*') 0 .573 0 .3 2 8 (71)
lnY"=12.93504-0.00001X1-0 .07624X2 0.503 0.252 (72)
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TABLE 7— Continued

Equations R R̂
lnY^=4.566̂ -3 -0.00003X1 +

0,08663X2-0.00991X1+ 0 .588  0 .3^ 5  (7 3 )

lnYg= 13 - 313 - 0 . 00001 Xi - 0 . 06^-6 9X2 -

0 . 00465X̂ 0.521 0.271 (74 )

^ 0.02661 +0.0000X1 - 0 . 0024X2 ( * ' )  0 .5 0 0 .2 5 0 (7 5 )

ÿT?=o. 0000 -0.000x1 +0.0000X2 0 .4 9 0 .2 4 0 (76)

^ 0 . 0 0 0 1 5+0 .0000X1 -0.0022X2+

0.00036X1+ 0.441 0 .1 9 4 (7 7 )

^ 0 .0000+0.0000X1 +0.0000X2+ 
E

o.oooox^ 0 .458 0 .2 0 9 (78)

Y '=47.93 5- 0 ,00127X1 +6.3517X2 ( * ' )  0 .6 2 9 0 .3 9 5 (7 9 )

Y "=470924.06-1 .6995X1-

22850,875X2 0 .370 0 .136 ( 80 )

Y^=92 .549-0.001.32X1 +6,309X2-

0.5110%^ 0 .6 8 5 0 .4 6 9 (8 1 )

Yg=666210. 56- 2 .7983X1 -

17703.152X2-2339.193X4 0.431 0 .1 8 5 (8 2 )

(**) = Satisfies sequential F-test criterion and 
indicates no evidence of residual correlation.

(*•) = Satisfies sequential F-test criterion but 
test to check the correlation of the residuals was not made.
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TABLE 8

EQUATIONS CONSIDERED FOR ACTIVATED 
SLUDGE TREATMENT PLANTS

Equations R R^

InY'=8.53 953-0.538931nX̂  +
0.262̂ -3 lnX2 (**) 0.726 0.527 ( 83)

lnY"=8.53987+0.4610̂-lnX., -
0 .737^ 111X2 (**) 0 .733 0 .5 3 7 (843

lnY^=9. 9 7̂89-0:842731nX-j +
0.576401nX 2+0.31306lnX ^ O.768 0 .5 8 9  (8 5 )

lnYg=9.95797+0.157271nXi-
0 .42359111X2+0 .31306lnXî  0.704 0.495 (86)

jlp= -0 o 18753+0 0 05216lnXi-
0.02837111X2 ( * ' )  0 .6 9 3  0 .4 8 0  (87)

j^p«o. 1054-0 .00293111X1+
0.0046lnX2 (*') 0 .7 3 0 .5 3 2 (88)

3^^-0 .3708 5+0.093271nXY-
0.06865lnX2-0.0438llnXĵ  O .708 O .501 (8 9)

g p f O . 0972 5-0.000951nX̂  +
^ 0.00258lnX2-0.002291nX^ 0.692 0.478 (90)

lnY'=3.91785+0.0000X 1-0.08894X 2 0 .4 1 9  0 .1 7 5  (9 1 )

InY"=13.153  94+0 .00001X i-

0.15659X2 ( * ' )  0 .4 4 5  0 .1 9 8  (92)
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TABLE 8--Contjrmed

Equations R r2

lnY^=3.23913+0.0000X1-0.03988X2+
0.006l4X^ 0.364 0 .132 (93)

lnŶ = 12. 7>+705+0.00001X, -
0 .13^8 5X2+0.003 6Xî. 0.456 0.207 (94)

ÿT=0.02494+0 .00000X1+0.00149X2 0 .413 0 .170 (95)

ÿÏî=o . 0000-0 .000X1 +0 .0000x2 (*.) 0.396 0 .156 (96)

^ 0 .0 7 3 57+0.000X1 -0 .00087X -

0 .00049X4 0 .379 0 .143 (97)

^0.00001 -0 .0000X1+0 .0000X2-
0 .0000x4 0.400 0.160 (98)

Y'=61 .075+0 .00025X1-5.04907X2 0 .230 0 .053 (99)
Y"=6384o8. 437 50+3 .98415%i -

71568.43750X2 0 .192 0 .036 (100)

Y^=55.1477+0 .00015X1-3 .274X2-
0 .02718X^ 0.264 0.069 (101)

Y%=643328.187+3 .0577X1 -
55252.20X2-1173.664x4 0.351 0.123 (102)

(**) = Satisfies sequential F-test criterion and 
indicates no evidence of residual correlation.

(*.) = Satisfies sequential F-test criterion but 
test to check the correlation of the residuals was not made,
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TABLE 9

EQUATIONS CONSIDERED WITH DUMMY VARIABLES FOR 
ESTIMATING THE UNIT CONSTRUCTION COST 
OF THE SECONDARY MUNICIPAL WASTE 

TREATMENT PLANTS

Equations R r2

InY '=8 .32342-0 .53216ln%i +

0.2172 5111X2+0 .01 53 5D̂  + 

0 .12031D2 (**) 0 .728 0 .5 3 0 (103)

lnY"=8.32390+0 .467801nXi-

0 .78271ln%2+0 .0153 5Di + 

0 .12031Ü2 (**) 0 .768 0 .5 8 9 (104)

Dummy Variables 
D-i D2 

0 0 
1 0 
0 1

Plants

Standard-rate trickling filter plants 
High-rate trickling filter plants 
Activated sludge treatment plants.

(**) = Satisfies sequential F-test criterion and 
indicates no evidence of residual correlation.
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TABLE 10

EQUATIONS CONSIDERED WITH DUMMY VARIABLES FOR 
ESTIMATING THE UNIT CONSTRUCTION COST OF THE 
PRIMARY AND SECONDARY TREATMENT PLANTS 

TREATING INDUSTRIAL WASTES

Equations R r2

lnY|J= 12.93509-0.0973^1nX2-

2 .09333D1-0 .22875^2 (**) 0.806 0.6^9 (105)

lnYg= 1 2.83150-0 .568271n%2+ 
0.00311 lri%+0.0903 5D-1 +
O.42049D2 0.814 0.662 (106)

lnYg=11.99492-054896lnX2+
0.20091nX3+0.OG3691nX^-
O.IO79OD-1 -O.IO7O6D2 0.810 0,656 (107)

lnYg=11.997^0-0.5^9171n%2+

0.203091nXq-0,1077OD1-
0.108o4D2 (**)' 0 .8 2 0 0 .672 (108)

Dummy Variables Type of Wastes
0 0 Petroleum
1 0 Pulp and paper
0 1 Chemical

(**) = Satisfies sequential F-test criterion and 
indicates no evidence of residual correlation.
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TABLE 11

VALID PREDICTION RANGES
Valid Prediction 

Range
Type of Treatment Plant (Design PE)
Primary Treatment Plant. 300-244^000
Waste Stabilization Ponds. 250-55?000
Standard-Rate Trickling Filter . . 215- 80,000
High-Rate Trickling Filter . . . .  600-125,000
Activated Sludge Plant ......... 300-500,000
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Standard-Rate Trickling Filters 

A sample size of 67 plants was included in the study. 
Relationships of Y' and Y" with Xi, X2 , and X3 , and Xi , X2 

and X  ̂were derived. An examination of the correlation 
matrix indicated a high correlation between X-| and X̂ , and 
therefore X̂  was eliminated. A sequenLlal F-test resulted 
in the rejection of all the equations with X̂  as one of the 
explanatory variables. Those equations relating Y" to the 
variables X̂  and Xg had generally a higher coefficient of 
correlation than the rest of the equations. Equations using 
cost per PE (Y*) besides having lower R values did not, in 
generali satisfy the sequential F-test. Therefore, Equation 
4-4- can be considered as the best equation for estimating the 
unit construction cost in terms of dollars per MGD. Table 6 
presents this set of equations.

High-Rate Trickling Filters 
Data on 123 plants were obtained in the category of 

the high-rate trickling filters. As in the case of standard- 
rate filters relationships of Y' and Y"*, and X^, X2 , and X̂ , 
and X-j , X2 , and Xl̂. were evaluated. The explanatory variable 
Xg was eliminated for the reason given above while discussing 
the standard-rate trickling filter equations. A sequential 
F-test justified the acceptance of each variable into the 
regression equations. Equations 6 3, 6̂-, 6 7, 68, 7 1, 75, and 
79* All other equations were rejected which, in essence, 
contained Xĵ as one of the explanatory variables. Out of
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those equations which were accepted by the sequential F-test, 
Equations 63 and 6̂  were selected, one from the set of 
equations using Y', and another from the set using Y". To 
be sure, these equations have the highest correlation coef­
ficient R among their respective sets. All the equations 
considered in the study have been presented in thsTablc 7*

Activated Sludge Treatment Plants 
A sample size of 115 was included in this study. For 

the reasons given earlier while discussing the other types of 
plants explanatory variable X3 was eliminated. Applying the 
sequential F-test, Equations 8 3, 8W-, 8 7, 88, 92, and 96 con­
tained the acceptable variables. The rest of the equations 
were rejected by this criterion because these equations had 
the variable which was not acceptable. Out of those 
equations which were accepted as a result of the sequential 
F-test, Equations 83 and 8^ using response variables cost 
per PE (Y'), and cost per MGD (Y”) have the highest R value 
in their respective groups and therefore were chosen for 
estimating the unit cost of construction. Table 8 presents 
the results of the analysis.

Use of Di]mmv Variables 
The data on standard-rate and high-rate trickling 

filter plants, and activated sludge treatment plants were 
combined and regression analysis was made with a sample size 
of 3 0 4. Since the logarithmic transformation of the
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variables gave the best "fit" dummy variables were used with 
this form of the linear equation.

The cost per MGD equation has slightly higher R value 
than the cost per PE equation. Both equations however, have 
the same explanatory variables. Either of the equations can 
be used for estimating the unit construction cost depending 
on whether one wants to estimate it in terms of organic or 
hydraulic loading. Table 9 presents both equations. The 
dummy variables included were D-| and D2 . These variables 
were assigned the values 0 or 1 according to the treatment 
process to give the related intercept. Thus the computed 
intercept for either the high-rate trickling filters or the 
activated sludge treatment plants can be added to the basic 
equation to get the unit construction cost of either treat­
ment plant. The basic equation itself would estimate the 
unit cost of construction of the standard-rate trickling 
filters. The combinations of the values assigned to the 
dummy variables are given in Table 9*

Industrial Waste Treatment Plants 
A nationwide list of industrial waste treatment 

plants was not available and thus no random sampling pro­
cedure was followed. Very limited data did not permit compu­
tation of a regression equation which could predict the unit 
construction cost with a given precision.

Limited data was available (22) on plants treating 
petroleum, chemical and pulp and paper wastes. The data from
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these plants was combined to get a larger sample size. A 
total sample size of 25 primary treatment plants and 26 
secondary plants was available. The analysis was performed 
using dummy variables. This procedure was adopted for both 
the primary and secondary type of plants.

On the basis of the argument put forth in Chapter 
III, only the relationship between Y" and %2 was developed 
for estimating the cost of primary treatment plants. The 
dummy variables and D2 were introduced to evaluate the 
intercepts. This Equation 105 is given in Table 10. For 
secondary treatment plants, three relationships were derived, 
one relating Y", and X25 , Di and D2 ; the second, relating
Y", and X2 , X̂ , X̂ , and D2 ; and the third one relating,
Y", and X2 , Xg, and D2 . The sequential F-test for the 
acceptance of each variable resulted in the rejection of 
Equations 106 and 107. Thus Equation 108 can be used for 
estimating the unit construction cost of a secondary treat­
ment plant treating petroleum refinery wastes, chemical 
industry wastes, or pulp and paper wastes. Very little or 
no data were available on plants treating other types of 
wastes and therefore it was not possible to analyze and 
derive any equation for plants treating wastes other than the 
ones mentioned above.

General Discussion of Regression Equations
Of the various forms of linear equations derived 

(Tables k through 10), in general, the logarithmic form
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resulted in higher R values and satisfied the sequential 
F-test criterion with the exception of Equation 39 for 
stabilization ponds. Table 5 presents the various forms of 
linear equations derived for estimating the unit construc­
tion cost of the stabilization ponds. Equation 39 which 
estimates the cost per PE has a higher R value than the re­
maining equations It appears that since there are fewer 
ponds of capacities above 10,000 PE, the sample spread was 
not as large as in the case of other types of treatment 
plants.

Among the equations selected for estimating the unit 
construction costs Equation ̂ 4 for estimating the unit cost 
of the standard-rate trickling filter plants has the highest 
R value. This is possible because variations in the design 
practices of such plants are not as wide as in case of some 
other types of plants.

In almost all cases (with the exception of the 
stabilization ponds) the cost per MGD equations gave higher 
R values than cost per PE equations. One can think of two 
possible reasons for the greater correlation coefficient 
with the design flow: One, the hydraulic loading in­
tensities are rough measures of process loading intensities 
because influent contains the organic matter to be removed 
(incorporated into PE, the organic loading measure, is the 
flow); two, the PE for this study was computed based on 
0 .1 7 lb per capita per day, but this may vary. In some
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cases it may go as high as 0.2 Ih per capita per day. Such 
variations in per capita organic loading can result in a 
relatively low correlation coefficient. On the other hand, 
designed flows were taken directly from the completed ques­
tionnaires. However, from the equations selected either of 
the Equations (estimating unit cost in terms of organic 
load or flow) will give fairly satisfactory estimates.

The explanatory variable was highly correlated 
with another explanatory variable for all types of treat­
ment plants. However, the latter variable had a better 
correlation with the response variable and so it was de­
cided to eliminate X̂  and include X-| as one of the explana­
tory variables. An attempt was made to include efficiency 
(Xi,.) as one of the explanatory variables for stabilization 
ponds and all the secondary type of treatment plants. In 
all cases it turned out to be insignificant. This has been 
discussed earlier in this chapter.

Those equations which satisfied the sequential 
F-test criterion and had the highest R values were tested 
for the independence of the residuals. This test has been 
discussed in Chapter V and the results are given in Appendix 
C. No evidence of correlation among the residuals was found 
except for the stabilization pond equations. It is difficult 
to pinpoint any reason at this stage. The ponds are very 
susceptible to local climatological conditions and therefore 
design practices vary widely from area to area. It is
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possible that variations in the design practices (loading 
may vary from *+0 lbs of BOD to 100 lbs of BOD per acre per 
day) may be causing the error correlation. Johnston (36) 
points out that such correlation of error terms causes in­
efficient predictions, that is, predictions with needlessly 
large sampling variances. More detailed information con­
cerning the design practices and costs will be needed before 
anything definite can be said about this situation.

The equations which are considered suitable for 
estimating the unit construction costs are given in Tables 12 
through 16. The equations for estimating the unit construc­
tion costs of industrial waste treatment plants were derived 
from a very limited data and should not be considered very 
reliable. However, these equations will be helpful in giving 
some idea of the cost involved in constructing an industrial 
waste treatment plant. As more data becomes available these 
equations can be improved and the confidence interval can be 
established.

In the study costs were not included for such fa­
cilities as outfall sewers, pumping stations not contiguous 
to the plant, and administrative, engineering and legal 
services. The construction costs of a project represent 
approximately 80 per cent of the total costs (8). The costs 
which were excluded from this investigation can be incorpo­
rated in probable total project costs by increasing the con­
struction estimates by a factor of 20 per cent. The study
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TABLE 12

EQUATIONS FOR ESTIMATING CONSTRUCTION COST PER PE DESIGNED

Type of Treatment Plant
Stabilization

Ponds
High-Rate Trickling 

Filters
Regression
Equations ^bo+b^ b2%2 InY’=bo+biInXj+b2lnX2

Standard 
Error of 
Estimate

^jReMSC^cuxfn

2c 2̂̂ 1

Siny.= l̂ eMS[̂ c-|iX̂ +

022̂ 2+

2012%1=2]
1/2

Regression
Coefficients

bî

0.0511

0.0001

-0.06^0

9 .3 9

-0.6443
0 .3557

df
n
JïïëMS

154

157

0.081

120
123

0 .438
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TABLE 12--Continued

Type of Treatment Plant
Stabilization

Ponds
High-Rate Trickling 

Filters

Deviations

1̂ X-, -3798.29 InX^-8.92

X2 %2"^'8^38 InXg-(-0.2440)

4 - -

2̂ - -

°11 0.0000 0 .0297

°12 0.0000 0.0244

°22 0.0146 0.0257

°13 - -
C23 - -

°33 - -
- -

°24 - -
C31+ - -

CIA- - -
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TABLE 13
EQUATIONS FOR ESTIMATING CONSTRUCTION COST PER PE DESIGNED

Type of Treatment Plant
Activated Sludge 

Plants
All the Secondary 
Treatment Plants

Regression
Equations

Standard 
Error of 
Estimate

lnY'=bQ+hilnX^+ 
b2lnX2

■i. - -,2

InY ’ =bo+bi lnX-| +b2ln%2+ 
0.015D^+0.120D2

SinY'=P®̂ [s+Ciixf+ 8inY, = jReMS[l+ciix2+
022X2"̂  C33 D2+ci+l4.D̂ + 
2 c 12*1 X2+2 c 13x1 D3+ 
2c-| L,.x-̂ Dlj,+2c23X2D3+ 

2c2^X2D^+

022=2+

2012=1=2 ]
1 /2

2C2I4.D2UI4.]1 /2

Regression
Coefficients

df

n
sjReMS

8.^3
-0 .5 3 8 9

0 .262 4

112

115

0.468

8 .32

0 .467

-0 .782

0 .0150

0.1200

300

304

0 .446
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TABLE 13— Continued

Type of Treatment Plant
Activated Sludge 

Plants
All the Secondary 
Treatment Plants

Deviations

Xo
InX^-8 .3 4

lnX2~(-O.8675)
InX^-8 .6 0

ln%2-(-0.6041) 
D^- 0.4013  

D2-0.3782

'ij
°11
°12

C22

°13
C23

°33

^ 4
°24
*31+
C44

0 .0460

0 .0452

0 .0478

0 .0160

0 .0150

0 .0160

0.0002
0 .0 0 0 5

0 .0140

0.0002
0 .0 0 0 5

0 .0130

0 . 0 l 40
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TABLE IN­

EQUATIONS FOR ESTIMATING CONSTRUCTION COST PER MGD DESIGNED

Type of Treatment Plant
Primary Treatment 

Plants
Stabilization

Ponds

Regression lnY"=bQ+b2lnX2 
Equations j^^bo+bi InXi +b2lnX2

Standard 
Error of 
Estimate

252 .2 ]

-— ='RMS[^CiiXi +InY"

20^2^1 2̂ ^
1 / 2

Regression
Coefficients

■'o 1 2.N2

-0 .3852

0.1291

-O.OONN
0 .0073

df
n
jReMS

100
102
0.N88

15^
157

0.006
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TABLE 14— Continued

Type of Treatment Plant
Primary Treatment 

Plant
Stabilization

Ponds
Deviations

- iiiX-̂ -7 .1 0

X2 111X2-0.4722 ln%2-(-2 .16)
- -

^2 - -

1 - 0.0248

°12 - 0 .0229

C22 - 0.0250

^13 - -

C23 - -

°33 - -

- -

C2I+ - -

03!^ - -

cî - -
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TABLE 15

EQUATIONS FOR ESTIMATING CONSTRUCTION COST PER MGD DESIGNED

Type of Treatment Plant
Standard-Rate
Trickling
Filters

High-Rate Trickling 
Filters

Regression
Equations

lnY"=bo+bilnXi +
b2lnX2

lny"=bQ+b̂  ln%i + 
b2lnX2

Standard 
Error of 
Estimate

011=1+022%#+

2ci2=i=2]^^^

011=1+022=2+

2012=1=2]1 / 2

Regression
Coefficients

7 .9 0

0 .5007

- 0.9568

9 .3 9

0 .3557

-0.6443

"3
b4

df
n
JseMS

64

67

0 .383

120 
1.23 . 
0 .437
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TABLE 15— Continued

Type of Treatment Plant
Standard-Rate
Trickling
Filters

High-Rate Trickling 
Filters

Deviations
X, ln%i-8 .3 6 lnX^-8 .9 2

X2 ln%2-(-0.8249) lnX2-(-0 «2440)
- -

d.2

""ij
°11 0.0848 0 .0297

°12 0.0?40 0.0244
022 0.0751 0 .0 2 5 7

Ci3 - -
023 - -

°33 - -
- -

°24 - -
- -

ci+4 - -
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TABLE 16
EQUATIONS FOR ESTIMATING CONSTRUCTION COST PER MGD DESIGNED

Type of Treatment.Plant
Activated Sludge 

Plants
All the Secondary 
Treatment Plants

Regression
Equations

lnY"=bo+b-, InX-, +

b^lnXg
lnY"=bg+biInX  ̂+b2ln%2+

0 . 0 1 5D^+0.120D2

Standard 
Error of 
Estimate

SfnY ii~ '|ReMS [ -n
2 2 C11X1+C22X2+

2c 2̂̂ 1̂ 2̂ 1 /2

SfnYir jReM8[l+ciixi + 

C22XI+C33D3+

2X1*2'

2c ̂ 2̂ 1 ̂3"̂
2ci^XiD^+

2022*2^2^
2C2kX2\*

Regression
Coefficients

bo
bi
b2
b3
bif

8 .53

0.4610
-0 .7 3 7 5

8 .32

0.467
-0.782

0.0150

0.1200
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TABLE 16— Continued

Type of Treatment.Plant
Activated Sludge 

Plants
Ail the Secondary 
Treatment Plants

df 112 300
n 115 304
vTReMS • 0.468 0.446

Deviations

1̂ lnX^-8.34 lnX^-8.60
X2 lnX2"(“0.8675) ln%2-(-0.6041)

-0.4013

"2 - D2-0.3782

°11 0.0460 0.0160
Ci2 0.0452 0.0150
°22 0.0478 0.0160

°13 - 0.0002

°23 - 0.0005
°33 - 0.0140

Glif - 0.0002
C2lf - 0.0005
°3̂ - 0.0130
ci+4 - 0.0140
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does not include land costs because of their wide varia­
tions .

A few examples have been solved to illustrate the 
use of the regression equations. Tables 12 through 16 pre­
sent the necessary parameters for estimating the unit costs 
by using the derived equations. In these Tables d̂  is 
degrees of freedom corresponding to the residual mean square, 
n is the number of observations and ReMS is residual mean 
square. The 95 per cent confidence limits for an estimated 
cost value is given by,

CL = InY ± t^lnY ,
where

CL = 95 per cent confidence limits,
InY = estimated expected value for a given set of 

X's, (In is the base e logarithm),
t = "student's t" value for confidence coefficient 

of 0 .9 5 and degrees of freedom corresponding to the residual 
mean square, and S^̂ Y ~ standard error of estimate for InY. 
The dimensions of Sjĵ y logarithmic (base e) units. The 
antilog (base e) of InY gives the expected construction cost 
in dollars per PE or MGD (depending on the equation used) 
and the antilog of the upper and lower values of the com­
puted confidence limits gives the 95 per cent confidence 
limits.
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Sample Calculations 

A few examples are cited to illustrate the applica­
tion of the equations. Assume that a city located within 
the area of influence of Kansas City desires to estimate the 
construction cost of a proposed municipal waste treatment 
plant. The design PE and flow of the influent are 12,000 
and 1 .3̂+ MGD, respectively. The stream conditions are such 
that an effluent BOD greater than 30 MG/L is not allowed. 
Obviously a secondary treatment plant which can remove about 
8M- per cent of the influent BOD is needed. In order to be 
able to compare the construction costs of different types of 
conventional treatment plants and also to illustrate the use 
of the estimating equations it was decided to estimate the 
costs of construction of a primary treatment plant and con­
ventional secondary plants namely; standard-rate and high- 
rate trickling filters, and an activated sludge plant. The 
equations given below, from Tables h and 9 are appropriate 
for estimating the expected costs.

Primary Treatment Plant 
InY" = 12.42 - 0.3852 InXg (24)

%2 ~  ̂« 34

= 12.42 - 0 .3852 In 1.34

= 12.31
Antilog of 12.31 (an estimate of the expected cost of primary 
treatment plant — $222,444)
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From Table 14-

%2 = (In 1.34 - 0.4722) = 0.032

= 0-«8 tife ̂
= ( 0 . 4 8 8 ) ( 0 .0 1 1 0 ) 1 /2  

= 0 .0 4 9

=
= ( 2 ,0 ) ( 0 . 0 4 9 )

= 0 .098

95^ confidence limits = InY' ± '
= 12.31 ± 0 .098

Antilog of these (95̂  confidence interval in 1957-59 dol­
lars per MGD designed) = $200,887 to $244,856. The probabil­
ity is 0 ,9 5 that the true mean construction cost per MGD for 
the primary treatment plant with a design flow of 1.34 MGD 
lies in the interval of $200 ,887 to $244,856 and the best 
estimate of the expected value is $222,444. To obtain the 
total expected cost for say August 1962, compute (WPC-STP 
Index for Kansas City = 103.49):

222 ,444 (1.3 4) 0̂3^43. = $308,478

Lower limit of 95  ̂confidence interval =
200 ,887 (1.3 4)(1.0349) = $278 ,583 (approximate)

Upper limit of 95^ confidence interval =
244,856 (1 .3 4)(1.0349) = $339,558 (approximate). 

Costs for such facilities as outfall sewers, and ad­
ministrative, engineering and legal services but not the land
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costs are incorporated in probable total project costs by 
increasing the construction estimates by a factor of 20 per 
cent. In this case, 20 per cent of the total expected cost 
of construction = $61,695- Thus the cost of the treatment 
plant (including the above items) = l308,*+78 + $61,695 = 
$370,173 (approximate).

Similarly construction costs of high-rate trickling 
filters, standard-rate filters and activated sludge treat­
ment plants are computed. In order to illustrate the use of 
dummy variables the construction cost is computed by using 
the following equation:
InY" = 8.323+0.^671nX^-0.7821nX2+0.0l5 +0.120 D2 (104)

= 12,000 PE 

= 1.3^ MOD
= 8.323+0.^671n 12,000 -  0 .78 2  In 1.3^ + 0.01 5D-, + 

O.1 2 OD2  = 12.488 + 0 . 0 1 5D-I + O.1 2 OD2  .

To account for the different secondary processes the follow­
ing values from Table 9 are substituted:

= 0 and D2 “ 0 for standard-rate trickling filters.
D-| = 1 and D2 = 0 for high-rate trickling filters.

= 0 and D2 = 1 for activated sludge treatment
plants.

Antilog of 12.488 (an estimate of the expected cost of the 
standard-rate trickling filter per MGD designed in 1957-59 
dollars) = $265,793 (approximate) antilog of 12,503 (an 
estimate of the expected cost of the high-rate trickling
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filter per MGD designed in 1957-59 dollars) = $269,815 
(approximate).

Antilog of 12.608 (an estimate of the expected cost of the 
activated sludge treatment plant per MGD designed in 1957- 
59 dollars) = $299,050 (approximate) From Table 16 

x̂  = [In 1 2 ,0 0 0 -8 .6 0 3 ]  = O.789  

X2 ~ C In 1 • 3  ̂— ( “0 « 6oH- ) ] ~ 0 Ü 896 

d̂  = [1-0.401] = 0 .5 9 9

— [I—0 .378] — 0 .6 2 2

= 0.446 [ ^  + 0.016(0.789)2 + 0.016(0.896)2 + 

0 .0 1 4 ( 0 ,5 9 9 ) 2  + 0 .0 1 4 ( 0 .6 2 2 ) 2  + 2 (0 .015)(0-789)(0 .8 9 6) 

+ 2 (0 .00020)(0 .789)(0 .599) + 2 (0 .00020)(0 .789)(0 .621)

+ 2 (0 .0005)(0 .896)(0 .599) + 2(0.0005)(0.896)(0.622)

+ 2(0.013)(0.599)(0.622)]1/2

= 0 .117

t S i n ï '  = (2 . 0 ) ( 0 . 117) = 0 . 234 .

95^ confidence limits = InY' ± tSlnY'

= 12.488 ± 0 .2 3 4

= 12 .254 to 12,722 for standard-rate trickling filters
= 12.503 ± 0 .2 3 4

= 12.269 to 12.737 for high-rate trickling filters
= 12.608 ± 0 .2 3 4
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= 12.37̂  to 12„8*+2 for activated sludge treatment 
plants

Antilog of these give 95 per cent confidence intervals in 
1957-59 dollars per MGD designed. These confidence inter­
vals are given below:

$210,241 to $335,833 per MGD for the standard-rate 
trickling filters.

$213,478 to $340,830 per MGD for the high-rate 
trickling filters.

$236,832 to $378,582 per MGD for the activated sludge 
treatment plants.

To estimate the total expected cost of, say, a high- 
rate trickling filter in Kansas City to be designed for a PE 
of 12,000 and a flow of 1.34 MGD for August 1962 (WPC-STP 
Index for Kansas City = 1.034) multiply the expected unit 
cost by the design flow and the cost index (Appendix B):

269,815(1 »34)̂ -̂]qq-̂~ $374,170 (approximate)

95 per cent confidence interval for this cost is: 
$296 ,044 to $472,651 (approximately).

Following similar procedure the equation below estimates the 
construction cost for PE designed:
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InY' = 8.323 -  0.5321 In 12,000 + 0 .2172 In  1.3^

+ 0 .0153 + 0.1203 Dg (103)
S u b s t itu t in g  = 1 and D2 = 0

= 3-^0
Antilog of 3'^0 (an estimate of the expected cost of the 
high-rate trickling filter per PE designed in 1957-59 
dollars) = #3 0 .0 0 (approximate).

Total expected  c o s t  in  Kansas City fo r  the same 

d esign  lo a d in g s  (12 ,000  PE and 1. 3̂  MGD);

30 X X 12,000 = $372, 56̂  (approximate)

95^ confidence limits = InY' + t Ŝ ŷi
= 3 .^03 ± 0 .2 3 4

Antilog of this gives the confidence interval for the cost 
per PE designed in 1957-59 dollars. The range of the total 
estimated construction cost of just the plant itself (in 
August 1962 dollars) for a design PE of 12,000 is:

$295 ,567 to $471 ,542 (approximate)
It may be of interest to note that the estimated 

construction cost based on detailed estimates made by the 
PVTPCA (7) for a model high-rate trickling filter plant in 
Kansas City was $462,034.29 based on the August 1962 
WPC-STP Cost Index. It may be pointed out here that one of 
the reasons for selecting an organic loading of 12,000 PE and 
a hydraulic loading of 1.34 MGD was to afford a comparison 
between the actual detailed cost estimates and those computed
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from the regression equations. The total cost figure com­
puted from the detailed estimates lies within the predicted 
cost range. Also a comparison of the two estimated total 
plant construction costs, one based on the unit flow and 
second based on unit PE, are fairly close.

As done in previous examples, increase the esti­
mated construction costs by a factor of 20 per cent to in­
clude the cost of outfall sewers, pumping stations, adminis­
trative, engineering and legal services.

Stabilization Ponds 
As a further example suppose that a small town of 

1,200 PE in the state of Oklahoma needs to treat its wastes 
to a satisfactory degree. Due to uncertainty of the future 
development and non-availability of adequate funds it was 
decided to construct a waste stabilization pond to treat the 
wastes. Assuming an average flow of 0.12 MGD, the cost was 
computed as follows:

2 ^  = 0.1291-0.0044 InX̂  + 0.0073 InXg (34)
= 1,200 PE 

Xg = 1 .34 MGD 
= 0.1291 - 0.0044 In 1,200 + 0.0073 In 0.12 
= 0.0824 

or log Y" = 12.13
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Antilog of 12.13 = (an estimate of the expected costs per 
MGD designed in 1957-59 dollars) = ^186,501 (approximate). 
From Table 1̂

x̂  = [In 1,200 - 7-10] = - 0 .0 1 9 4

Xg = [In 0.12 - (-2.16)] = 0.0410

— = 0.006 [t W  + 0.0248(0.0194)^ + 0.0250(0.0410)2 +”lnY” - 57
1 / 2+ 2 (0 .0229)(-0 .0194)(0.0410)]

= 0.006(0.0063)1/2 = 0.00048

t ^ — = (2 .0 )(0.00048) = 0 .00096  
GlnY"

95^ confidence limits = + q— —̂inï ^inY"
= 0.0824 t 0.00096

Inverse and antilog gives (95̂  confidence interval in 1957- 
59 dollars per MGD designed) $161,524 to $21^,036. Total 
expected cost (WPC-STP Index for August 1962 = 97*23)•

= 186,510(0 .12) = $21 ,760 (approximate)

Lower limit of 95^ confidence interval 161,524(0.12)

1,846 (approximate)
97.23Upper limit of 95̂  confidence interval 215,036(0.12) q̂q

= $2 5 ,0 8 9 (approximate)
Since the major portion of the State of Oklahoma is 

considered unq.er the area of influence of Dallas, Texas, the
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cost index used here is the one which was effective in 
August 1962 in Dallas,

Following a similar procedure, construction cost per 
PE designed is estimated as illustrated below:

^  = 0.0511 + 0.00001(1,200) - 0=06^0(0.12) (39)
X = 1 ,200 = 0.059+
Xp = 0.12

Inverse of 0.055^ (an estimate of the expected cost per PE 
designed in 1957-59 dollars) = $18.0̂ .

^  = 0.081 [T^ + 0.0000(-2598.29)2 + 0.0l46(-0.2238)2]1/2 
Y ‘

= 0.081(0.00710)1/2 = 0.0068 

t ^  = (2 .0 ) (0 .0068) = 0 ,0316ûy !

95^ confidence limits = ^  ± t

= 0.059+ t 0 .0136

Inverse of these (95̂  confidence interval in 1957-59 dollars 
per PE designed) = $lU-.M-9 to $23 = 91 •

To obtain the total cost (WPC-STP Index = 97<■23):

Expected value = l8.04(l,200) = $21,053 (approximate).

Lower limit of 95/̂  confidence interval = 14̂ 4-9(1 ,200) ^^qO^ 

= $16 ,906 (approximate);
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Upper limit of 95^ confidence interval = 23.91 (1 ,200)

= $27,897.
The contract cost reported for a stabilization pond 

of similar capacity constructed in 1962 to treat the wastes 
on a comparable community in the State of Oklahoma was 
$21 ,500 (37).

Costs for outfall sewers, and administrative, 
engineering and legal services are incorporated in probable 
total project costs by increasing the construction estimates 
by a factor of 20 per cent.



CHAPTER VII 

SUMMARY AND CONCLUSIONS

Summary 
This Study

In order to enable engineers, planners, public of­
ficials and economists charged with planning and development 
of water resources to calculate the preliminary estimates of 
the construction cost of a waste treatment facility for a 
city or a region equations are presented which would give 
reliable estimates. The use of equations will provide only 
the preliminary estimates prior to any detailed engineering 
studies and is not meant to replace such studies for any 
given project.

It was thought that the efficiency of the treatment 
plant variable would contribute a significant amount of the 
regression, since one would expect that more efficient 
plants (removing greater percentage of the influent BOD) 
would cost relatively more. It is possible that division of 
the secondary treatment plants into three categories: 
standard-rate and high-rate trickling filter plants and 
activated sludge treatment plants; and very limited data on
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the efficiency may have masked the effect of efficiency on 
the cost.

The economies of scale affect the unit construction 
cost of different types of secondary treatment plants by a 
factor which changes very little from type to type. In 
other words, the unit cost does change with the type of 
treatment plant, for example an activated sludge treatment 
plant's cost might differ from high-rate trickling filter 
plant, but change in the unit cost due to scale factor is 
not significantly different between the two plants. This 
fact has been demonstrated by the use of the dummy variables 
in Chapter VI.

There is some risk in extrapolating beyond the range 
of values for the independent variables observed in the 
study. The same regression function may not apply to values 
outside the range and the estimates may be either too large 
or too small. Approximate valid range is given in Table 11.

Suggestions for Future Work
To insure better unit cost estimates the regression 

equations must be revaluated at regular intervals of five to 
ten years. Such revaluation may be necessitated due to 
changes in design practices and new treatment methods. The 
equations for estimating the construction costs of the in­
dustrial waste treatment plants need to be substantiated 
with adequate data.
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Due to lack of cost data for plants constructed 

before 1957, effect of time on future costs as a result of 
technological advancements could not be evaluated. The 
WPC-STP Construction Cost Index (7) reflects to some extent 
the current practices in the sewage treatment plant industry 
and new developments or uses of process equipment. However, 
if one could obtain data on old plants and also newly con­
structed treatment plants, it may be possible to predict the 
construction cost of a future treatment plant with a given 
efficiency based on the study of past trends. Needless to 
say, such an attempt should be based on adequate data ana­
lyzed’ by modern statistical procedures.

In order to get more insight into the cost-BOD 
removal relationship detailed cost estimates could be made 
of a plant with a certain capacity starting from preliminary 
treatment units to secondary treatment units including sedi­
mentation tanks. Such estimates will have to be made for 
various detention times and different recirculation factors, 
both of which will provide different BOD removal efficiencies 
and which, in turn, can be related to different costs.

Conclusions
The author has developed a technique for estimating 

the unit construction costs of the waste treatment plants.
It takes into account regional differences, volume and 
strength. The explanatory variables used are PE and flow in
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MGD. The former variable is a measure of organic loading 
and the latter hydraulic loading. Equations providing unit 
costs in terms of PE and flow have been presented. In a de­
terministic sense, volume is most important in municipal 
fixed cost estimates, in that the processes consist of 
mainly tanks and pipes, are directly related to volume. On 
the other hand, highly concentrated wastes, though still 
responsive to volume, do involve aeration gear responsive to 
strength.

In the previous studies, Velz (10), Diachishin (12), 
and Logan, et al. (17) related the cost to flow. These 
studies did not take into account the organic loading even 
though secondary treatment plants are designed to remove the 
organic matter. The ENR-C Index was used to adjust all 
costs. The authors did not take into consideration regional 
differences in the total costs. Cost estimating equations 
were also derived by Rowan et al. (16) for different types 
of treatment processes. The authors related costs per 
capita to design population. Since municipal sewage gen­
erally contains some industrial waste, design PE rather than 
design population is a better explanatory variable. Also, 
the flow which is one of the important explanatory variables 
was not considered. Regional differences were taken into 
consideration by using 20 ERR regions.

ENR-C Index rather than WPC-STP Index was used in 
adjusting the costs. It has been pointed out in Chapter V
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that WPC-STP Index Is representative of cost changes pe­
culiar to municipal sewage treatment plant construction.

Park (19) considered both hydraulic and organic 
loadings for estimating the construction costs. Certain 
flat assumptions concerning BOD and flow were made and have 
been discussed in Chapter II. The data was not analyzed by 
multiple linear regression techniques.

Assenzo (20) attempted to derive multiple regression 
equations for each of the 9 USPHS administrative regions.
He considered BOD, PE, and type of treatment plant as the 
explanatory variables and cost per PE produced, cost per PE 
treated, and cost per capita as the response variables.

Like other workers, Assenzo considered ENR-C Index. 
Also a single estimating equation for all types of treatment 
plants was developed. It is believed that separate equa­
tions for primary and secondary plants, and stabilization 
ponds provide better estimates of unit costs. Table 17 pre­
sents a comparison of some of the studies.

The developed equations can be used to predict 
future, short term cost, by using projected flows and 
strengths; for longer terms, technological changes must be 
imputed, and there was not sufficient data available to 
analyze it statistically.

Table 18 gives the projected ratios of PE to popula­
tion and sewage to water use. The ratios have been de­
veloped from studies made by Reid (38), and Wells and
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TABLE 17

A COMPARISON OF STUDIES BY VARIOUS AUTHORS

Study Velz Diachishin Rowan et al,
Consideration 
of regional 
differences 
in construc­
tion costs
Explanatory 
variables 
used to ac­
count for 
the size of 
plant
Techniques 
used to 
take dif­
ferent 
processes 
into con­
sideration

Equation
format'.

None

Flow

None

Single equa­
tion, primary35̂  bodremoval, 
chemical co­
agulation 
65^ BOD re­
moval , 
trickling 
filter 85^ 
BOD removal, 
activated 
sludge 90̂  
BOD removal.

Y=aX^

Flow

Separate 
equations 
for primary 
and second­
ary treat­
ments

20 areas 
ENR-C Index
1913=100

Design popu­
lation

Separate 
equation for 
each type of 
process

Y=ax^
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TABLE 17— Continued

Logan et al. Assenzo Shah
None for field 
studies

9 USPHS regions 
based on 
ENR-C Index = inn

20 regions 
WPC-STP 
Index=100

Flow PE, design PE, flow
population, type 
of plant, BOD of 
effluent

Separate equa­
tion for each 
type of 
process

Single equa­
tion, variable 
people per 
effective area 
accounts for 
different 
processes

Separate equations 
for each type of 
process. Dummy 
variables used to 
account for differ­
ent types of second­
ary treatment 
plants

Y=a%b lnY=bo+%bilnXi lnY=bo+IbilnX^ for 
primary and 
secondary plants
lnY=bQ+2bj_lnXi+Di +D2 
for secondary 
municipal, and 
primary and second­
ary industrial 
wastes
InY ^o'^Zpi^^i
^bo+IbiXi for 
stabilization ponds
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TABLE 18 
PROJECTED RATIOS

Year PE to Population Sewage to Water Use

1900 1.0 —  —

19)4 1.30 —  —

1960 1 .If 2 0.62
1980 1 .50 0.59
2000 1 .76 0.57
2020 1 .87 0.55
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Gloyna (39). For any city one can usually develop the popu­
lation and water use projection from the past records. Tiie 
above table can thus be used to estimate the PE and sewage 
volume for say year 2000.

Figure 3 presents a comparison between the costs of 
secondary treatment plants estimated by Velz (10),
Diachishin (12), and the author. Selected points were 
directly taken from the graphs presented by Velz and 
Diachishin. The costs were then adjusted to 1957-59 dol­
lars. The Velz’s curve is based on cost information ob­
tained for treatment plants constructed before 19̂ 8 and 
Diachishin's curve is based on cost information obtained for 
plants constructed between 19̂ 7 to 1957* Author's curve is 
based on the data obtained for plants constructed between 
1957-67. The graph indicates that the construction costs of 
older plants are higher than newer plants when compared at 
the same dollar value. The most recent data gathered by the 
author indicates higher capital costs of the plants designed 
for a flow less than 1 MGD and lower costs for plants de­
signed above 1 MGD when compared with the cost information 
for the older plants.

Better equipment for many of the unit processes, 
new and improved methods developed as a result of research, 
and economies of scale have helped to reduce the capital 
costs in recent times. Whereas improved technology has 
lowered the capital costs of higher capacity plants it has
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Figure 3. Construction cost of secondary sewage treatment plants. All data 

adjusted to WPC-STP Index (1957-59 = 100).
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not lowered the costs of lower capacity plants. In fact in­
creased requirements of a fixed nature such as the need for
laboratories etc. have increased costs.

Generally, the smaller size plants are constructed 
so that they are easy to operate, although the costs for such 
plants are higher. For example, standard-rate trickling 
filters are expensive to build for capacities lower than
1 MGD. The activated sludge treatment plants and high-rate
trickling filter plants are relatively economical to con­
struct (particularly for higher capacities) but need skilled 
operators. Small size communities can not afford high 
operation costs. This is one of the main reasons why the 
technological developments in the field of waste treatment 
have not effected the capital costs of the small size plants. 
Needless to say that although costs per design capacity are 
increasing by the years modern technology tends to lower the 
costs based on the constant dollar value. Thus, for the 
same dollar value one can expect at least some or better 
efficiency from the waste treatment plants constructed in 
the future.

For completeness, tertiary treatment costs are in­
cluded. Today, there are simply not enough plants to derive 
equations statistically. Curves in Figure h compare the 
costs of tertiary treatment (activated carbon + phosphate 
removal) with various secondary processes for common ca­
pacities. Cost figures were obtained from a report prepared
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by Chou-Shong Chow, et al. (40). The secondary treatment 
cost figures are estimates of expected costs computed from 
the equations developed in this study. One can thus get 
some idea of the additional costs involved in the tertiary 
treatment.

Thus the use of the regression equations presented 
in this study will give reliable estimates of the cost of 
sewage treatment plant to those concerned with water re­
sources planning. Use of the estimates thus obtained in 
present, or new, mathematical models for the operation of a 
water resources region will greatly aid in deciding the 
proper balance between dilution of wastes and degree of 
treatment wastes and will also aid in the decision of over­
all operation. That is, in any given region it may be pos­
sible that provision of storage may be more economical than 
treating the wastes beyond a certain degree, say for removing 
over 90 per cent of influent BOD. For certain other regions 
the contrary may be true. In either case, this study does 
provide information, in the form of cost estimation, to help 
the planner of a water resources region in making more ra­
tional decisions in the operation of a region. Tables 12 
through 16 present the regression equations and the necessary 
parameters for computing the expected unit construction cost 
estimates and the confidence limits. Appendix E presents 
estimates of mean unit construction costs of a few selected 
conditions.
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APPENDIX A

INSTRUCTIONS FOR FILLING IN THE QUESTIONNAIRE

1. Please return the completed questionnaire by March 22, 
1262.

2. LOCATION; The town, city, or Sanitary district, etc.
3. YEAR OF CONTRACT AWARD: Indicate the year of contract

award, if available. Otherwise, give the year construc­
tion was completed and indicate by (*) in latter case.

k. TYPE OF PLANTS:
(a) Lo: Stabilization Ponds, designed mainly for 

aerobic treatment of raw sewage. No distinction 
is made as to the number of cells provided or flow 
pattern.

(b) Prim: Primary treatment: Employs gravity settling
and separate sludge digestion (exclude Imhoff tanks).

(c) A.S. Activated sludge plants: Projects which employ 
primary settling, aeration by either diffused air
or mechanical means, and final settling.

(d) H.R.T.F. High rate trickling filter.
(e) S.R.T.F. Slow rate trickling filter.
Both (d) and (e) include primary treatment, sludge di­
gestion, and final clarification.

5. DESIGNED FOR; Give population, 5 day BOD in milligrams 
per liter (MG/L> flow in million gallons daily (MGD.), 
for which the treatment plant has been designed for.

6. CURRENT DATA: Give current population served, flow, and 
influent and effluent BOD from the plant records (aver­
age figures),
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Check if a copy of the report is desired.

Designed for Current Data

Lo­
cation

Year
of
Contract
Award

Type
of

Cost Plant
Popn- BOD^ Flow 
lation MG/L MGD.

Popu­
lation
Served

Influ- Efflu- 
end ent 

Flow BODr BODc. Re- 
MGD. MG/L MG/L marks
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APPENDIX B 
TABLE 19

MUNICIPAL WASTE TREATMENT PLANT COST INDEXES

1930 1956 1957 1958 1959 I960

Atlanta 29.37 86 .4 8 92.73 9 6 .0 5 9 6 .5 3 97.71
Baltimore 3^ .02 89.30 96.52 100 .08 102 .46 103.29
Birmingham 32.37 85.08 90.68 93.75 95 .82 9 8 .0 8

Boston 3*t.33 94.76 100.41 103.36 105 .84 10 6 .88

Chicago 37-26 95.92 10 2 .1 0 104.50 107.39 107.51
Cincinnati 3 6 .0 0 92.17 98.74 102.15 102.59 104 .73

Cleveland 3 9 .0 6 99 .1 8 105.30 107.04 107.13 108.71
Dallas 3 5-2^ 8 4 .5 3 91.11 9 3 .6 4 95.74 9 6 .6 4

Denver 37.51 86.15 91.32 94.10 98.13 99.43
Detroit 31.86 97.66 102.34 1 0 5 .6 5 10 8 .99 109.88
Kansas City 32.45 90.08 94.54 97.70 100.43 101.72
Los Angeles 30.88 92.45 98.45 102.61 105.66 107.86
Minneapolis 30.97 94.27 9 9 .8 4 104.50 107.71 10 8 .8 0

New Orleans 3 1 .1 6 85.17 90.15 93.43 95.20 9 6 .0 9

New York 4 1 .3 0 99.05 106.31 110 .44 114.78 11 6 .1 9

Philadelphia 33.93 95.13 100.39 105.76 103.85 104.52
Pittsburgh 35.18 91.49 100.95 10 4 .06 107.30 1 0 8 .2 0

St. Louis 3 6 .5 6 92.02 97.93 102.07 104.92 105-54
San Francisco 37.17 92.41 100.01 103.47 104.68 108.08
Seattle 31.92 94.12 10 0 .88 105.57 107.86 109.29
National averages 
(19 57 -59 = 100) 34.43 91.87 9 8 .0 4 101.50 103.65 1 0 4 .9 6

National averages
(1930 = 100) 10 0 .00 2 6 6 .7 9 284.71 294.75 301.00 3 0 4 .8 9

Source: Abridged from Sewer and Sewage Treatment Plant Construction Cost
Index, Federal Water Pollution Control Administration, Division 
of Construction Grants, CWT-1 , December, I967.
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TABLE 19— Continued

Years
1961 1961 1963 1964 1965 1966 1967
98.68 100.31 100.92 103.63 103.23 105.88 110.52
103.57 105.19 10 4 .98 104.54 1 0 4 .9 5 113.15 115.32
97.25 9 6 .8 6 9 8 .2 4 99.70 100 .62 104.17 104 .08

107.86 108.27 111.11 112 .48 112.91 116 .97 120 .00

1 0 8.9'+ 109.41 110.83 113.12 115.63 120.31 123.43
107.Oit 107.54 10 8 .28 11 0 .86 11 2 .36 115.50 119.08
109.71 1 1 0 .6 2 110.43 113.28 116.17 120.25 125.26

9 6 .3 9 97.23 9 8 .5 6 100 .12 100.92 105.19 106 .10

9 9.1+3 10 1 .1 6 102.21 104.90 106 .07 109.39 111.63
110.73 111.70 112.79 114.57 119.56 122.56 128.62

102.77 103.49 1 0 4 .3 5 105.87 107.19 1 1 1 .6 9 112.77
108.53 11 0 .6 6 111.72 11 4 .1 0 11 6 .6 4 1 2 4 .6 9 128.03
109.93 1 1 0 .1 0 111.67 113.63 115.62 118 .22 122.17

97.41 98.88 9 9 .7 6 100.29 102.67 106 .82 109.59
118.39 11 9 .4 8 12 1 .4 6 127.03 131.41 133.94 139.02
105.62 107.82 109.14 111.08 112.77 1 1 6 .8 9 119.07
107.81 1 1 0 .8 4 112.39 114 .13 11 5 .84 119.41 121.35
1 0 6 .2 8 108.29 109.92 112.58 11 4 .70 1 2 0 .6 5 12 5 .8 4

1 0 8 .6 5 109.51 1 16.50 11 8 .2 8 123.18 12 8 .2 4 133.24
11 1 .63 112.49 115.08 11 6 .58 118.99 124.50 130.51

105.83 1 0 6 .9 9 108.52 110.54 112.57 116.92 120 .28

307.33 310.70 315.14 321.01 326.91 339.54 349.29
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APPENDIX C

TABLE 20
RESULTS OF THE DURBIN-WATSON TEST FOR THE CORRELATION OF 

THE RESIDUALS FOR THE SELECTED EQUATIONS

Type of Treatment d dL du
Municinal Waste Treatment 

Plants
Activated Sludge 1.90 1.66 1.75
High-Rate Trickling Filters 1.71 1.68 1.77
Standard-Rate Trickling 
Filters 1.98 1.5̂ 1.66
Stabilization Ponds 1.06* 1.7^ 1.83
Primary Plants 1.68 1.63 1 .72

Industrial Waste Treatment 
Plants

Secondary Plants 1.70 1.08 1 .53

Primary Plants 1.95 0.95 . 1.5^

Evidence of correlation.
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TABLE 21

RESULTS OF THE DURBIN-WATSON TEST FOR THE CORRELATION OF 
THE RESIDUALS OF THE SELECTED EQUATIONS 

USING DUMMY VARIABLES

Type of Treatment d

Munloinal Waste Treatment 
Plants

Secondary Plants 1.78 values are not 
available

Industrial Waste Treatment 
Plants

Secondary Plants 1.56 1 .06 1 .7 6

Primary Plants 1 .77 1.0^ 1 .77
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APPENDIX-'D

A

Figure 5* "Unit D eviate"  
Form o f the R e sid u a ls .
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TABLE 22
ESTIMATED MEAN CONSTRUCTION COSTS PER DESIGN PE 

FOR SELECTED CAPACITIES

Type of 
Plant

PE
Designed

Flow in MGD 
Designed

Estimate of 
Mean Cost

Standard-Rate 100 0.01 H 222.91Trickling 1,000 0.1 77 .98
Filter 10,000 1 .0 27 .28

100,000 10.0 9 .5 4
500,000 50 .0 4 .5 8

1,000,000 100.0 3.33

High-Rate 100 0.01 120.14
Trickling 1,000 0.1 61.81
Filter 10,000 1.0 3 1.80

100,000 10.0 16.36
500,000 50 .0 10.28

1,000,000 100.0 8.41
Activated 100 0.01 127.62
Sludge 1,000 0.1 67 .52

10,000 1.0 35 .72
100,000 10.0 18 .89
500,000 50.0 12.11

1,000,000 100.0 9 .9 9

All Secondary 100 0.01 146.93Treatment 1,000 0.1 71 .27Plants _ 10,000 1 .0 34 .57Combined 100,000 10.0 16.76
500,000 50 .0 10.11

1,000,000 100.0 8 .13

Using dummy variables.
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TABLE 23 

COST PER MGD

Type of
Treatment PE Flow in MGD Estimate of
Plant Designed Designed Mean Cost

Primary 100 0.01 $1,300,000
1,000 0.1 580,16510,000 1 .0 258,916

Stabilization 100 0.01 568,389Ponds 1,000 0.1 220,35110,000 1.0 85,425100,000 10.0 33,117
500,000 50 .0 17,076

1,000,000 100.0 12,839

Stahdard-Rate 100 0.01 2 ,229,110
Trickling 1,000 0.1 779,888
Filter 10,000 1 .0 272 ,855100,000 10.0 95,462

500,000 50.0 45 818
1,000,000 100.0 33,399

High-Rate 100 0.01 1,201,480
Trickling 1,000 0.1 618,184
Filter 10,000 1.0 318,067100,000 10.0 163,650

500,000 50.0 102,847
1,000,000 100.0 84,201

Activated 100 0.01 1,276,370Sludge 1 ,000 0.1 679,26?10,000 1.0 397 ,254100,000 10.0 189,006
500,000 50 .0 121,1191,000,000 100.0 99,994


