University of Windsor

Scholarship at UWindsor

Electronic Theses and Dissertations

1979

Optimal allocation of effluent charges in regional
water resource systems.

Mohamed el Mougy. Ahmed
University of Windsor

Follow this and additional works at: http://scholaruwindsor.ca/etd

Recommended Citation

Ahmed, Mohamed el Mougy., "Optimal allocation of effluent charges in regional water resource systems." (1979). Electronic Theses and
Dissertations. Paper 2940.

This online database contains the full-text of PhD dissertations and Masters’ theses of University of Windsor students from 1954 forward. These
documents are made available for personal study and research purposes only, in accordance with the Canadian Copyright Act and the Creative
Commons license—CC BY-NC-ND (Attribution, Non-Commercial, No Derivative Works). Under this license, works must always be attributed to the
copyright holder (original author), cannot be used for any commercial purposes, and may not be altered. Any other use would require the permission of
the copyright holder. Students may inquire about withdrawing their dissertation and/or thesis from this database. For additional inquiries, please
contact the repository administrator via email (scholarship@uwindsor.ca) or by telephone at 519-253-3000ext. 3208.


http://scholar.uwindsor.ca?utm_source=scholar.uwindsor.ca%2Fetd%2F2940&utm_medium=PDF&utm_campaign=PDFCoverPages
http://scholar.uwindsor.ca/etd?utm_source=scholar.uwindsor.ca%2Fetd%2F2940&utm_medium=PDF&utm_campaign=PDFCoverPages
http://scholar.uwindsor.ca/etd?utm_source=scholar.uwindsor.ca%2Fetd%2F2940&utm_medium=PDF&utm_campaign=PDFCoverPages
http://scholar.uwindsor.ca/etd/2940?utm_source=scholar.uwindsor.ca%2Fetd%2F2940&utm_medium=PDF&utm_campaign=PDFCoverPages
mailto:scholarship@uwindsor.ca




I * Nahona! Lzbrary of Canada

Collections Development Branch

Canadian Thesés on

Microfiche Service sur rmcroflche

¥ L]

-~ NOTICE

s

The quality of this microfiche is heavily dependent
upon the quality of the original thesis submitted for
‘microfilming. Every effort hds been. made to ensure
the highest quality of reproduction possible.

If pages are missing, contact the university which
" granted, the degree.

Some pages may have indistinct print espeéially
if the original pages were typed with a poor typewriter
ribbon or if the university sent us a poor photocopy.

Previously copyrighted materials {journal artlcles
published tests, etc.) are not flimed

Reproduction in full or in part of this film is gov-
erned by the Canadian Copyright Act, R.S.C. 1870,
¢. C-30. Please read the authorization forms which
accompany this thesis.

/ THIS DISSERTATION
HAS BEEN MICROFILMED .
, EXACTLY AS RECEIVED

Ottawa, Canada
K1A ON4

Bibliothéque nationale du,Canada . -
Direction du développement des collections

Servucé des théses canaduennes -

La qualite de cette microfiche dépend grandement de
fa qualité ‘de la thése soumise au microfilmage. Nous
avons tout fait pour assurer une qualité supeneure’
de reproductlon ‘

S'il manque des pages, veuillez communiquer
avec l'université qui a conféré le grade.

La qualité d‘impression de certaines pages peut
laisser a désirer, surtout si les pages originales ont été
dactylographiées @ 1'aide d'un ruban usé ou si I'univer-.
sité nous a falt parvenir une photocople de- mauvaise
qualité.

Les documents qui font déja Iob\t d’'un

' dr0|
d’auteur f{articles 'de revue, examens publiés, etc.
i

sont pas microfilmés.

La reproduction, méme partielle, de ce microfiim
est soumise 3 la Loi canadienne sur le droit d'auteur,
SRC 1970, c. C-30: Veuillez prendfe connaissance des
formules d'autorisation qui accompagnent cette thése. -

LA THESE A ETE
MICROFILMEE TELLE QUE
NOUS L'AVONS RECUE~

-

NL-339 (Aev. B/B0)

<

v



{.\‘

-
)

OPTIMAL ALLOCATION OF EFFLUENT CHARGES IN REGIONAL
) WATER RESOURCE SYSTEMS

r

A THESIS

SUBMITTED TO THE FACULTY OF GRADUATE STUDIES
THROUGH THE DEPARTMENT OF INDUSTRIAL ENGINEERING
IN PARTIAL FULFILMENT OF THE REQUIREMENTS
FOR THE DEGREE OF MASTER OF APPLIED

SCIENCE AT THE UNIVERSITY OF WINDSOR

BY

MOHAMED EL MOUGY AHMED

. o 0

= .
Faculty of Graduate Studies.

University of Windsor
" WINDSOR, ONTARIO, CANADA

1973



@ Mohamed El-Mougy Ahmed 1979
- .,\

."‘



ABSTRACT

Environmental resources play a major réle_in economic _
systems through the service they provide td assimilgﬁe_or
carry away the residuals of- production processes. As water
resources have become scarce to offer their service t6 the ,//
growing number of popglation, urbanization, and ecoqpmic
activities, the optimal allocation of-thei£ assimilative
capacities'among thedsers can be achieved through the'for?égv/

of the market system. The effluent charges strategy attains

this objective. The strategy, in effect, imposes a price on

.the use of the water resource and thus provides an incentive

to the polluﬁers\qo seek the most effiéient waste treatment
meﬁg}ds. ‘ ~

A mathematical mode; is developed to determine, within
fﬁe.framework‘qf a regional‘water'qualiﬁy manaqemeht system,

th? optimal effluent charge rates to be levied against all

polluters in a rivergﬁasinf In addition, the model determines

the optimal treatment policy.for each polluter such thét the
required water quality standards in the basin are satisfied

at a minimum total cost.
s . ’
The formulation of the model reflects the presence
of a large number of factors which account for the variations

in stream characteristics as well as in plant performance at

each pollution source. The factors interact with each other

. through complex, nonlinear transfer functions. Consequently,

the objective function and constraints are highly nonlineér_
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in nature, which calls for adonlineaj optimization method

-

* to find the splutlon. The Sequential Unconstraint Minimi-

s

zation Technlque (SUMT) - has been used for this purpose.
,LTwormaln features distinguish the present model from
previous works. -First, the attainmént of water quality

standards_ﬁhroughout the basin is ensured by explicitly

specifying the_appropriate constraints in the model. Second,

the model defermines the effluent charges as a set of non-
linear ,rates-as opposed to a set of uniform.rates obtained
by the ex15t1ng models.

The ‘model is applied to two dlfferent cases, and the

results are lnterpreted ini the context of the complex inter-

» actions among all the factors involved. The results point

out the importance of deGEloping complex mathematical models

in order to deal with complicaEed\problems of environmental
N

pollution. ' <h\
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CHAPTER I

INTRODUCTION .

)

1.1 Economic Aspects of Environmental Pollution:

> The quality of water, air, and soil, is affected.by
the economic activities of human beings to the extent that
most researchers consider the pollutlon problem as a pheno-
menon relateé to productlon and consumption processes,
(Dales, 1968). This relationship can'be clearly shown by:
tracing the pollution to its primary sources.

"Men, through their daily activities, take from the
environment a wide variety of materials, agricultural_pgo—
ducts, and animal materials. They transform theh into many
varieties of economic goods. During the transformation
Processes, many unwanted materials - solid, liquid .or
gaseous - are generéted and disagrded into the environment
as fesiduals. Some of these resiauals are harmful (toxic
chemicals, for example) and could damage the environment;
some others are harmless, but they could react chemically -
with other substances or with "each other ifn the air or
water in a démaging way (as in the sunright). On the other
hand, the final economic goods are eventually consumed, a
process during which tﬁey undergo physical or chemical
transformation and become unwanted materials. Sooner or
later they will be discarded again.

If the environmental capacity to absorb or to carfy

away all the residuals was unlimited, there would be no

pPollution problem and residuals could be discharged into



Q : 2/
water, air, or soil without limit. In earlier ddys\ a
smaller; moré dispersed'popu&atidn, and a much lzaer level
of ecbno?ic activity did n%‘ generally‘impose a _real load
on the capacity of the environment to éssimilate residuéls.'
Environmental resources %ére in such abundance that they

seemed to have an unlimited capacity to assimilate the °
; _

wastes. Most ec0nomist$ at that time were considering

i
!

these common resourcésihs perfect examples of free goods.
But, as éopulation; urbanization, and economic activity

have grown, Wwhat were'once plentiful environmental reséurces
have become iﬁc:easingly'scérce, and can no longer be fully
available to the.increasing number of users.’

‘ It is clear that the amount.of.discarded waste depends
on two factors: number of people in the economy (population
density), and per capiﬁa corisumptions of materials. Environ-
mental degradatipn, therefore, will increase with increasiﬂg
popuiation and ‘economic growth. Assuming the society has no
intention to halt or decrease the economy's growﬁh, it has
only one alternative left to control pollution: that is to
seek new technical methods of pollution abatement to decyease
the rate of waste residuals per‘throughput of raw materials.

On the other hand, eliminating the/ discarded wastes,
which are unwanﬁed residuals with no vézz;, will cost the
society at large. The dischargers, however, are under no
obligation to incuf this cost or even economize in their use
of natural resources as waste receptors. This has created

a situation in which the costs of production and the prices



of goods aqh services diverge} in different degrées, rbm ,
ﬁhe.true‘costs of production. Such divergence not onl
leads to.a'misallocation of the employed.résources, bu
can also result in a déteriorating environméntal'quality
(Ralph, 1963). ' .

Two points emexge from this analysis. First, the’
environmental respucmE\blay an important role in the '
economic syééem tﬁrougp the service they offer_to ﬁhe pro-
duction processes to carry away or assimilate rséidugls.
The concept of the economic syétém should be broadened to
‘include these resources as a counterpart to suchaftﬁfr
factors in thé production processes as capital, labour,
and materials, (Ingemar et al, 1977). Figure 1.1 diagra-
.matically depicts this concept. Second, any real effort
to gontrol pollution would have ﬁo pfovide a set of strong
ecohomiC'inCentives to persuade dischargers to seek theée
new, téchnical meéhods of pollution abatement.

In order to alleviate this'situatioﬁ, environmental
qpalitf management should bé c0nsiQered'as a resource alio—
cation problem;‘that is, environmental resources, like all
other scarce resources, should be optimally ailogated among
“the different competing users so as to maintain a desired
level of environmental quality. Although the free market
system provides the mechanism for optimal ailocation of \\
regources, in the case of environmental resources it could

fail, The failure may be due to either the lack of pro-

perty rights, or the public good nature of these resources.
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To ovércomg the-market:failure for thecenvironmental
resources, some form of governmental intervention is sug-
gested for malntalnlng ‘the desired env1ronmental quallty
levels, and achlev1ng the optlmal allocation of resources‘

. among different users (Kneese, 1964). The government agency
may use ﬁhe strategy it deems best to fullfil its responsi-
bility. 'Such methods as the regulation enforéement and
subsidies have been widely used in the.past one-and-a-half

decades. The regulation enforcement str imposes dis-

charge levels on firms and municipalities, wherea
subsidies method provifies monetary grah%s for consyr
waste treatment facilities. 1In spite of these effqrts, both
strategies have failed to bring about the desired le
environmental gquality (Alexander, 1976} . The reason lies in
the féct that both strateéies have two charagtéristics-which
render them costly and ineffective. First they rely greatly
on detailed information and procedures which are difficult

l‘\.to obtain and appiy. Second, they lack economic incentives

_ ) -
to realize the social cost of -degrading the environment.
The effluent charge strategy is an alterhative con-

trol policy, and it has the potentiality'ta overcome the

drawbacks inherent in the other two methods. The strgzéggr
requires that those who use the environmental resources pay
for them at a price'that reflects their scarcity. Pricing
the environmentai resource tends to establish, among the

.different users, an optimal allocation pattern of these

resources. The strategy is simpie and applicable; besides,

i



it places greater reliance on the self-motivation of dis-

.-chargers to reduce their waste.

4

al.2 The Purpose and Plan of- Study

-

The primary purpose of this investigation is to
develop a mathematical model of water pollution control,

which would determine the optimal effluent charge 'rates

o

“\\\\\ , ' to be levied against all the polluters in a river basin
N system, such that the desired water quality levels in the
'(\hfg§iﬁ are maintained at a minimum total cost.
' In Chapte£ I, the pollution problem has been em-
- beddgd'in an economic ﬁiamework; since the problem has
arisen in the éontext‘of economic activities, its solution
\may be‘found in economic theory.

Chapter II presents the technical aspects of the
water pollution problem. The'competing uses of water
resources, . are discussed and the sources of pollution and
pollutant ﬁypes are presented. The heasures'of water
quality used in the study are discussed next. lFinallf, the

. technical oﬁtions for‘wate; pollution control are exhibited,
emphasizing conventional wastexp;gé?ﬁent methodg.

Chapter IIT is devoﬁéd:to an ev§luation of the
~effluent charges strategy as an“a}ternative céntrol method
The role-@léyed by the priée mechanisﬁ, through the market
functioq, £6 solvé the problem of resource allocation is
‘diScugsed. - The reasons for  market failure in the case of
the environﬁental resources, and the use of effluent char-

ges to overcome this failure are explained. A comparison
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-
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is made between the effluent charge strategy and the other .

two strategies 'wiéﬁ respeét to three important criteria:’
effectiveness, flexibility, and eéficiency. Finally, the
criticisms of, and the misunderstanding about, the strategy
are evaluated. | “

In Chapter 1V, the historical.evclution of the ef-
fluent charge sﬁrgtegy is presented in two parts. In the
ffiét part, wérks carried_out to. date on the development
of ;ﬁeoretical bases for the sérategy are discussed. The
Sécoﬁd part offers a survey of the studies dealing with
applications of ﬁhe gtrategy within framework of water -
quality management models.

In Chapter V, the maéhematical model of the river
basin system is developed. The riveﬁ is divided into %
number of zones, each réceiving wastes from municipal and/
or industrial sources located along the river. Water
quality measures are defined and a modified form of the
Streeter-Phelps equatioﬁs, as suggested by Dobbins (1964)
are employed to predict the behaviout of these measures
at various points of a zone. The model's objective func-
tion consists of the treatment costs as well as the ef-
fluent charges levied against the untreated portion of the
wastes. The constraints of the model define the allowable
levels of.water quality measures 1in each zone. The model
is highly nonlinear in nature, calling for a nonlinear

optimization method to find the solution.

Chapter VI considers the application of the optimi-



zatiqn model in,ﬁwo'aiffexent ca%es. The~f;r§t assumes
that “the river recééves'wéste ffgh muniéipal‘sources.- The
cost functlon employed in this. example are derl;ed from
actual data ¢ollected, during the perlod 1975-1977, from
municipal wastewater treatment plants in Southern Ontario
The second example ‘assumes that the rlver receives waste
‘from dlfferent mun1c1pal andblndustrlal sources. The cost
functions employged are based on the c;rrent lnformatlon on
~ the cost of industrial and municipal waste treatment.
Chapter'VII is devoted to discuss the results of
the optimization model as it is applied in the two cas
The discussion is followed by drawiﬁg a number of conéfi:

sions for the present ‘investigation :. -Proposals are made,

at the end of the report, for further research and studies.
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o R CHAPTER-II

TECHNICAL ASPECTS OF.THE WATER POLLUTION PROBLEM

2.1 Introduction

For the water to be useable, it should possess
certain guality levels. Over the years, higﬂly Fgchnolo;
gical tféatment methods have been developed to ‘improve
the quality of wéter in rivers and streams. Yet, there
are some questions régarding the effectiveness of these
methods to cope with increasing problem of water resource

» N
Apgllution.

The chapter discuéﬁes, first, the various uses of
water resources; second, it identifies tﬁe different
.bategorieg bf:waste aisch ges, and explains the measures
of water -quality. Séme.te hnological options for ;educing

A
the amount. of waste discharge without a decrease in econo-

mic growth are presented. Finally, the conventional waste

treatment methods - primary, secondary and tertiary - are

briefly discussed.

2.2 Importance of Water Resources

_The importance of water resources (e.g., streams,
rivers, and lakes) can be assessed through the values of
their three main sé;vices:

1) Value in Use: Water is withdrawn from the
stream to satisfy domestic, industrial, and agricultural
needs. 3

2) Value in Commerce and Recreation: The stream



serves as a means of transportatlon, a source of power, or

'a place to fish, boat or swim; it contributes to the

environment, whrch makes a community a pleasant place to
v . ~ ﬂ'

live in.. e, 2

_rn

3) Value as a Waste Carpier: Stream flow may be
used to carry waste materials away from thelr Goprces.

. The first two functlons compete’ w1th the thlrd If
the amount of waste dlscharged into the stream is greater
.than the capacity of the.stream_to assimilate it, pollution
probleﬁ will arise, =nd Fhe value of the gater_course }or

its other two uses will reduce (Lee, 1970).

The threat to water quality arises malnly from dis-
charglng wastes from domestlc,-rnéustrlal, agrlcultural,
‘and recreatlonal act1v1t1es into the water.  These wastes
can be grouped in various ways.ETOne common claesification
differentiates between nen-degradable and-degradable wastes:
i) ggg;gggraéaplg_ﬁggggg- The sources of non-degradable
". substances are mainly,i?organic chemicals suth‘aéﬂchldrides,
synthetic organic chemicais and inorganic ‘suspended solids.
Some industrial wastes contain inorganic or metallic salts
and synthetic organic chemicala. Domes+tic water use results
in a 'small increase in the content of chlerides and other
dissolved salts. The return flow from irrigation is gen--
erally significantly higher in dissolved salts than the rn-
£low water. 'Also, some other discharges from mines may

contain copper, zinc, and uranium. - Many of these non-

degradable wastes may be toxic or corrosive. Some of them



nl
may impart color or taste to the water. Suspended maqﬁf—
ials and golloidal matter cause tu ity in surface
waters. This not only makes wateﬁ less attractlve, but
'can also damage flsh life, and inhlbit the growth of some
aquatic plants such as algae whlch may or may not be

»

'de51rable. Non-degradable~wastes are usually d{luted

and may be changed in form, but they are not appreciably
)ﬁ -
reduced in weight in the receiving water (Kneese, 1964).

ii) Degradable Wastes.

e e

D tadable wastes include thetmal
wastes and organic wastes which come mainly from domestic,
‘industrial and agricaltural operations. These types of
waste are subsequently decoméosed into harmless substances
by the stream's natural biological, chemical, or physical
%rocesses, whlch result in a.significant weight reduction
of the waste load. .The concentration of a degradable waste,
‘-howevef,'is much more difficult to be Yetermined than,a
non-degradable waste because the capacity of the stream to
decompose (or to assimilate) the waste is determined by
many factors such as stream flow, stream temperature, and
thﬁ phy51cal and blologlcal properties of the stream that
affect the rates of settling and reaeration (Lee, 1970)
Thermal loads are classified as degradable waste since the
heat is dlSSlpated -in rece1v1ng waters, primarily by eva-
poration and conduction in ground waters. The primary
sources of thermal wastes are the generation of electrical
energ§ and the cooling operations in many industries (Fan,

et al, 1973).
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2.3 Water Quelitx_Measures

A measure of organic waste load.is Biochemical
-Qxyden Demand {(BOD), which is a measure of the amount of
oxygen needed to exieize a unit oﬁ'orgenic Qaste material |
info relatively_harmless components. ihe amount of oxy-
gen demanded and the rate at which it is drawn upon are
mainly'funetions of the quality of the waste,.its chemical
characteristics, és‘well as themtemperature of the receiv- T
ing water. For example, toxic substances may apprecPably
reduce the rate of decomPOSition by inhibiting bacterial
action. At higher temperatures, where the Oxygee saturation
level of water is relatively lew, bacterial action is
accelerated, and dissolved oxygen in the water is drawn
upon more rapidly (Davidson and Bradshaw, 1967). The im-
baiance between available oxygen and oxygenidemand may
proceed to the poine oi depletinglthe oxygen level in the
st;eemicompletely (anaerobic_conditions); Sﬁch conditione
are most likeiﬁ to occur in the summer, when streamflows
tend to be low and temperatures high. All the efforts to.
control water quality have to avoid such conditions. 1In
fact,‘the rate at which "BOD" is depleted (which depends
on the amount of waste at the point of discharge) combined.
with the rate at which oxygen is restored, determines the
level of Dissolved Oxygen (DO) in the stream.

The combined effect of organic waste discharged at’
a specific location and reaeration in the stream results

first in a decrease and then in an increase in DO as the

N
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waste is carried or moved downstream. This phenomenon is’

"illustrated by a characteristic curve known as the "oxygen

sag" curve. In Figure 2.1, the variations in BOD concen-
. _

tration and the asfociated oxygen sag curves for two dif-

ferent levels of waste load discharge are presented. In

Figure 2.1{(a) the waste load is below the river's assimi-

‘Tative capacity, and thus a minimum level of "DO" is

-

maintained throughout the stream. However, if the receiving
waters are loaded excessively such as in Figure 2.1(b), the

process of degradation will proceed anaercbically by the

action of bacteria not utilizing free oxygen. Anaerobic
S »,

processes produce hydrogen sulfide and other gase€s which

have an annoying odor. Theée, combined with floating.
materialé and sewage soiid;, are_likely~to be‘unpleésant
from aesthetic and recreational view points. The bacteria
content also makes the stream unsafe for water sports.
However, the most airect impact of an excessive organic
waste load in the stream is its éffect of reducing tﬁe
amount of/“DO“ to the point where most species of fish are
unabl?aq;]survive (Kneese and Bower, 1968).

\\‘v’/gﬁong the factors contributing to the degradation
of water quality are plant nutrients, primarily phosphorus.
Although nutriehts.themseIQes are not harmful to the water
(except when they are present in gxcessive amounts) they
can lead to intense algae growth, or "eut;ophication“,
which, in general, is detrimental to aquatic life (Bishdp,

1975). This is of particular importance in quiet waters
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BOD
level,
mg/%

( a_)

Organic' waste load:
less than normal
(aerobic) assimi-
lative capacity.

(o)

Waste load greater
than normal (aerobic)
assimilative capa-
city.

DO
level,
mg/L

anaerobic
condition

Figure 2.1.

Residence Time, days

Schematic diagram of oxygen sag for two differenf

levels of organic waste load,[ﬁneese, 1964]-
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such as lakes, bayé, and estuaries. Since most lakes are
considered as sinks for rivers, the maximum level of phos-
phorus substances in rivers should be controlled to prevent

eutrophication processes, not only in rivers, but also in

-~

lakes.

2.4 Technological Options for Water Pollution, Control

The éuality of water resources can be'improvéd in
two ways (separately, or in combination): first, by making
better use of the stream's assimilative capacity, and second,
by reducing waéte‘load discharges (Knéese and Bower, 1968).
_ As far as the first option is concerned, assimilative
éépacity can be enhanced in various ways. For instance,
‘since the effect of waste discharge depends on the time and/
v TN —— .
t place ;E\ﬁischarge, any change in one or both. factors
ould affect pollution concentration. Some locations along
the ¥tream are better suited for carrying aQay and assimi-
lating the waste than others. Alternatively, discharges
can be timed to coincide with periods of maximum stream
flow rate, and to avoid periods of high temperature. The'
assimilative capacity can also be increased by means of
artificial reaeration, or by constructing dams to store and
release water to dilute wastes during periods of low flow
(low flow augmentation).
As for%the secend option, the reduction of waste

load discharges can beﬁaccomﬁlished in two broad ways:

(i) by reducing the generation of wastes per unit

output,
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,(ii) by modifying the residda} waéte after gen-
eration.
Within these two broad categories a variety of techniques
are available. Iﬁ the first cateqory, waste generation per
unit output could be reduced by changing the types of raw
material inputs or by modifying productioh processes in such
a way as to increase the technical efficiency of materials
used, which eventually results in less waste. Another possi-

bility is to shift the economic activities toward more dura-

ble products. 1In the second category, the waste reduction
could be accomplished either by material recovery or by
waste treatment. Materigl recovery is now technologically

possible for most types of material, such as paper, metal,

and glass.

Water pbllution can also be reduced by various tech-
niques of waste treatment. There are a number of advanced
waste treatment methods, capable of significantly réducing
the harmful effects of waste dischérge. However, the costs
entailed in achieving such treatmeht levels are usually
high, compared to other methods, which in many cases embody
also a more effective means of waste reduction (Kneese &
Schultze, 1975). Neverthéless, most policies have rested
almost exclusively on the waste-treatmen£ approach to water
pellution control.— This may be due to the fact that waste :
treatment is the only general method for reducing wéste
discharges.from different sources, e.g., households, in-

dustries, and mines. On the other hand, the absence of an
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adequate incent%ve ta motivate the firms to search for
alternative methods of waste reduction (such as recycling
or material recovery) may also have contributed to this
exclusive_dépendence on waste treatﬁent technigques. In
the next section, a brief discﬁssion regarding.the con-
ventional treatment ﬁéthod; of domestic and industrial

wastes and their economies will be given.

2.5 Conventional Methods of Waste Treatment -

Conventional treatment of domestic and industrial
wastes is a comparatively standardized process that can
greatly reduce, but not eliminate, BOD level. The process

T

involves the following steps:

i) Primary Treatmeﬁt: 'In this stage the large
solids are removed by screening and,sediméntation processes.
This step usually produces a wet, difficult-to-handle sludge
which is usually digested in heated anaerobic tanks before
final disposal. When waste treatment plants are operated
adequately, the primary treatmeﬁt of an influent containing
organic wastes é#n reduce the first stage BOD by 35% to 45%

{(Kneese, 1964).

ey
~ b

1i) Secondary_Treatment: This stage is biblogical
in charactér and essentially controls and accelerates the
oxidation processes. Two major techniques are presently
used, with various modifications. One is the trickling
filter in which a biological film is.grown on rocks or some

type of plastic medium, and waste is applied intermittently,

allowing air contact with the surface of the film. The

&



18

other technique is the;activated sludge process, in which
air or oxygen is forced into a tank containing a mixture

of waste and actively feeding biota. Part of thé settled
sludge containing the biota is recirculated and mixed with

the entering waste in the aeration chamber.

Primary and secondary treatments combined usually

‘can reduce BOD by between 80% and 95% (Kneese, 1964).

’iii) Tertiary Treatment{ Secondary treatment plant
" effluents can create "some undesirable conditions in receiv-
" ing streams through adverse effects on the dissolved oxygen
levels, which result in unwanted changes in the living
organisms of the stream and the possible excess growth of
algae and other aguatic plants. To arrest these conditions,
an advanced type 6f "tertiary" treatment is being developed
as a third stage to follow conventional secondary treatment
processes for further'reduction of BOD as well as nutrients
{such as phosphorus substances) which algae utilize fbr
growth. This.thifd stage can usually reduce the BOD level-
up to 99%; however, there is no typical tertiary treatment
form. This third stage must be adapted tolthe particular
needs of the receiving water concerned. Figure 2.2 illus-

trates the three conventional treatment stages.

Treatment costs in any plant increase rapidly as the
removal of BOD is pushed upward, (Fig. 2.3). This has been
confirmed by studies of many industries and different kind
of pollutants. Kneese and Schultz (1975) demonstrated -the

relationship between the percentage of pollutants already
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removed énd thé cost of removing an additidnal unit. The
examples included beet sugar industry, meat-processing
p;anﬁs,-and the petroleum refining industry, see Figﬁre
2.4. These examples also illustrate another aspect of the
pollution control costs, nameiy, that they differ widely
from industry to industry; tﬁe incremental cost of removing
pollptants above the 90 percent level is $0.05 per pound of
BOD in beet sugar industry; $0.60 per pound for meat pro-
cessing plants, and $0.22 per pound for pétroleum refining
industry.

On the other hand, within the same industry, indivi-
dual firms may incur quite different treatment costs, de-
pending on the‘magniEude of the waste flow they are handling.
The studies given by Shah (1970), and Michel (1970) indicate
that as the amount of waste flow increasés, the ﬁer unit
costs of capital invested plus operation and maintenance
deéreases, see Figure 2.4. This fesulf is Vaiid'for both
municipal and industrial waste treatment pPlants.

The differential between the pollution removal costs
of municipal and industrial plants underlines a significan£
feature that a flexible pollution control policy should
possess. That is, these policies must recognize and exploit
these cost differentials so as t6 encourage the largest re-
duction in pollution from the firms with the smallest removal
.costs. This tends to minimize the total cost of pollution
control by a greater amount than if uni form regulations of

reduction weré imposed on discharger, Kneese and Schultze

" {1975).

Bl



Total Annual Cost Per MGD

50 MGD plant

50
Percent Removal of BOD
Figure 2.4 Relationship between degree of BOD removal

and amount of waste flow in mgd and total
annual cost per MGD. Kneese (1964)
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CHAPTER III

THE EFFLUENT CHARGE AND ﬁATER POLLUTION CONTROL

3.1 Introduction

Water resources have served as fEEe goodé and been
considered as infinite sinks for the purpose of waste dis-
posal. In an ecoﬁomic sense, godds or serviges are not
‘free (scarce) when all users cannot be fully satisfied at
Zero price (Beckerman, 1975). Nevertheigss, when a firm, ’
for examplé, discharges its pollutants into a stream, it
is depriving the community, surround the waterway, of the
benefits of clean water. If the community could always
éprovide itself, free of charge, with unlimited amounts of
clean water; the use of the stream by the polluters would
not be an issue. Howevef, the fact 1is that there is
always angalue attached to enjoying clean water.

Accordingly, water resources should no longer be
considered as freé, and their scarce sgrvices should be
optimally allocated among different users‘in order to
maintain the quality of the environment.

Economic theory states that the market system, when
functioning properly, can solve thé problem of scarqity by
allocating resources in an efficient way through price
mechanism (Stigler, 1960}. The market system, however,
could fail in its function for many reasons. The pheno-
menon of market failure is particularly pertinent to the

environmental resources due to the nature of these resources

as "public goods". To overcome this failure a measure of

23
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publlc lnterventlon has’ been suggeseed. There are many
' dlfferent forms of lnterventlon, one "of which is the ef—
fluent charge strategy. ) - .j

The objective of this chapter is twe-fold; FPirst,
to present the idea of the maéket system and to discuss
the reasons that have led to market failure in water re—
sources planning; second, to evaluate various forms of
public intervention, emphasizing the effluent charge

strategy. -

3.2 Market System and Resource Allocation

According to the theory of welfare economics, a
resource is optimally allocated among all users when the
welfare‘of society would decrease_more by taking a unit
of resource away from one user than it would gaie by giv-
ing it to some other (Mishan, 1967). The vaiue to society
of employing the.last unit of‘a resource in a certain way
.(i.e., marginal sociallvalue) is usually taken as the
price. Therefore, if the output of all goods and services
was pushed to the point where the benefit loss to society
of producing the last unit (marginal Soéial cost) was just
equal to its price (marginal social value), resources
would be optimally distributed among‘different uses and
the pattern of output would have maximum value to society. -

Analogously, the resource is optlmally allocated
among different uses when the marginal cost of producing
the last unit of goods (i.e., marginal priyate cost) equals

its price. Therefore, when the marginal social cost equals
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the ﬁar@inal privéte cost, aﬂd £hey both equal the unit
pricé of the resource, ﬁhen the resour;e'will be optimally
-allocated._ .

. Price in this sense reflects the relative imporF
tanqe of'gooés and resources in different uses. Usually,
prices are determined in a free market through the forces
of supply and demand. The perfect market should provide
 decision makers (producers and consumers) with informatipn
(in the form of prices) covering the relative profits and
costs of using the resources at han@ in differen£ ways.
Where a\ll goods and'resourées péss through free.market,

rand where\ there is perfect knowledge and resource mobility, .

—

prices”se ve to guide resources to their most beneficial
use.‘

If there is no market, however, for scome valuable
resources, or if the market does not functibn properly,
the resulting resource allocatioﬁ will ndf be optimal. In
this caée, it is said that market failure has occurred.

.The phenomenon of market £failure is particularly
pertinent to theﬁenﬁironmeﬁtal resources for three main’
reasons. First, there is léq&\of property rights. For
the market to function properlf, the ownership of the re-
source must be clearly definable and enforceable so that
the owner can prevent others from using, benefiting from,
or damaging his resource. Since environmental ownership
is not established, polluters do not have to ei;her pay

the owner for using it or compensate him for the damages
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causey.

. The second reason relates to the "public goods"
nature of the environmental resources. Public goods, once
supplied to an individual, are by their very nature freely

. ’ .

available to all; it 'is not practical to exclude some peo-

Ple from using them. Since other users cannot be excluded

'because of non-payment, producers of public goods are un%_

able to collect revenues from beneficiaries. This Situation

could induce the producers to provide such goods in less-

‘than-optimal amounfs*. Clean water and air are typical

=4
examples of public.gqods. Suppose a single firm is granted

eﬂglusive property rights to waterways in a region. . The -

-firm has the right‘to sell clean water (that is, watér\u

reduced in pollution) to buyers willing to pay. But if
pollutgbn’is.reduced for one user, it wi;l be reduced for
all tﬂe users in the regién, whether or not they have to
pay. Since the firm cannot coliect from all benefiéiaries
the total cost of the clean water, it.will have 1little or
no incentive. to curtail pollution.

The third reason for the failure of the market sys-
tem to reach an optimal patfern of.resource allocation has

to do with the externality effects.

* The optimal gquantity of a good is that amount at which
marginal value (social cost) equals marginal cost (private
cost). 1In a case where the marginal value of a good is
greater than the marginal cost, production of goods should
be expanded as long as there is an opportunity to capture
such gain. But where a charactéristig of the good—is its
public nature, the producer may not be able to capture
the full marginal value and hence lacks the incentive to
‘expand -output to the optimal level. '
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fé:?herelis a class of economic activities charac-
terizzélby what is called ﬁexternalities“, of which boilu*
tion output is' a prime example. In these activities, '
optimal outéut does not result through market function
because some/of the costs generated by these activitigé”
are nof\Eg;ﬁ;”by those responsible for them. Extefnélitiea
in using water resources, for example, can occur when ﬁp—
stream users diécharge their waste into the stream at no
-cost to themselves, inflicting damage and costs on down-
:stream users. These costs wiil not normélly enter-into‘
the calculatioys or accounts of the upstream users; they
ariw“external" to such calculations. At the same time,
-do@pétreim users have no power to ask upstream users for-
coﬁpensation. |

| The externality effects of water pollution will
result in the misallocation of watei resources as well as
the production of socially undesirable patterns of output.
In the absence of any obligation to properly dispose of
their wastes, polluters will be encouraged to enhance the
amount of their production, which is artif;ciaIly cheap.
This tends to induce the over-production and over-consumption
éf some products which may have the socially undesirable
result of under production and under consumption of othef-
products. i

Kneese & Schultze (1975) brought attention to

the fact that a society that allows waste dischargers to

neglect the compensation costs of their waste disposal, is
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encouraging them "to produce toc much waste witlfout any
concern for social needs. This results in a misallocation

of watér resource services and a congiderable deterioration

of water quality.

i

3.3 Economic Incentives For Water Pollution Control

As discussed before, water resources are broadly
regarded as public goods. Managing these reséurces, there-
fore, is largely a matter of applying tWe general principles
of public goods management. This is achieved through public
;ntervention in order to account for externalities (Kneesé,
‘_1994). The public authority_responsibié.for this inter-
vention is required, at fi;st, to establish an acceptable
policf regarding water quality standards. These standafds
are not rigid, and they can be changed abpording to any
circumstances. bnce the quality‘standards are established,
the public authority need only seek the best method of
implementing the policy. Although a number of methods have
been suggested pver the years, the follo&ing three have
received the most attention, both theoretical and ﬁractical:

i) Regulatiion Enforcement Strategy - This ls the
most wmdelyﬂd;;g_;;;;rol strategy, and lt can be v1ewed as
a two-step process. First, the authority establishes allow-
able gquantities and compqsitions of dischargeg for each
polluter, as well as.the time aﬁd place of discharge.' Second,
the authority legally enforces sﬁch regulations, i.e., it
can impose sanctions when viclations are detected.

. The strategy could succeed in optimally determining
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A

the amount of waste discharge at each pollution source,’

‘ provided that the public‘éuthority has all the information

regarding the time of discharge, the amount of wasté, the

type of waste treatment technology used, the treatment cost,

: etc.,'foi every polluter in the region (Dales, 1968; Free-

man and Haveman, 1972).

ii) Subsidies Strategy - The bublic éuthprity may
decide to subsidize muAZEipgiztigs.or industries on a
portion of their expenditures on pollution treatment so as
to keep the amount of waste down to the level that it has
established (Dales; 1968). The subsidy may take different
forms, éuch as payments fof building municipal treatment
plants and allowing industries to divert their wastes to
ﬁhese plants at costs below normal, or giving firms grants
and loans to set,up their own pollution control facilities
(Dales, 1968). The subsidy may also be offered in tﬂe
form of a bonus of a certain number of dollars per unit of
treatment achieved. For example, a certain sum may be
offered for each percentage reduction of BOD level in a
river. In such a case, assuming that the authority has set
the tolerable pollution limit, by one way o£ another, at a
certain level “6", the subsidy should be set equal to the
marginal benefit of the unit increase associated with a
unit decrease in pollution at the “6“ level. The polluter
therefore will ‘have an incentive to increase treatment up
to the "6" level as long as his marginal cost is less than

the ﬁér unit subsidy, but not beyond that level.
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(tii) Effluent Charge Strategy - This strategy re-

-—-——_-—.—--__.—........_____,

quires that anyone discharging waste into a waterway has

to pa& the public authority a certaié sum (effluent charge)
per unit of discharged waste. The method was originally
suggested by Kneese (1964), then developed and rationalized
by many otherS*suéh_fs Dales (1968), Baumal and Oates (1971)
and Tietenberg (1973 “(a),(b)): The method proposes to
'bfing the limited assimilative capacities of watercourses
under the effect of the market function by charglng those
who would use these“common resources a certaln prlce. Each
user is led to compare the cost of using the resources for
discharging waste with the cost of handling his waste dis-
posal problem in some other ways. His only guide is the
relative cost of alternative procedures, one of which is
discharging the waste into the environment untreated, and
paying the charge.

This method provideé incentive for the efficient use
of the environment, similar to the incentives which ihduée
efficiency in the use of labour, capital, and land (Freeman,
1971). The waste dischargers will realize the cost of de-
grading the environment through paying effluent charges.
This could bring the firm's private costs {(including ﬁhe
charges) into equality with the social costs, resulting in

an optimal pattern of water resources allocation.

3.4 Evaluation of Effluent Charges Strategy

Choosing appropriately among the above three stra-

tegies is not a straightforward task, since the pollution



31

Problem itself has many socio- economic effects on such things

- as lndustrlal locatiocn preferences, income dlstributions,

‘desired production patterns, population distribution, and

standards of living (Solow, 1971). Kneese and Schultze
(1975), however, have mentioned -three criteria that should
at least be met .for the chosen Strategy to be successful:
the strategy should be: (i) effective enocugh to cope with
the complex relatibnships of the pollution problem (ii)
flexible enough to achieve the socxal need of pollution re-
duction, and (iii) eff1c1ent enough to achleve ‘the least
costly means of pollution reduction,

Apparently, the reéulation enforcement strategy,
which is the most widely used method, has failed to achieve
the required redhctiOn at reasonable cost to socieey. A -
study issued by the Environmental Conservation Agency of
Verﬁont (1972) gave.two reasons for this failure. Firs\§is
the little attention that has been given, in all legislations
concerning water quality management, to the issue of economic
incentives. Second is the neglect of the economic value of
the waste assimilative.capacity of watercourses. Since the
early 1970's tﬂere has been a growing interest in investi-
gating alternative policies. The effluent charges was one
of these alternatives that has received great-attention and .
interest from environmentalists, and from most economists as
well. This interest apparently stems from the coﬁmon view
that establlshlng a price for the water resources would work

as an economic incentive to correct and adjust the malprac-
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tices of dischargers. The strategy, however, is facing
some criticisms and miséonceptions. In what follows, the
‘effluent charges strategy is critically evaluated in the
light of the above three criﬁerié.

incentive will be more effective for reducing‘yater pol-
lution than any legal penalty. The monetary incentives
are.the essence 0f the effluent charge strategy. The
regulation-enforcement strategy, however{ does not provide
such incentives; rather, it enforces the regulation through
legal penalties which are difficult to administer because
of the problems involved in detecting violations (Freeman,
1971). On the other hand, under jideal conditions the regu-
lations could provide enough incentives for the dischargers
to just meet the standards, while in the effluent charges
strategy, the dischargers would have a continuing incentive
to devote research and engineering talent to findiqé less
costly ways of achieving further reductions from the stan-
dard requirements, since a charge must be paid for every
unit of pollution released.

As for the effectiveness of the subsidies sérategy
it could generate results entirely opposite to those it is
expected to achieve. For example, a large waste—producing
industry may be able to reduce its waste at a cost per ton
that is less than the subsidy it earns per ton by doing so.
The industry may expand its production in order to engage

in the profitable business of producing waste and then
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treatihg it.

\

removing pollutlon_vary widely from case to case, control
policies that emphasize one particular appraoch, or impose

A

specific llmltatlons on all peolluters are bound to be rigid,
and to result in inefficiency (gneese and Schultze, 1975).
The effluent charges strategy seems to offer the greatest
flexibility, in the sense that it does not specify hdw‘to
deal with pollution- the ChOlCE is left to the dischargers
who have a wide range of options. They may be able to

-

undertake treatment of part or all of the residuals, Ehey
may change the process to reduce residuals per unit of éut—
| put, or they may find that recfcling and material recovery
is less expensive-than either treating the waste or paying
- “the charge. -In any case the dischargers are led to compare
.the cost of handling their waste disposal problem with thé
cost of using the river as a waste receptor. The strategy,
moreover, does not need detailed and accurate information,
especially regarding the treatment cost for every discharger
in the region (Freeman & Haveman, 1972). 'It is sufficient
to start with a little information; then, once charge value
is known each polluter makes his own cost calculatlons and
responds to the public authority by reporting the amount of
pollution he will discharge. Using this information, the
authority can calculate a new schedule of effluent charges.

The procedure continues in this way until it forms an¢g;ti~

mum schedule of charges for the attainment of the given
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quality standards.

LY

On'the contrary, in the caée of the regulation-
enforcement and subsidies strategies, detailed information
"about the treatment costs and discharge points must be
available to the authorities (Baumol & Oates, 1971). - These
represent a massive administrative problem, and it would be
difficult and éxpensive to collect such information.
charge strategy's management of pollution confrbl, dis-
chargers, are more likely to seek efficient and least costly
methods of pollution reduction. An efficient method requires
that different firms reduce poliution by different amounts,
dependipg on the cost of reduction. Moreover, each firm - in
addition to applying conventional waste treatment techniques
- should take advantage of a widefzange of con;fol alterna-
tives: modifying its production processes, recycling its |
byproduct wastes, and using tﬁe:ﬁarieties~qf its products which
cause less pollution. Efficiency, in this sense, is more
inherent in the effluent charges strategy than in the othe£
two. | |

In spite of the clear advantages of the effluent charges
approach, the strategy has been misunderstood and c;iticized
by various groups of environmentalists, businessmen, and
- economists. It is important, in the course of evaluation of
the strategy, to put the more substantive of these criti-

cisms into proper perspective, and to correct any misconcep-

tions!
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The main criticism, raised by some environmental
groups, is that the strategy is an open invitation for
the polluter to purchase the right to degrade the envifon-
ment. It is important, in evaluating this arguﬁent, to
recognize the.natural capacity of Qatercourses to assimilate
waste loads. It would be unreasonable to neglect the econo-
mic value of the wastg assimflative service. The effluent
charge strategy, like any other economic strategy, makes
proper allowances for thié within the limits of water gquality
establighed by the authorities. The argument, however, eould
make\_sense 1f the .required payment of the charge fails to
‘ma;nta the desired quality limits or to induce dischargers
to search fgr new treatment methods in order to reduce lia-
bility to the charge. Neveftheless, these situations can
be managed if the charge is set above the costs of the high-
est treatment level, in order to induce the profit-maximizing
firms to search for cheaper methods to reduce their pollution,
at least to the specified limits (Rneese & Schultze, 1975).
bﬁ\\\\ Another criticism has been advanced by business groups,
who argue that the effluent charges woulé hinder industries'
ability to reduce pollution and, finance pollution control
equipment. They maintain that firms will find it more
expensive to reduce pollution by a given amount, because in
addition to the real cost of waste treatment they will also
have to pay the effluent charge on their residual wastes.
. By contrast, it is argued that if they Were obliged to reduce
pollution by direct requlation, for example, they would incur

only the real cost of the treatment.
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In order to counter the above criticisms, one might
put forward two economicaily—based arguments in favour of
the‘original proposition. First, in the ideal situation,
authorities would choose the method which will be cheapest
for the economy as a whole, not for the firms only. Becker-
man (1975) has argued that, on the national economic scale,
the only real cost of pollution treatment is the cost of
real resources used by the firms to reduce pollution, that
is, the cost of labor and raw materials employed in the
treatment processes. Efluent charges, or the effects of the
charges, must be excluded in calculating the actual treat-
ment costs, since -the charges are considered as transfer
payments rather than resource costs. It is assumed tha? the
collected charges must be transferred to-other public expen-
ditures or he offset by reduction in other governmqntal tax
revenues. Therefore, the only real cost of pollution control
i1s the total cost of the resources used by the firms.

Second, the proposition of the business- groups sug-
gests that the main effect of any decrease in profits would
be to reduce expenditures for the treatment of residues .
without appropriate incentives, however, it is probable that
businesses do give low priority to investment in pollution
control. It is the purpose of the effluent charge strategy
to alter these priorities and to put more pressure on firms
to seek efficiént methods of pollution treatment.

(
The third.criticism came from some economists, pri-

marily from Coase (1960). Coase argued that any form of
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taxation such as effluent charges is likely to lead to a
misallocation of resources. He argued that private negotia-
:tion between the two parties may'wérk as an optimum method.
There are, however, ﬁﬁree main barriers which pre&gnt grea=-
- ter reliance on this approach. First is theé size of the
environmental units in which property rights must be vested.
A major river system, for example, is inherently indivisible.
To secure the economic benefits,‘based on creation of pro-
perty rights, control over the whole system must be granted
to a single entity (Fréeman III, 1971). Yet Coase's approach
wouid require the establishment of a large number of entities
to own the system, a case which is quite difficult to arrange.
Thé second barrier is the presence of public good
attributes, in many environmental services, which could not
exclude users who have not paid for the services provided.
The third barrier is the cost associated with the
bargainfig processes. The processes are costly in the sense
that iﬁ takes time to gather information, evaluate other
alternatives, and execute the transaction. Because many
parties are involved ih'the environmental negotiations, this
cost tends to be high. Freeman (1971) realized that the
cost of governhent action for administration and enforce-
ment of effluent charge strategy -is smaller in comparison
to the private transaction costs when the bargaining pro-

cesses are taking place.
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In conclusion, the effluent charge strategy seems
to be promising as an -economic instrument for controlllng
water pollution. This stand relles on three main con51dera-
tions. First, imposition of effluent charges encourages a
\pattern.of waste ménagement among different firms and muni-
cipalities that tends to mlnlmlze the cost of control for
the river system as a whole. Second, the charges provide a
continuing incentive to adopt improved technology as it
becomes available. Third, this strategy is muéh more likely

to be enforceable than the other alternatives.



. , *  CHAPTER IV e

EVOLUTION OF EFFLUENT CHARGE STRATEGY -
R A LITERATURE SURVEY

4.1 Introduction

Early in the 1960's, research began on the con-
ceptugl'design of, and'rationalization_for effluent charges
as a strategy for ppliption control. Unfortunately, the
research progress in this area has-beeﬁ relatively ;low.

The strategy, at that time, faced opposition and misunder-
standing from different industrial,. political, and environ-
mentai groups. However, the growing awarenesé, in the

early 1970's, of the failure of present control strategies
to cope effectively with the pollution problem, has'qon—
tributed significantly to the willingness of examining.other
alternatives, particulérly the effluent charge strategy.

During the last few years there has been some work
to develop both the theoretical basis of effluent charges,
and to pave the road toward their practical application.
‘These efforts have sucﬁessf 1y p}oduced two theorieé for
establishing charging methods means of the market system.
Yet, little has been done td-put these methods into practice.
| This bhapter presents first, a survey of the works-
which have been carried out.to date on the development of
the theory pf effluent-charges; second, a summary of the

' =4

studies which have used the strategy within a framework of

a water quality management model.

+
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4,2 TheoréticalADevelopmenf of,Efflaént Charge Strétegy

- The theoretical foundations of the,strategy_have~
been set forth by Kneese (1964). ' He suggested that a
ﬁniform chargé rate be léviéd-against all the pdlluters
in a region équal to the dollar value of the marginal
damage caused by waste dischaige. Kneesé realized that
a éharge equal to the marginal pollution damagesiyill
lead to efficieﬂt al;océtion of the water resources.
Péople discha}ging waste will try to minimize their own
costs by équating their ma;ginal costs of waste reduétion
wiﬁh the eéfluent charge.

At thaf'time, the main difficuity with Kneese's
,prgposal lay in obtaining a reasonable estimate of the -
monetary vglue of the mérginal damage cost of pollution.
This éifficulty was due to the fact that the number of
i\activities.involved,and the number of persons éffected.

i Ly'thg'damagerere so large that it would be aifficult to
collect adequate information regarding the damage cost
with a reasonable degree of accuracy. 1In addition, the
inténgiﬁie nature of many-of the consequences - damage to

'health, and the aesthetift costs - added to tﬁgsg difficul-
Zties. However, later on Kneese é Bower (1968) repérted

- some promiéingvﬁork constituting a first step towards a
monetary estimation of thenpollution‘damages. But the’
study included the costs due to the loss in recreational
benefits only.

To ovetcome the difficulty entailed in Kneese's

proposition, two variant methods for determining the
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appropriate charge‘;evel have been devised. In the -

first metﬁod; Daies'(lééa) suggested that the government
'canﬂcontrol the demand on water resources when it is used
as a waste receptor. According to Dales.the government
then issues a number of "pollution Rights“, each Right
' giﬁing whoever buys it, the right to discharge one equi-
valent ton of waste into the river. The Rigﬁt holder can
¢elso“sell this Right or buy it from any other Right holder.
Because transferable end full property rights alwaye com-
mand an explicit price, the estabiishment ef such Rights
makes it easy to establish a free market for them. In turng
the buying and selling of Rights in an open market reeults,
theoretically, in an efficient.allocatiOn‘ofhthe waterf&-
resources amoeg differént;users | on the other hand as
time goes en, ‘we. could expect the growth of populatlon and
‘lndustry to result in ah increase 1n the demand for nghts.
Since the number of R;ghts issued cannot be increased,. the
price of the Rights will move upward, thereby stimulating
'theﬂincentive of waste dischargers to treat or reduce their
waste in order to decrease the number of Rights they must
pu;chase.

~.
In the second method, Baumol and Qetes (1971)

argued that theIEall for imeosing a charge on polluters
equal to the marginal daﬁage costs has farely proved fea-
sible. They suggested, instead, that the government could
establish, at first, a set of somewhat arbitrary standards

. of environhental quality levels. Then they could impose

| \
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a set of uniform charge rates on'waste emissioné rafher
thanrattempt to baée theﬁ on the unknown values'oﬁ mér—
ginal damage. They recommendéd that the charge should be
high enough to attain the environmental quality standards.
The appropriate charge rates that yield thé desirable
level of pollution control at total minimum cost, can Ee
reached by the;Process of trial and error. *If.after the
first triai, the level of ﬁollution is‘fouﬁd to be higher
than the desired level, the charge rates can be increased
to force discharggrs to reduée their pollution level, and
viée versa. This method is known as “The Pricing and
Standard System". |

Since the effluent cha&ge strategy has been set up,
some decision ané law makers, especial%y the economists,
have expressed their acknowledgement of thé-strategy. Many
papers have been published to clarify the rationality-of
using it, to defend its theoretical and practical basis,
and to explain the merits of the strategy. Boyd (1971)
.supported the strategy on the basis,that the charges col-
lected would be used to reimburse the public authorities
for the cost of constructing and operating dams, aerztion-
devices, etc., in order to expand the waste-receiving capaF
city of the river. At the same time the water quality
.requirement would be attained. Soloﬁ (1971) appreciated
the strategy for three main reasons. First, the fact that
the strategy attains the desired abatement level of pollu-

tion; second, that it provides enought incentive for the
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polluters to search for cheapet methods of waste abatement;

and finally, the authorities need little information regard-

ing the quantity, cost, and timing of pollution.

~
-

Freeman & Haveman.(1972), in their defence against

the strategy, madq;a‘comparison between Regulation Enforce-

e

. ment and effluent charge strategies. The comparison was

based on the effects of each strategy with respect to factors
of: inflation, resource misallocation in the presence of
monolop§, administrative problems, hindering of industrial
abatement, and the cost of attaining environmental éuality
levels. They concluded that the effluent charges is far

3
more advantageous than the other strategy withrrespect to
the above factors.

Ruff (1970) in his comparison between pollution Rights
and The Pricing‘and the Standard System noted that the two
methods will lead to the same results,.as long as the author-
ities suc;éed in establishing correctly either the amount of
pollution Rights, or the starting charge level. Tietenberg
(1973,a), on ﬁhe other hand, realized that the Pricing and-
Standards System is easier "and least costly to administer
than the polfgtion Right method.

Tietenbérg, however, disagreed wit%‘?he notion of

proposing a uniform charge rate for all the polluters in the

' region. To demonsrate this, he employed an abstract model

L]
for contrelling pollution, using effluent charges as a basis
for addressing the issue of whether or not the pricing and

standard system is a sufficient means for a government to

{
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efficiehtiy allocate environmental resourees, assuming thét
consumers, producers, and the government are.acting non-
cooperatively in their own self interest. The model described
the relgtionship of pqlluﬁion with consumers through their
utilitf functions, with producefs through the production
functions, and with society through a sociéi welfare function.
The analysis .showed that the superiority of this control
system depended on imposing a set of non-uniform charge

rates on the polluters in order to attain the minimum cos
advantage. The charge ,rates should differ according to
geographi¢, temporal and spatial factors. Similar conclu- o
sions have been ‘reached by Ackerman (1973), who cﬁncluded

tﬁat'the charge rates should be based on the effect‘of an

emission on the community, and not necessarily on the amount

generated.

o

Baumol & Oates agreed with Tieténberg's proposition
in their rézggt work (1975) which dealt with different econo-
mic policies for envi:énmental resources control. Brumm and
Dick (1976) also concluded that, from a practigal standpoint,
the Pricing and Standard System has considerable appeal in
%erms of overcomiﬂg.the problem of lack of information.regard—
ing the treatment cost functions in order to set up o?timal
charge rates. Oxrr (1976) realized that the greatest advantage
of the effluent charges was in their provision of decentra-
lized incentives fof technological change in wastewater treat-
ment methods. Magat (1978) also appraised the effect, in a

dynanmic world, of the effluent charges and regulation -

enforcement strategies on both the rate and the direction of
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certain conditions (easy labor substitutability, constant

;ffluent chargeAinduced the firm t6 allocate efbdective
research and development efforts to effluent abatlement
technology. On éhe.other hand, qsing constant standard
policy induced the firm to allocate moré.efforts to the
output production téchhology.

In addition to technical advance; the constant level
of effluent charge was found to fail in 1imitiqg the in-
creases in the effluent discharge rates. in other wérds,
for a typical polluting firm, a rising charge rate is needed
to halt.growth in the effluent level with advancing tech-
nology. Regarding this result, Magat realized that, in
order to reach a given goal for environmental quality, the
iterative process suggested by Baumol & Oétes (1971) would
nevef cénverge to a fixed charge level. Magat therefore
suggested that, in order to maintain thé environmental
quality goa}, government would have to either inform pol-
luters that the initial charge level would rise over time
at some uﬁspecified rate, or initially announce a rising
charge function.‘ The author, however, is in favor of the

former approach.

4.3 Practical Application of Effluent Charges

In the realm of practical applications of the stra-
‘tegy, the study given by Johnson (1967) is considered to

be one of the pioneer studies .in this respect. The study
o~
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v

aiméd, in general, at éaining some practical experience

in the estimation of effluent charge levels in the Delawére
Estuary. It.;as found that the .cost of waste treatment,
induced by a charge level, will approach‘the least costly
treatment plan.l The study concluded that effluent charges
should be seriously considéred as a method of at;gining
water quality management. The study, however, simply for-
mulated the computational model as a linear one.

Upton (1968) presented a linear model of water gqua-
lity management in order to find the optimal amounts of
waste discharge that minimized the total treatment cost
incurred by all the polluters and the éost of low flow
augmentation, such that the water quality levels shoula be
maintained. The control of waste load discharges by the
charging method has been shown to be preferable to the
regulation control method under some conditioné.. The
study showed that an optimal set of charges existed which
would induce the polluters to discharge optimal'amogpgs of
waste. | R '

Hass (1970) suggested a decentralized, decision-
making scheme, for obtaining the optimal treatment con-
figuratioﬁ for meeting water quality standards along a
river basin, simultaneously determining optimal pollution
taxes to achieve this configuration.fﬂlt was assumed
that the authority knew the quality standards desired and
the cost of low flow augmentation, and that polluters

knew the individual treatment cost functions. The problem

confronted:by the authority was to f£ind the combination of
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each polluter's treatment plans and the le&el of flow
. éﬁgmeﬁtation, which minimizes the cost of achieving the
standard imﬁosed upon the river at the end of each réach.
The'authority wished “*to have each polluter treat waste to
the point at which the marginal cost to society of dis-
posing waste was equal to the marginal cost to the polluter.
Hass formulated the objective function and-conétraints of
his problem in the form of a linear programming problem.

The implications of Hass' study is that authority
.can, through a planning process involving proposed charge
rates and polluter responseé, determine a set of near-
optimal pollution charges. without complete knowledge of
treatment cost functions. Disregarding the linearity
assumptions in Hass' model, there is no guarantee that the
solution is optimal since the polluters have no incentive
to be honest in their responses. In fact,-it is in their
interest to understate their discharges to lower the
resulting effluent charges.

In 1972, Agency of Environmental .Conservatipn in the
State of Vermont conducted a comprehensive study regard;né
various methods‘of'establishing_effluent charges and the
feasibility of their application. 8Six méthods were
reported: (1) charges based upon the monetary «estimate
of the magnitude'of pollution damages, (2) a uniform
charge to all polluters, (3) uniform charge raté weighted
by stream classification or zone, (4) a charge rate based

on dilution factors or population equivalents (a composite
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ind?x derived from the concentrations of several residual
péllﬁténts), (5) charges based upon annual cost of treat-
ment, and finally,r}G) charges'based-upon stream quality
degradation.
' Each.of these methods was evaluated actording to
six criteria:. (1) Efficiency of resour&e allocation, (2)
.Relation of charges to instream economic damages, (3) Equi;
ty, i.e., whether an effluent charge system would result in
any impéirment of existing "rights" or ﬁprivileges“ without
some form of compensation,l(4) Incentive effects on dis-
chargers, (5) Aéﬁinistrative and technical feasibility and
(6) Income potential generated bx_effluent charges. | '
The main purpose~of the study was.to discuss the pro-
blems of selectiné and implementing the best method, amongl'
the six alternatives, whicé would suit the state of Vermont's
water pollution control objectiveg. In view of the above
assessment, the charge method based on discharger's annual-
ized cost of treatment was found to be the most appropriate
to the pattern of water guality maﬂagement set by the state.
Elliot & Seagraves (1972) studied the impact of sur-
charges on industrial waste, using a sample of 198 obser%a—
tions from 34 cities. The study sqéfed a substantial impact
following the imposition of a moderate waste charge. It was
indicated that a 45% reduction in waste load would £ollow
from the'imposition of a modest surcharge of 2.7¢/lb. of BOD.
Taylor (1973) presented a model for planning an effi-

cient water quélity program within a river basin. The control



method, dalled "rent allotment control”, combined the
'effluent charge with the waste allotmé;t or "Pollution
Right" stggeéted by Dales (1968). It was implemented
through a bargaining process between the authority and -
the waste dischargérs. that Ti? be characterized as an
'"N—persoﬁ'prisdﬂér's dilemma™. The polluter was asked
to respond wi;ﬁ an ailo ent,tﬁ which he woulé be will-
ing to adhere and with wh'ch‘he would be willing to pay

. the end of é,prescribedlblanning

-t
charge was levied, violations of

the effluent charge

period. If the note
this agreed allotment would not be permitted. Further-
more, the polluter was told, if the allotment response

was not low enough, although no indication ?as given of
what "low enough" meant, the effluent charge would be
raised and a new request for'bids seﬁt out.

The bargaining process, therefore, provides the
authority with information about individual waste treat-
ment costs, and terminates in a set of agreements on
rents and alloﬁments which‘depend upon the bidding stra-
-tegies Qdopted by each polluter. Through successive
iterationS'bf bidding for waste,allotment, the authority
would reach an optimai situation where each polluter bids
for an allotment such that the marginal cost of additional
withheld waste is equal to the effluent cha?ge. In fact,
the main merit of this method is that it would overcome
the.dishpnest reporting of information by some polluters.

The method, however, might fail when all the N polluters
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collude and underbid for the allotment.

Ferrar (1973) realized tﬁat it was not consistent
to establish a staéic effluent charge rate to ac;ount for
a situation of dynémic demand on water resources as a
waéte receptor. He therefore suggested a non-linear, pro-
gressive effluent charge scheme to acc9un£ for the dynamic
phenomenon of growing demand in a regién. To establish
his effluent charge scheme for meeting a specified'level
.0f regional environmental quality, he applied the "internal
point penalty function" method, suggested by Fiacco &
McCormick (1968)'such that at any time the polluter will
pay a charge directly proportional to the rate of increase
in his démand. The scﬁeme, however, requires a public
authority to request from polluters the total and'maréiﬂal
costs of present treatment activity. Therefore, such an
approach could £fail to deal adequately with the problem
caused by firms supplying misleading information;'parti—
‘cularly cost information, to the public authority.

O'Sullivan (1974), in his survey of the measures
taken by commoh.market countries to curb discharge of
industrial effluents to waterways, statéd that the basis

of charging for both commﬁnity and industrial discharges

is the pollution equfvalent_(P.E.) oxygen demand. This

is a measure of the average daily discharge of oxygen-
demand substances per head of population. The charge per -
P.E. of pollution discharge Variés_according to the area )

of the.country, the total load burden of the receiving
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water, and Qhether the discharge”éﬁ€efs large or small

rivers. In general, the charge, as O'Sullivan mentioned,
varies from $2 00 per P.E. to about $7 00. Howevef, the
charge scheme of tox1c wastes has not been developed yet.

" The study glven by Wenders(lQ?S).analyzed the im-
pact of improvement in pollution abatement technology on
the cost of a firm working undef thfee alternative methods
of pollutien control; The methods were: effluent cparge,*
subsidy, and regulation-enforcement strategy. It was
shown that the cost reduction would.be greatest if the
Eirm Qas operating under the effluent‘charge strategy. In
addition, the incentive to improve pollution abatement
technology would be greatef if effluent charges were used
to control pollution. | : - g

However, Nielson and Hwang (1975) reached a differ-
ent conclusion when they studied the intefaction between
the incentives offered by the charge, and the individual
polluters choice of waste water'ﬁreatment technology. They
concluded that increasing the charge might both fail to.
improve environmentel quality, and inc;ease production costs.

Marin §1978), in his seerch for the best control
method of pellutionJ concluded'that effluent charges seemed
to be suitable for controlling river pollution more than
air pollution (controlling sulphur dioxide) due to the advan-
tages of: governing the number of po%fuﬁers involved, moni-
toring pollution eﬁissions, and éhe existence, somehow of a

relationship between inputs and emissions.
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QOates and Strassmann (1978) realized that the compel-
ling case for the use of effluent charges. to control polluting
activitigs, as.it seems to most, of the‘reséarchers: proceeds -

from the assumption of profit maximizing behaviour by polluters.

Since profit maximization is not presumably the primary objec-

-

“tive of public organization, Oates and Strassmann studied the

effectiveness. ofusing the effluent charges to control the
publicrsector sources of pollution. He employed tbe Niskanen
model of bureaucratic behaviour (Niskanen, 1971) to investigate
this issué. The Niskanen model Operates on two basic premises:
first, when the objective of the bureaucrat is to maximize ;he
siie of his budget, in order -to serve as a proxy variable for
the prestige, power, prerequ151tes, etc. of the bureau. This

indicates the presence of “fat" in the bureau's budget, and the

. bureau is said to be demand constrained; second, when the

bureaucrat works under shortage, i.e., the cost of providing

output exceeds the bureau's budget. The objective of the

_bureaucrat is cost minimization, and the bureau is said to be

budget constrained.
The study considered the two cgfes. It was found that
the effluent charges can induce significant reduction in

pollution activities when the bureau is budget constrained.

- This is because where there exists a less polluting technology.

such ghat the abatement costs are less than the effluent‘
charges, the bureaucrat will shift to alternative technology,
since the bureaﬁcrat is a cost minimizer. The study found,
however, that the response of the demand constrained bureau-

crat to the effluent charges is not clear. This is because



most llkely the bureau can absorb the charges with some’ of
its surplus budget with need to search for less costly
methods\for abatement, unless the charges are sufficiently

high to push the bureau from a demand constrained to a bud-

get constrained situation. -

1

In ‘fact, this study is important, since public sector
sources of pollution represent a major source’of waste
emiggions (aéproximately 57% of BOD,acéounﬁs for the emissions
coming from municipal discha;ées). However, more practical-

experimentation for the use of the charges"is clearly needed.
Rinaldi,et al (1979) studied the possib}lity of )
achieving a stable and efficient taxation scheme in regional
eng}ronmental management systems. Motivated by the concepts
of the game theory, the scheme comprises a set of rules -
which, given a set of polluters, their profits and costs,
and a central authority for environmental control, generates
taxes to be levied on the waste emissions: The most important
aspect of the scheme is its stability which refers to the
possibility of overall cooperation between all the polluters.
The stuéy demonstrates that, if the damages to the environ-
ment are not negligible and if these demages must be refnnded
by the users of the resource, it is very unlikely that
efficient and stable taxation schemes can be found if the
regional authority acts ds a nen—profit corporation. The
results also state that if the damages to the environment
are neglected, or in other words, if the total benefits of

the firms instead of the social benefit is maximizedh the

efficiency and stability are easily obtained. Inceeased



54
pgbiic awarenéss; however, makes this solution no &onger
féasible. The alternative ié to achieve Etability and effi-
qiency by letting the régiqnal authority‘ge£ a pfﬁfit by thea,
sale of emissipn rights. The hiéher the environmental. con-
:

gestion, the greater must be this profit. '3u£ if ethical;_
oxr poli£ical attitudes are against this kind of s;lption,
thére 1s no way té maximizé the social benefit-ﬁithout—genér-

ating friction among the polluters.

") R —




CHAPTER V

DEVELOPMENT OF AN EFFLUENT CHARGE OPTIMI%ATION MODEL

5.1 Introduction

The mathematical model'bkesented in this chapter has

~

———

been dévglopéa to obtain the optimal effluent ﬁharge rates

to ge levied_agains? lluters using. the river system as a
waste‘rebeptor. The model is formulaﬁed within the framework
of a water quality management system. The modified trans-
fer equations of Streeter-éhelps (1925), as suggested by
bobbins (1964) , are employed to predict the values of BOD

and DQ along the river. The model's assumptions, and the
'limi£ations of its applicability, are discussed first. .A
description of the model's structure, including the objective
function and the constraints, is ngxt exhibited. Fiﬁally,

the formulation of the model. K is presented.

5.2 Model's Assumptions o ¥

The assumptions involved in the development of tﬂe
model are as follows:

l) The model is limited to s£ream and river basins
as main receptors of waste. The model establishes different
zones along the river at points of discdntinuity. A point

of discontinuity arises whenever the existing conditions

—

violate the assumptions of the transfer equations, of changes
in water gquality standards, or of boundaries determined by
law that place a region under separate jurisdiction. Examples

-of discontinuity that require establishing a new zone -are:

B
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'i) orgamic and/or thermal {pputs,

'ii)"  a change in the flow regime such as changes
‘ - in stream width or depth,

- iiiy iﬂcreéggﬂin the‘flow due to tributary input,
L iv) Ehanges in water gquality standards as the

river crosses a provincial line, (Shojalashkari,

1974) . _ o

Figure 5.1 schematically depicts such points.

| The establlshment of zones along the river facmlltates
the modelling process, - Spec1flcally,_the complex nature of
pollution lnteractlon at various dlscharge points causes
difficulty in the application of the transformatlon equations
along the entire river if it-is considered as one zone.
.However, by leld;ng the river'into a number of segments or
reaches, adeqﬁate results would be obtained by applying the

equatiohs, independeﬁtly, to each segment.

2) Since municipal and industrial waste-treatment
plants are the'major polluters of waterways, the model con-
siaers them as the main sources of pollution. The large;;
portion of waste released froﬁ these sources is degradable

{Kneese, 1964); hence, the model is developed to deal malnly

with this type of waste.

3) The most common measures of pollution 1nten51ty
are the dissolved oxygen {DO) content of water, the biolo-
gical oxygen demand (BOD) ,. and the phosphorus concentration

: %

(POA). These measures are used as pollution indices in the

development of the model.

"
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4) The model assumes that the phosphorus has no
chemical of’biological interaction with the organic load
and that its concentration level remains constant "along

the river'as long as there is no change in the flow rate.

5) There are two major oné-dimepsional models which
describe the concentrations of BOD and DO with respect to .
- the distance from discharge eource. The first is the mixed
model, which predicts the BOD and DO levels along the river
by assuming a complete mixing of pollutants with the water-
-body. This mixing beeomes appreciable if the stream velo-
city is low, as in estuaries or streams with dams. The
second, or plug £low model is applicable to streams with a
high flow rate and comparatively negligible mixing effects.
This situatien is more likely to occur in mose rivers and
streams, especially in upstream sectio;s (Fan,et al, 1973).

Since the study is limited to streams and river
basins, it is appropriate to employ the plug flow model
represented by ‘a modified version of the Streeter- -Phelps
equations (1925), as Suggested by Dobbins (1964). The
modified model considers the following:

i) the sedimentation effect to remove BOD,

ii) local runoff effect tdfadd BOD,

iii) photosynthetic action of plankton and plants
to add oxygen,

iv} the respiration of plankton and plants to
remove oxygen ffom the river.

According to the modified Streeter-Phelps equations,

the BOD concentration I, and DO concentration C vary with
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time according to the following relationships:

%-IT-'=-(K1+K3) * L+ L (5.1)
%E = -k L + K (c- - ) P -‘R> (5.2)
T 1 2'7s -
where: . S - i
r = residence time, in days, from.source of pollution
K, = the biologicél oxidation rate coefficient, day—'l
K, = the reération\rate coefficient, day-l )
Ky = the sedimentation or absorption rate coefficient
for BOD, day_1 ]
L, =.local BOD runoff rate, mg/%/day
CS =. the saturation DO concentration} mg/%

<P - B> = the rate of photosynthesis minus the rate of

respiration, mg/%/day.

The values of the parameters Kl’ Kz, CS, and {P - R), which

are temperature-dependent, may be given as follows, {Davidson

and Bradshaw, 1967):

K, = 2.35 10”7 Exp(0.0464T)
K, = 0.43 « Exp(0.025(T - 273))
C, = 4000.0 % Exp(-0.021T)

__<P ‘ R) _(_—TTF T ‘* (25 0.028 (T 303)%)
* where:

@ = a constant between 1 and 0

e
li

stream temperature in degree Kelvin

m = 3.14

(5.3)

(5.4)

(5.5)

(5.6)
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6) The present study assumes that the temperature
of waterways may change from zone to zone, but is constant

. within the same zone. This assumption is applicable in

some situations. For example, when the river is long enough

to flow through different climatic zones, (e.g., the river
Nile in Africa where it starts at the middle of the conti-
nent, ends at far north in the Mediterranean, and passes

through different climatic zones). This causes a tempéra—

ture rise at some zones and a drop at some others.

7) The model considers the amount of pollutants,
measured in pounds of BOD per day, as the basis for calcu-

lating the effluent charge. It seems that this method

N

Creates more incentive for dischargers to reduce the strength

of their waste than if it was based on measurement of volume,

for example (Maystre and Geyer, 1970).

The effluent charge, y, itself is set to be inversely

proportional to the pexcentage BOD treatment, x, so that the

dischargers are motivated to increase their treatment level

and avoid the high charge. The inverse relationship may

take several forms, such as:

Linear Form: y = Bl - 82 LI (5.7.1)
. ) _ 1 B2
Nonlinear Form: y = &l‘* (E - 1) {5.7.2)
: | -85
Exponenglal Form: y = 81 ® exp(I:E) | (5.7.3)

where Gl and 82 are parameters, whose optimal values are to

be determined.
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™ The first form is simple and straightforward. The
second requires an upper bound constraint to limit the charge
rate from,approachiﬂg-infinity when x approaches zero. The

third, which is used in this study is a self-bounded form,

see Figure 5.2,

5.3 Develcpment of the Model

ke In the development of the water gquality m gement

ﬁodel, a river basin which is divided into a number of zones
accordiné-to the c¢riteria discussed'before is cénsidered.
Each zone receives pollutants from different municipal and/
or industrigl sources, located along the river. ﬁ&he objec-
tive of the model is to deéerhine the optimal .values of the
effluent charge rates, as well as the treatment configuration
for each source, such that the desired water quality'levels
are maintained at a minimum total cost to all the polluteré.

The objective function of the model describes the
total costs which consist of the gaste treatment cost
incurred by all dischargers and the effluent charges paid
on the untreated portion of their waste discharges. The -
constraints of the model represent, for each zone, the water
quality constraints, and structural and non-negativity con-
straints for the variables involved.

In the following sections,.the'objective function and

the constraints are developed in detail.

5.3.1 The Objective Function

The costs incurred by each polluter includes one' or

both of the following components: (1) the cost of cleaning

N
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o b

Figure 5.2 Relationship Between Effluent Charge
Rate y, and Waste Treatment Level, x.

(a) Linear Relationship
{(b) Nonlinear Relationship (with
upper bound)
(c) Exponential Relationship (bounded).
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up that portion of the wiste decided to be treated, énd
(2) effluent charges on the.remaining part of the waste
-thaﬁ is di§chargea unﬁreated; The objective function in=-
cludes all such costs for the N polluters in the region.
Consider zone i, the ﬁréatment cost in\thiS'zone,
FT&' which covers only the oberating and maintenance cost
of the waste.tréatment plants,lis a function of:
(i) Waste loads, measured in 1lb /day, of BOD,
WB;, and of phosphorugy WPi.
(ii) Percentage treatment of BOD, ki' and of
phosphorus, zi.
(Lii) Average waste fldw, 61, measured in million
gallons per day (MGD).
The effluent charge cost: FCi, is directly related ]
to the amount 9f waste load discharged, WBI; and ;he effluent
charge rate, Yior which is inversely related to the treatment

level of BOD, xi.

The objective function can thus be mathematically

expressed as follows:

N
Minimize iil {FTi(WBi, WE., x., Z, Qi)
+  FC;(WB,, Y, xi)} {5.8)

5.3.2 The Constraints

The model is subject to two sets of constraints; the
first accounts for the desired water quality limits, defined
by the maximum concentration oﬁ BOD, the minimum concentration

of DO, and the maximum concentration of phosphorus. The
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second set is of a structural type, accounting'for'the
maxmmum and minimum llmlts of effluent charge rates Y
BOD . treatment level X5 and phosphorus treatment level,

z, . The follow1ng are descrlptlons of these constraints.

1) Water Quality Constraints

(1) @e&&msm_geassaszézagn_92-&99_

Assuming that LBi is the magimum BOD content in
zone i1 due to waste discharge, this can be represented
as follows: |

LB; < MAXBOD, , i=1,2,...,N (5.9)

where MAXBODi is the maximum allowable level.OE BOD in
zone 1i.

To explain how this is related to waste discharge
level, the foliewing analysis can be ceonsidered:

The amount oflorganic load, WBi, of BOD in lbs/day‘
is discharged at the beginning of zone i, causing a rise
in BOD level at the discharge point, and at subsequent

points downstream, as shown in Figure 5.3.

Assuming that X; percent of the waste load is treated,

then the increased amount of BOD, in mg/%, at the discharge

point can be calculated as:

1.0 - %, - Fl » WB,

- i i
Ly = ( T ) » o (5.10)
where:
Fl = a conversion factor = 0. 185405 ésx;fgegs
Qi = stream flow rate in zone i, cfs
ALi = increase in BOD level at the Yeginning of zone

i, mg/% ‘ ) o
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As is shown in Figure 5.3, the maximum BOD content,

_LBi, cccurs at the disqharge point.- Therefore} we have:

LBy = LE;_; + AL; . (5.11)

where:

&
I

i stream BOD conﬁent at the beéinning of zone
i, mg/% o
LE, , = stream BOD content at the end of zone i—l{
mg /%
FUridetermining LE, ;+ note that the BOD concentration at
the end of a zone is-équél to the BQD content at the begin-
ning of that zone plus the variation of the BOD along that
zone. The variat%on of BOD can be calculated according to
Equation (5.1). LEi can be determined as follows:
. s d
LEi = LBi‘+ T£_1 [—(Kl,i + K

3,i) * LBi + La’ide :

i=1,2,...,N (5.12)

For the first zone, i = 1, LEO = LU and thus:

LBl\= LU + ALl (5.13)

where:

" LU = upstream concentratison of BOD, mg/L

(ii) Minimum Cdncentration of DO

Tt —— ks e S S8 — i} Y S D — — A m—

Assuming that MDOi is the minimum DO concentration

level at zone i, the constraint states that:

MDO; > MINDO,, i = 1,2,...,N o (5.14)
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where MINDOi is the minimum level of DO allowed in-zohe i.

The minimum concentration of DO within the zone can

" occur anywhere within that zone, and not necessarily at the

boundaries, Figure 5.4. Therefore a search process is
‘required to locate the point corresponding to the minimum
DO at each zone.

Aééuming C; as the DO concentration at the end of
zone i, this is equal to the DO concentratioﬁ at the eﬁd of
the.previpus zone, C,;_y, plus the variations of the DO con-
tent (according to Equation(5.2)) - This can be expressed . _ .

as follows:

+<p - R>i}d'r (5.15)

To ~determine the distribution 'of DO concentration in

the ith zone, the above expression is evaluated through

" numerical integration. The minimum DO concentration and its

location within the zone then are determined during the

course of integration, (See Appendix a). This constraint

can now be formulated as:

T4 .
MDO = min{C;_; *+ . J© =Ky gLBg + Ry 4 (Co = G (1))
i-1

+{P - R>;}dt  MINDO,, i=1,2,...,N

(5.16)

S (iii) Maximum Concentration of_ Phosphorus

i o o ——— A S0t S Fink Sl Sy - e S Tt e S S e S S D St S o . Sk s

Assuming PHi is the maximum phosphorus content at

. : . é
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zone i due to waste discharge, this can be represented as:

PH, < mxpini, i=1,2,...,8 (5.17)

where MAXPHRi‘is the maximum allowable level of phosphorus

in zone i,

- The maximum concentration occurs at the point of

. discharge, and remains at a constant lexsl throughout the

zone as long as there is no change in flow rate, since
the variation in phosphorus concentration level is due to

dilution processes..  This phenomenon is shown in Figure

.

5.5. “

1

The maximum concentration level at the discharge
point can be caiculated‘ag follows: Assume the produced
amount of pﬁosphorus waste load is WPi.fn lbs/day. 1If zZ;
percent is the treatment level-to reduce the phosphorus
pollutant levél in the influents, then the phosphorus con-

centration, EPi, in the effluents, measured in mg/2, can be

\

.1..0-é:.L FL*WP ' '
EP, =( 5 )* (5.18)

Qe,
i
where:

Qei = the effluent rate, cfs

>

k] .
' sec-1lb -

If it is assumed that the flow of the stream at the
end of zone i-1 has a phosphorus concentration level PH; ;.
in mg/%, due to the accumulated waste effluent discharged

at previous zones, then the total phosphorus concentration
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-PHi’ in mg/%, at the beginning of zone i would be:

EP, - Qe. + Q,_, * PH,_ )
PH, = & i i1 i-1 5 = 3,2,...,N (5.19) ~
i Qe; +Q,,

where for the first zone:

‘PHO = PU, the upstream phosphorus concentraticn in
mg/%.

Q. = QU, the upstream flow rate, cfs.
O -

2) Structural Constraints

(i) The parameters Bl, and 82 of fhe effluent

Lcharge rate (Equations (5.7.1) to (5.7.3)) are non-negative,

thus:

i=1,2,...,N (5.20)

{(ii) The treatment levels of BOD and.phosphorus,

. : &
i.e., Xs 4 and Z5 respectively, take values between zero and

100 percent, thus:

0 < xi < 1.

- i=1,2,...,N (5.21)

The model can now be comprehensively formulated to

consider simultaneous}ly municipal and/or industrial pollution

sources at each zone as feollows:
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zone (i) source(j)

+

-

.[FT

FC,

Q.

ij(WB‘ij'WPij'x--;z- _1_3

1]7713

.(WBi.

ij J'Yij'*ij)l

respect_Fo xij’zij' and yij;_1=l,2,...,N, J=1,2
such that:
(1) To account for maximum level of BOD:
pp 2 (1.o—xl )
= - —-__LJ_
LB,y LU tao L WBy 150 £ MAXBOD,
1 j§=1 . LY
LB, = LE 2L g s, . i L8 {  MAXBOD ‘
2 1 Q. ._ 2,3 1.0 D 2
2 9=1
: 2 L {1.0-x. .} i
_ ﬂ NrJ
LB, = LE,_, + 5 -E WBN,J 15 'S MAXBODN
N =1 .
A
(2) To account for minimum DO level:
‘El .
MDO, = min{CU + Té [—xl'l * LB, + 32’1(951 = Cy (1))
] + <? - R>i]dr},> MINDO,
Ty Co. _
MDO, = min{C, + T{ [-Kl’Z * LB, + Kz,l(C52 -~ C (1)
: +<{p - R>i]dT} > MINDO,
Ry }N [ . .
MDO, = mln{CN—l+TN—l “Ky,n C DBy * Kz,l(CsN = Ceop (1))

+<p ~ R>N] ar} MINQON

)
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(3). To account for maximum level of phosphorus:

EP = Qe + EP .

Py = T1,1 1,1 1,2 Q8 o, *PU - QU
1 Qe [ F Qe L F Q@
pi. = o2,1 " 9@p,0 Y EPy 5t Qey 5+ PHy Q)
2L Qep,1* Q8 5+ Q) N
- . ',FA
. . z
i = CoN,1 ey FEPy o - Qey o+ PHY ) o+ Q.
N Cen,2 * ey, * O

< MAXPHR,

Q MAXPHRZ

< MAXPHRY

- (4) Constraints on parameters of effluent’ charge rate

eguations:

2,2,i>/ 0; 1 = l,2,-..,N

(5) Boundary conditions on treatment levgls:

=

1Y *i,1% 0

i = 1,2,...,N

bt
W
<
-
3]
w
o)

1,2,...,N

=
Y
3]
=
~
AV
o
=
I
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5.4 Solution Approach

N

The objective function and the constraints of ﬁhe,
modei are highly nonlinear; therefore, a nonlinear optimi:
' zation technique, is required to solve the problem. 1In
this ;tudy, the sequenfial unconstrained Minimization
Technique (SUMT) of Fiacco and McCormick (1968) which is
one of the simplest and most‘efficient nonlinear optimi-
zation techniques, is employed. The idea of the technique
is to use the original objective function and the constraints
to form a sequence of modified unconstrainéd objectivevfunc—
tioﬁs which could be minimized by using' any appropriate
unconstrained multivariate optimization technique. In the
context ofithe model developed in Section 5.3, the problem

. [
is first stated as follows:

Minimizes:

N 2 )
F= I L [FT.! WB.., WP.. SRR S o T
i=1l j=1 lJ( ij’ iy *i37%4i5 013)

+ Fcij(WBij'yij’xijﬂ

Subject to:

Fp 2 (1-0-x, 1)
= Y - - 17
Gi LEi + Qi jzl WBl] 10 + MAXBOD; > 0;
i=1,2,...,N
Ti ) :
G, = min{C + f -K, . - LB, + K f(c =C..,. (1))
k i-l't,74 1,1 i 2:177s, Ti4l

+<{p - R)]}d - Mmpo > o

k = N+1'... ,ZN ) ) T
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I

. EPi'i " Qey )+ EPy , ¢ Qe;, + PH Qi—l
. c0ey ) v Qe 5t R, |
) + MAXPH; > 0; .' L = 2N+l,...,3N
G, = X > 0; . r = 3N+l,...,5N -
. G = lrxgs 2 0; s = 5N+1,...,7N
‘ Gy = 244 2 0; t = 7‘N+l,....,9N
G, = -z, 2 0 u = ON#l,...,1IN
G, = 81',‘1 ; 200 v = 1INHD, .. 130
Gq=9y,5 4y 20 q = 13N+l,.;_.,15N

where j=1,2 indicates  number of pollution source at each '

zone, and i=l,2,...N, where N is the number of zones in

n
the river.

The modified objective function, P, is next formu-

lated in terms of the original objective function, F, and

a penalty term. This is expressed as follows:

15N 1 '
P=F+r.L =

(5.22)
t=1 "t ’

@

where r is a positive real number which is re-evaluated
to form a monotonically decréasing sequence rl>r2)...>0.
The penalty term is designed so as to insure that the
solution is always located in the interior of the con-

. strained region by avoiding to cross the boundaries of the



76 " |

feasible'iggigg(’j _ .
The study has employeéj%he Hooke and Jeeves tech:
~nique (1961) to solve the modified unconstrained problem.
The technique'is based on.di;ect search and requires no
derivatives. Siqce the technique assumes a unimodal
£unctioﬂ, sevefal sets of starting values had to be triéa
to find the globgl miAZmum. For a detailed description

of SUMT, and its computational-procedures, the interested

reader is referred to Appendix B at the end of this report.

-

L
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CHAPTER VI

APPLICATION OF THE OPTIMIZATION MODEL

6.1 Introduction

The validity of the developed model has been verified
by applying it to a hypothetical river basin in two different
cases., In the first cage (Example 1), three municipal waste
treatment plants are considered, which discharge different
waste Jpads into the‘river._ Accordingly, the river is divi-
ded into three zones. It is assumgd'that three plants have
. the same treatment cosf function.

In the second case (Example 2), five pollution
sodrces (two municipal sources, and thfeg industrial sources)
are assumed to diécharge-different amounts of waste in the
river which is divided into three zones. The treatment cost
function of the industrial source is different from that of
the municipal source. |

An empirical treatment cost function for municipal
sources has been derived and employed in the study. The
function is based on the data collected, for the period
1975 - 1977, on mﬁnicipal wgstewater treatment plants in
Southern Ontario. 'The cost function employed for industrial
'sources is based on the current information for_;he treat-
ment cost of particular chemical industrial wastes, adopted
from literature (e.g., Cost Engineering Journal,. 1971) ...

This chapter is divided inpo two main parts; iq
the first part, the treatment co;t functions for both muni-

cipél and industrial sources are presented, In the case of

77
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municipal waste tfeatment caét function, the data are examined
and tﬁe development of the cost model ié diSCussed; In the
case of industrial waste treatment cost function, the cost
models for primar&, secondary and.tertiary treatment are given,
The‘secon&.part of this chapter is devof%d to a dis-
cussion of the input data used in each example (i.e;, the rivéé
characteristics, types and améuﬁts of waste, water quality
standards in each zone, etc.), followed by a detailed presen-
tation of the optimization models for both examples.
It is assumed that municipal sources produce organic
and phosphorus waste loads, while industrial sources produce
organic loads only. This assumption iﬁlbased on the fact
that most of the phosphorus wastes discharged into rivers

originate from domestic activities, ( Donald , and Bishop,

1975).

-

The water guality limits in the first example are
held constant throughout the river, whergas they are seg
: diffefently at each zone in tﬁe second examplep The water
quality limits, in both examples, have been chosen to fali
wiéhin';he acceptable ranges of water qualitf'for public
service supplies, (e.g., Gpideshand Criteria for Water Qua-

a

lity Management in Ontario, Ministry of Environment, June,

1973} .

6.2 Development of Waste Treatment Cost Functions

The costs of waste water treatment plants may gener-

ally be divided into two main categories: i) capital costs,
‘and ii) operating andmaintenance costs (O & M). The capi-

tal costs include the cost of land purchases, equipment or

r

+
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structure,'installation, and engineering contracting fees.
‘Sueh costs are generally paid in installments over the useful
life of the plant or over an accelerated depre01at10n period.

This cost is usually represented as a fixed part of the cost

accounts, (Shah and Reid, 1971). The O & M costs, on the other

hand, are the expenses incurred in the day to-day operation and
upkeep of the treatment fac111t1es. This part of the costs
is not fixed, but varies w1th the amount of waste’flow, per- "
centage of the treatment required, characterlstlcs of the
waste, and other factors. The O & M costs can be divided
into: (i) dixect costs which include the costs of"mainen;
ance,-plant chemical supplies, iabour and supervision, and ¢
uti;ities; (ii) indirect costs which include the costs of
depreciation, insurardce, and other general overhead.

Tihansky (1974) indicated that most of the derived
functions for opetatrng'and maintenance costs pertain only
to direct cgsts, since indirect costs,'in most cases; do
not constitute a large share of the total operating and
maintenance costs. The treatment cost functions, related
to municipal and indnstriai wastes, employed in "the.present
stddy,are concerned only with the direct portion of operat-

ing and maintenance costs.

6.2-1 Cost Function for Municipal Waste Treatment

Plants
The derived function of operating and maintenance

costs for munlclpal wastewater treatment plants are based on
data collected for 33 mun1c1pal wastewater treatment plants‘

in Sodthe;n Ontatio for the period of 1975-1977. The data



inclode, for each plant, two sets of ipformaiion. Tﬁe cost
data, such as total“salaries, wages,,eﬁployee benefits,
repair and maintenance costs, chemicals, utilities,'and.other
-miscelleneous expenses. The details of cost information for
each plant are shown in Appendix Cl. The technical informa-
tion regarding the hydraulic - capacity, Fhe produced amount
of‘organic'and phospoorus waste loads, and the performance

4 .
of each plant is shown in Appendix C2.

ggglx§5§_9§_9§§§ The oollected data presented some diversity
" regarding the percentages of BOD‘reduction.4 The percentages
;ere'generally higher than normally expected, particularl§
at primary and secondary levels. In the course of examining
the data, it was found that the estimaﬁion for the reduction
percentages of BOD are based on calculating the average dif-
ferences of BOD 1n samples wlthdraWn, randomly, from the
plant's influent and ‘effluent respectively. Improper sampl-
ing methods, or bias regarding,the method and/or time of
taking the observations might be the reascn for such diver-
sity. It was decided, however, to omlt such extreme values
from the analysis.
B Since the data are extended over arfour—year period
it is igpo:pant’tb keep the observations unaffected from.the
" influence of fadtors extraneous to the cost relationship
itself, (Johnston, 1960). For example, observations oflthe
' X

cost values should not be influenced by the variations, from

year-to-year, in the prices paid for prodﬁction factors such
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as labour and raw materials. A price. index is ‘used to dimin-
ish euch influences. There are many up-to-date price indices
availabie for most production factors of many typical indus-
tries (Statistics of Canadaggpat.#62).‘ It is dlfflcult, how-
ever, to find an aggregated measure to represent all the
variatlone in prices paid for the factors constitutinJ the
operating and maintenance costs of wastewater treatment
plants. Therefore, a price ‘index has been extablished based
on the collected cost data esing the year 1977 as the base
year. Only those plants that did not underge any changes in
design capacity or in the method of treatment-durrng the four--
year period are considered in the price indices calculatlon.
This is necessary to insure that the variations in costs are
only due to varlatlons in prices paid for the operating and
maintenance factors. The details of the-derivation of the

price indices are shown in"Appendix C3.

gggt_ggdg; The most 1mportant factors used to establlsh
operating and maintenance cost functions for municipal waste-
water treatment plants have been reported in many studies.
(Shah 1870, Michel 1970, and Marsden, et al, 1973). According
to these studies, three independeat variables are considered
Jin the derivatioh of the present models:, (1) tfhe hydraulic
capacmty of the plant, Q, measured in terms of the average
'dally flow of influents 1n mxlllons of gallons per day (MGD)
(11) the amount of reduction in BOD, which is a functéon

of the percentage treatment level of BOD, X, and the ofganic

waste load, WB, measured in 1lbs/day; (iii); the amount
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of reduction in phosphorus load which, in turn, is a funcéion
Sf ﬁhe percentage treatﬁenﬁ level, 7., and the phosphorus -
wasﬁé 1oad, WP, measured in lb /day.

* The three independent variables were plotted against
the annual operating and maintenance cost,/ﬁﬁe dependént vari-
able, in order to deterhine the type of ‘the relationship‘
betweep the independent and dependent Gariables. identifyiné
these‘relétionships helps in proposing the form of the cést
model. Figuﬁis 6.1, 6.2 and 6.3.depict!these relationships;

-

in eac?fcase n exponential relatlonshlp may be inferred.

/Marsden ,et.al (1973) suggested three functional forms

-

that may be used in characterizing cost modelks: . //
(i) General Exponential (GE): This form is expressed as
follows:
BO k 8 ,
c = fl(xl’x2""’xn) = @ jzlxj; xj }/@ (6.1)

(ii) Generalized Quadratic (GQ): This form is expressed

as follows: = {/

[

k k ;
© = EyxyiXyreennx)) AT x3)I o -l/ L x!  (6.2)
j=1 X5 3= 3 e
#

xi > 0, A> 0

(iii) Constant Cost Elasticity of Substitution (CCES): This
form is expressed as follows:

n
- _ -B4 ~1/B
, c = f3(xl,x2,.:.,xn) = A[iz @ X ]

#
] (6%3)

X, > 0, A> 0, B> -1
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: n
and, - L b, 1, a; > 0 (i=1,...,n)

where,

c a cost measure;

X,

1 cost factor measures;

exponential constant;

o
U B, A,Bj = parameters of the various functions.

The General Exponential form'is,easier than the other

o

. .
two forms to deal with for estimation purposes. It is easily

transformed into a log-linear form to estimate the parameters
involved. Direct, ordinary Ifast—séuares method cah_be
applied in this case. Functions in the otper twé forms may
be estimated using nonlinear least-square techniques, cr ore
of several step-wise procedurés. These techhiques requiré,
however, the evaluation of the derivatives of the dependent

variable with respect to function's parameters, which, most

of the. time, are difficult to obtain.

The General Exponential form haé been chosen in the
o) knt study to represent the‘cost function. The function
contains the three independent variables given above, and
takes the following formulation:

=0.3495

. 8
o) 0.177

_ 10.1125 0.0685
= g *

* (WB*X) * (WPxZ)

(6.4)

o ! .
The computer program, results, and statistical analysis for

the derivation of the cost model are exhibited in Appendix D.

”
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6.2.2 Cost Function for a Typiqal Chemical Industridl
At present, the available li£erature on indﬁstrial
waste treatment costs iS‘notﬁcgmglete becauée of the diversity
of industries in general, and of technological abatement
methods, in particular. The Cost Engineering Journal is the

main publication devoted exclusively tO'present cost estima-

} ;
tions and cost functions far industrial wastes. The function

presented here pertains {to chemical industrial plants as re-

ported by Eckenfelder d Barnard (1971). ,It represents the

biclogical treatment costs at the primary, secondary and ter-

tiary stages as follows:

R et S e e ey ek el e - — — —— - . o

FT = 909 + 2273 (1.1/mMeD)°5 (6.5)

e e e ek M e e o e o —— e — — ey T L e o o e

FT = 2700 + 2500/ (MGD) 0+ 67

+ UNITS(0.02 - 0.000l*MGP) (6.6)

e o e W e et A e e e e v A - —

FT = 1500 + 6450 (L/mGD)°-63 (6.7)
where,. ) /ﬂ -
FT = Annual cperating and maintenance costs in
$/MGD.

MGD = Average flow rate of influents in millions
LY
of gallons per day

UNITS

Amount of power consumption ‘in kw.hr/day.

- ’—\
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v

The three cost.relationahipé are fuhcfions of’thé a;erage
daily flow of the plant. In.add%tion,}the secondary treat-
pént cdsﬁ’fqpction is formulated in terms of the’ amount of
éowet'consumption in kw.hr. The cost}éunctidns for the
three étage§i however, are not formulated sc as to include
other relevant factors which reflect the strength of ;he 
wastq; Nevertheless, these functions are satisfactory )
for the pﬁrpase of demdnsératingﬂhow the model can handle

situations involVing wastes generated at industrial and

municipal sources.

6.3 Model Descriﬁtion for Example 1

6.3.1 Input Data Description

The river basin, in this example, is assumed.to
receive both organic and phosphorus wastes from three
municipalities 1ocatéd along the river. The'river.basin
is thus divided into,threﬁ\ﬁdnes, as depicted in Figure
6.4. The hydraulic characteristics of the river di
parametef'values used in the transfer equations (5.1) and
(5.2) are givén in Table 6.1. It»}s assumed that the
water at thé upstfeam portiocn is.relaiively clean; The
upstream concentration levels of DO, BOD, and phosphorus'
are 6,5, and 0.05 mg/% respectively. The lbcal'BbD flow
‘rate as well as the stream temperature are assumed co;— o
stant througﬁout the segment of the river under considera-
tion. The stream flow rate is 500 cfs, while the stream
temperature is 290°K. The residence time at the first, )

second, and third zone are 1, 1.2, and 1.5 days, respec-
- '.. ’
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tively.

The operéting conditions of the waste treatment Plants
in terms of the average daily flow, and the organic and ph®s-
phorus waste loads are shown in Table 6.2. The plant ‘at zone
1 has an average dally flow of 4 MGD, an orgaﬁic waste load
of about 0.2 x 10 lb /day, a phosphorus waste load of 0.8 x
103 1b /day. The second plant has an average daily flow of
5 MGD, an organic wasﬁe ioad of 0.22 X }05 lb /day, a phos-
phorus waste load of 0.9 x 10% lb /day. The cérresponding-
figures for the third Plant are 5 MGD, b.i X 105 1b /day, and
0.7 x lOBlb/day.

' The water quélity spandards areé given in Table 6. 3.
The maximum allowable BOD concentration in all three zones
is 15 mg/% . The minimum allowable DO concentration in all
threé zones, is 5 mg/%, and the maximum allowable concentra—

tion of phosphorus in all the three zones is 0.1 mg/%.

6.3.2 Model Description

In this section, the SUMT formulation of Example 1

is described. The objective function+-is to .minimize:

f(X‘Bl,XBz,XB ; XP ,XPZ,XP

37 XPy 37 81178507 81508557 €,408,5) =
3 _ .
T . elo'llZS*Q-0'3495*(WB.FX.) 0'1778*(WP.* z')0.0GBS
. i i i i
source i=1
3 [ . 4./ (1 =
+ D (1- X.) » WB. 8., » e 92i/{1= X))
i=1 i i 1i -,
: - (6.8)
Subject to the following constfaints:
(a) BOD Constraints: : 'Fﬁ#”

g9; = -LB; + 315.0 » 0 ; i=1,2,3
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\

' Table 6.2
Operating Conditions of Wastewater Treatment Plants -
Example 1
Plant # - | Average Daily |* " Waste Load in le/day
Flow MGD -
Organic Waste Phosphorus Waste
1 4 0.20 x 10° 0.8 x 10°
2 5 0.22 x 10P 0.7 x 10°
3 2.5 0.10 x 10° 0.6 x 10°
Table 6.3

Water Quality Standards - Example 1

e e ] Fy
The Desired Water Quality Limits mg/2
Zone
- BOD DO Phosphorus
1 15.0 5.0 ‘\?.1
2 15.0 5.0 .01
3 15.0 5.0 0.1
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where LBi.is giben by Equation {5.11).

(b) DO Constraints:

9 = MDO, - 5.0 20 ; k=4,5,6

where MDOi is given by Equation (5.16).

(c) Phosphorus Constraints: -
‘ :

g, = -PH, + 0.1 20 ; 2=7,8,9
where'HPi is given by BEquation (5.19).

(d) .Boundary Conditions on xi:

; 'r=10,11,12

(1) gr = Xl 20 ;
(2) ° gs =1 —_xi 20 : s=13,14,15
(e) Boundary Condititns on Zi:
{1) 9y = Zi - F0 7 t=16,17,18
(2) g, =1~z >0 ; u=19,20,21
(£) Non-Negativity Conditions on elj and ezj:
9, = eli 20 ; v=22,23,24
9q = 8,3 20 ; g=25,26,27
and i = 1,2,3

The above optimizatioﬁ model consists of twelve
decision variables and twenty-seven constraints. fThe deci-
s;on variables_represent the BOD treatment levels at the
three plants (xl, xz, xl } . the phosphorus treatment levels

(Zl, 2y0 2,4 ), and the coefficients of the effluent charge
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fdrmﬁia'(ell,ezl: 912;822;‘613,923). The constraints
repfesent, for each zone, the maximum allowable BOD con-
centration jé donstfaints), e ﬁinimum DO concentration

(3 constraints), and the maﬁiﬁaﬁ limits for phosphorus
concentration i3 constraints). The next twelve constraints
.account for the boundary conditions on the,variablesArepre—
senting the organi; and phosphorus waste treatmeﬁt leyels,
and the remaining.six coﬁétraints account for the non-
negativity of the effluent charge:raté coefficients. '

The problem has been solved on an IBM 370/3031 com-
puter in 3.31 minutes cf CPU tiﬁé1 after 13 iteratiphs of
the SUMT procedure. The‘lagi iteration represents the  final
optimum cobtained at the required accuracy limit of lOfG,
see appendix . The optimal policy corresponds - to a total
annual cost of $1,223,334, which includes the effluent
charges as well as the treatment costs for all pelluters in:
the basin. The optimal effluent charges are 7.17, 5.37 and
3.18 ¢/1b of BOD discharged in the first, second and third
zone, respectively. .

The optimal treatment levels of organic waste in the
three zones are 58.07%, 68.0% and 78.0%, respectively. The

corresponding levels of phosphorus waste treatment in the

three zones are 88.9%, 98.9%, and 91%.

"

e
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6.4 Model Deécription for Example 2

‘.
-

'6.4.1 Input Data Description _ -

This example consideré a rivef basin which receives
wastes frpm goth municipal_énd.induétrial sources located
along thé river. It is assumed that the indgstriéi sources
generate only organic wastes, while the municipal souféés )
generate not only organic wastes, but alsc a considerable
amount ofvphosphorus>waste, originating mainly fgom residen-
t&al areas. Two inéustrial, énd thfee munigipal waste
sources are considered, whiqg according to their relative
locations, necessitate the diﬁiéibn of the rivgr into three
zones. Figure 6.5.rshows thé_gébg:aphical locations of the
pla?ts along the river. Tﬁé iirst zone receives wastes from
a mﬁnicipal and an industrial source located across the river
from one another. The second zone receives waste from ¢only
one.mun;cipal source, whereas, the third zone recelives wastes
froé an industrial and a municipal source located ‘across the
riv?r frém one another.

The hydraulic characteristics of the river, as well.
as e parameters values ugéd in the transfer equations are
givel'in\EEQLg 6.4. The upstream water quality levels are-
assuﬁed to be 5 mg/ of BOD, 6 mg/% of DO, and 0.05 mg/t of
phcsﬁhorps. The stream flow rate is 1500 cfs throughout
the segment of the river uﬁder consideration. The stream
temperature, however,_h§s been assumed-to changé from zone

L

- to zone; it is 290% EH”ZOne 1, 295°K in zone 2, and 300°K

in zone 3. The residence times are assumed to be 2.5, 2,
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and 3 days at the cdrresppnding zones.

The operating conditions of the‘municipal and indus-
trial sourceé, as well as their waste loads, are given in.
Table 6.5. At the first zone; the municipal source has an
average daily flow of 10 MGD, an organic waste load ofl0.2
X lOSlb/day, and a‘phosbhorus waste load of 8.7 x 103ib/day.
The industrial source has a daily flow of 6 MGD,“and about
d.l X lOSlb/déy of'organic waste. Atlﬁhe second zone, the
municipal source has an average daily flow of 3 MGD, an or-
ganic waste lcad of 0.4 x ioqiblday, and a phosphorus wastek
load of 0,6 X 103lb/day. At the third zone, éhe municipal
source héé an average daily flow of 4 MGD, an organic waste
load of 0.75 x 104lb/day, and a'phosphorus waste load of
0.65 x i03lb/da). The industrial source in the SametzOnc
has 8 MGD average daily flow, and 0.3 x lOSib/day of or-
ganic waste. The water quality standa;ds are given in Table
6.6. The maximum allowable BOD level are 15, 12 and 15 mg;a
at the first, second and third zone, respectively. The
corresponding figures for DO concentration are 4.5, 5 and 4

mg/%L, and for phosphorus is 0.1 mg/R at the three zones.

6.4.2 Model Description

In this section, the SUMT formulation of the objective
function and constraints, for the second example is described.

The objective function is to minimigze:

EARy Xy rXgeXyeXgi ByeByelai 01708510 81508557 8130835,

91479247 815:855) =
3
5 [%10'1125*6Q'3495*(WB.*X.)0'1778*(WP.*Z.)0'0685]
Lo i, i i i 71
municipal -
source i=1
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Table 6.5

+

Operating Conditions of Municipal and Industrial Wastewater
Treatment Plants - Example 2

o Average Daily Waste Load in 1b /day
Zone Source Flow MGD Organic. Phosphorus
Waste Waste
1 | Municipal 10 | 0.2 *x10° | 0.70%103
Industrial 6 - 0.10%10° --
— 4 |, 3
2 Municipal 3 0.40*10 0.60x10
S 4 3
3 Municipal 4 0.75#*10 0.65*10
Industrial 8 0.3 *105 -

Table 6.6

Water Quality Standards - Example 2

The Desired Water Quality Limits mg/¢
Zone .
BOD DO . Phesphorus
1 - 15.0 4,5 0.1
2 12.0 5.0 0.1
3 . 15.0 4.0 0.1
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4 > = 0.5 3
-5 909.0 + 2273(1.1/Q$ 4.0 ¢ X, <0.4
industrial L . 3
socurce 3j=4 or
2700 + (2500.0/6g'5?)

- f.looo.O(o.oz - 0.0001 * Q%]; L
4 X5 < 0.9
or )
[1500 + 5450(1/5)0'63] ;.9 <X < 1.0
\ ’ ;r
5 o )
+ 5 (1~X ) » wp, % 6.. » e 02K (1-X)
.- ) %k k 1k
municipal
+
industrial

source k=1
t

Subject to the fpllowing constraints:

(a} . BOD constraints:

1
gy = -LB, + 12.0 2 0
g4 = —LB3 + 15.0 2 0

(b): DO Constraints:

where LBi and MDOi; i=1,2,3 are given by Equation

(5.13) and (5.16) respectively.
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-

(c) Phosphorus Constraints: | >

gy =--PHi + 0.2 0
where i51,2,3 ; £=7,8,9; PHi is.given by Egquation (5.19).
(d) Boundary Conditions on xj:

) (1) g_

Ik
~

. z2 0
]

I

(2)(:-1s 1l - X, 2 0

]
“where j=1,2,...,5 ; r=10,11,...,15 ; s=16,17...,19.

(e) Boundary.Conditions'on Z.:

(1) ‘g, =

|
o]

>0 .

(2) gu=lfzi 2 0.

‘where i=1,2,3 ; t=20,21,22 ; u=23,24,25

(£) Non-Negativity Constraints on el. and ezj:

9y = elj

W
[}

gq = sz > 0

where j=1,2,...,5 ; v=26,27,...,30 ; g=31,32,...,35.

The optimization model of Example 2 consists of eigh-
teen decision variaﬁles, and thirty-five constraints. The
decision variables represent the BOD treatment levels at all
municipal and industrial sourcesatxl—£h£6ugh XS), the phos-
phoru; treétment levels at the three mﬁnicipal sources (Z

1
through Z3), and the coefficients of the effluent charge for-

mula (Bll'through 825). The constraints represent for each

zone, the maximum allowable BOD concentration (3 constraints),
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the minimum allowable concentration of DO (3 constraints),

and the maximum limits for phosphorus constraints ( 3 con—i:L

straints). The next sixteen constraints account for the

boundagy conditions on the variables, representing the or=-
. . H

ganic and°phosphorusrtreatment levels at the. three zones,

and the remaining ten constraints account for the non-

negativity of the charge rate coefficients.

fn

.5

t

The prqblem has been sclved on the same IBM 370/3031
computer, in 6.5 minutes of CPU time. The SUMT procedure
converged to the optimi} solution in twelve iteratione(at
the specified aceuracy limits of 10_6. The computer output
illustrating. the final results of the SUMT procedure is
given in Appendix E

The optimal treatment ﬁolicy has been obtained at a
total annual cost of $2,685,790, of which §2,452,890 is the
total treatment costs, and $232,900 is the total effluent
charges pald to the river basin authorlty The optimal rates
of the effluent charge levied agalnst the municipal sources
in the first, second, and third zone are 2.98, 4.29, and
6.06 ¢/1b of BOD, respectively. Thevcharge.rates levied
agalnst ;pe industrial sources in the first, and third zo:::\W
are 2.95 and 2.98 ¢/1lb of BOD, respectlvely.

The optlmal treatment levels of organlc waste ‘loads
in the first zone are 77.7% for the municipal source, and
64.2% for the industrial source. The municipal source in
zone 2 is required to treat 60.7% of its waste. Finally,

the required treatment levels in zone 3 are g2.7% for the
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municipal source, and 82.7% for the industrial'source.

for the phosphorus wastes, the opt1mal treatment 1evels for

the three municipal sources at the flrst zone are 98, 5%,-

Y

-90.5% at the second, and 92.0% at the third zones.

~

The description of the computer program and the

results for the two examples are presented in Appendix E.
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. . ' *' CHAPTER VII

i

DISCUSSION OF RESULTS AND SUGGESTIONS FOR FURTHER STUDIES

7.1 Introducticn .

This chapter discusses the results of the two appli-

' cations of the optimization medel. The discussion emphasizes

]

the relationships between the effluent charge rates, on one
hand, anq wasté treatment levels, émount and intensity of
the giécharged'wastés, treatment cost functions, and water
quality éiandards; on the other hand. On-the basis of the

- %
results of the present investigﬁtion, a nﬁmbef of conclusions

are-arawn, and proposals are made, at the end, for further

researchs 'and studies.
o .

)

7.2 Discussion of Results ~ Example (1)

‘This example deals with three muﬁicipal waste sources
leocated at three different zones in a river basin. The
sources dischaége variocus amounts of organic‘and phosphorus
waste‘into the river. .However, it is assumed that the séme
treatment cost function applies at each source. The water
quality standards are also assumed to be uniform in all
three zones.

<;\ In Table 7.1, the results of the optimization of:.the
model in Example 1 are presented. In column (1), the total
waste load at each zone is given. The optimal treatment
level at each-source is given in column (2),. and the amount
of waste treated at each source is calculatispin column (3):

The cost of treatment, which is based on the amount indica-

ted in column (3) is computed in column (4). The effluent
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charges apply. to the untreated portion of waste {column

(5)) and are computed in column (7). It is noted that the
h .

highest treatment cost, for example,fcorresponds to the

second source with the highest amount of waste treatment,

whereas the lowest level of effluent charges corresponds to
the third source, which discharges the least amount of un-
treated waste.. This result is mainly due to the féct that
the three sources have the same treaément cost function;
The results do not indicat?.that the concerned relationship
folidws a general pattern,.sihce the operating conditions
at each source, such as the average daily flow, the amount
of waste, etc., are different.

The optimal tﬁsatmgnt configurations‘for the.organic

and phosphorus waste loads are given in columns (2), and

(9), respectively. About 58% of-the organic ioad'generated

at the first source should be treated in order to satisfy

~thefzvaste quality standards in the, first and subsequent

zones. At the second source, which has the highest amount

of orgénic‘waste, the reéuired treatment level is 68%. Thé
corresponding figure for the third source, which generates

the leasﬁ amount cof organic waste, is 78%.

The behav1our of the BOD, DO and éﬁasphorus concen—
trations along the river basin is shown in Figures 7.1(a),
(b}, and (c¢), respectively. It is interesting to note that,
although the BOD- levels in all three zones are below fhe
stipulated standard ofllS mg/% (FPigure 7.1(a)), treatment
of the organic waste is still necessary due to the stringent

standard on DO (5 mg/2) as it is depicted in Figure 7.1(b).

s
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On the other hand, the results indicate that the

- phosphorus treatment levels are'generally high in the three

zones., The treatment levels are 88%, 98%, and 91% at the
first, secotd and third source, respectively. This is
expected due to the strict concentrations in the rlter -
{0.1 mg/z) The results are in general agreement with cur-
rent governmental ‘regulations for pollution control, which
require at least 80% treatment level of the phosﬁhorus
wastes produced at any pollution source. (Environment Can-
ada, Ontario -~ Conference Proceedings, No. l, May, 1973).

| The behaviour of the phosphorus cohcentratioﬂ along
the river basin is depicted in Figure 7.1(c), which shows
that the phosphorus concehtration level changes in step—;
wise manner.

The effluent charge rates are found to be consistent

with the above results. They are alsc in agreement with,x
the nature of the conaitions imposed on the basin system,

such as the gquality requirements at each’' zone, the nature

of ‘the cost function for each source, and the amount of waste

generated-at each source., The optimal effluent charge

rates for each source are given in column (6) of Table 7.1.
The results show that the effluent charge rate for the first

zone is 7.17 ¢/1lb of BOD:discharged. This represents the

highest charge rate among the three zones. For the second

and third zones, the charges are 5.37 and 3.18 ¢/1b of BOD,
respectively. The effluent charge rates are 1n§ersely re-
lated to the BOD treatment level. The highest charge rate
corresponds to the lewest'BOD treatment levelG;t'the‘first

zone, whereas the lowest charge rate corresponds to the
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highest treatment level at the third zone.

7.3 DiscusSion of Results - Example (2)

| This example aempnétrates‘the application of the
model to a more genergl_caSe. At each zone in the river,.
two pollutien sources; industrial and)or'municipal, are
considered. Furthermg;e, the waste treatmeét caét funétions.
at §arious sources are assumed to be different. Orie or ' J
both sources simultaneously*discharée ﬁheir wastes into
each zone in the river. Each zone requires'diffefént qua—J
lity limits. ‘

‘The results of the optimization of the model are
p;esented in Table 7.2.7 The optimal policy is obtained at
the minimum annual cost of.$2,685,790.A This includes the
effluént'éharge and the treatment cdst‘forleaéh discharger
in the basin. In columh (11) of Table 7.2, the breakdown
of the total cost among different dischargers is:givén. It
is noticed, in this example, that the treatment costs for
industrial'soﬁrces are higher than those for municipal
scurces. Also, as can be seen from column (7), the efflu-
~ent charges for industrial sources are less than those for
municipal sources. These results will be explained in’
detail during the course of the discussion.

-

The optimal treatment configurations for organic and
phosphorus wastes at the five pollution sources are given
in columns (2), and (9), respectively. The results indicate

that the municipal and industrial sources in the first zone

have to treat 77.7% and 64.2% of their organic wastes, respec-
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_tively. The tréatment level for thé municipal source is

higher than tﬁét for industrial source, because the former
has.a more concentrated waste_(lQQ.B,mg/l) than the latter
(166.5 mg/%). In order to satisfy the water quality stan-
dards in the first and subsequent zones,ithe municipal source,

therefore has to treat its waste at a higher level than the

industrial source.

The municipal source in Ehe second zone, is the sole
pollution source in the zone, and is required té treat about
60.7% of its organic waste.

The optimal organic waste tréatment %evels for the
municipal and industrial sources in the thi}h zone are 62.7%
and 82.7%,frespectively. The high concehtration cf BOD at
the industrial source (374.7 mg/L) is the reason for fhe
cbrrespdndingly high treatment level at this s;urég, rela-
tive to the municipal source which has a waste concentration
of 187.3 mg/% only.

The behaviours of BOP and DO along-the river basin
are depicted in Figure 7.2(a) and (b). Again, it is noticed
that, although the BOD concentration ;n all three zones is
below the maximum allowable level (15 mg/L), fhe strict DO
concentration requiremenﬁs (4.5 mg/% in zéne-l, 5 mg/f ih
zone 2, and 4 mg/% in zone 35 necessitate the treatment of
the organic waste ik all three zones,

As for the phosphorus treatment levels (column (9)),
the results indicate that the phbsphorus concentration
standard in the first zone is aftained at a high treatment

level of 98.5%. The corresponding standards in zones 2 and
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are attained at treatmenf levels of 96.5%, and 92.0% for
both municipal sources located at the second and third zZones,
respectively. . The high level of phosphorus treatment at the
first source is due to the upstream conditions, i.e., the
phosphorus concentration of 0.05 mg/% upstream. The behaviour
of ﬁhosphorus concentration level in the river is shown in
-Figure 712(c), indicating the familiar step-wise variation.

- The effluent charge fates to be levied against all

the discha;gers in the basin are given in column (6). As

is evident from these results, dischargers in the same zone
may be subject to different charge rates; the municipal
source in the first zone, for example, is required to pay
2.98¢/1b of BOD discharged into the river, whereas the in-
dustrial source in the same zone is required to pay 2.95¢/1b.
The ;ariation in the charge rates, within the same zone, is
due to differences in the marglnal treatment costs lncurred
by each source to treat its wastes. To illustrate, while
the industrial source at the first zone incurs $64l,432;4
annually to treat about 0.1x10° 1b/day of BOD, the municipal
source incurs less cost ($479,884.5 per year) to.treat more
waste {0.2*105 lb/day). The allocation of effluent charges
between the two sources, therefore, is in‘ggreement with the
idea of imposing a higher rate on the source which incurs
smaller -treatment cost (Kneese & Schultze 1975). This tends to :

encourage such dischargers to treat a larger portion of their

wastes than they normally do in the absence of effluent char-

ges.
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The muniéipal source in the seqond zone 1is required
to pay 4.29 ¢/lb of BOD. In the thifd zone, the effluent
charge rate fér the munibipai source is 6.06¢/1b of BOD,
which is higher than the rate for industrial source which
is 2_9; ¢/1b. The differenéé between the two effluent
charge rates may be explained in the same way as was given

for the first zone.

7.4 Conclusions

- The evaluation of the available literature on water
pollution control methods, presented in this study, indi-
cates that the effluent charges strategy is an effective,
flexible, and efficient approach to deal with the cémpli—
cated phenomenon of water pollution. In the‘presént work,
the strategy- has been incorporated within the framework of
water quality management model, whicﬁ aims at allocating,
optimally, the effluent charge rates among all the pol-
luters using the river basin as waste receptor.

There are two features in the present model which
distinguish it from other works seeking the same objéctive
(e.g., Hass (1970) ahd Taylor (1973)): First, the attdin-
ment of the water quality standards throughout the rivér
basin is ensured by explicitly specifying the appropriate
constraints in the model's formulation. Moreover, these
water quality constraints represent non-linear relations.
In previous works, either the water quality constfaints
have not been explicitly considered, or they have been

approximated into linear forms. In both cases, however,
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there is no guarantee that the requ1red water quality stan-
dards are met. This is because the estlmatlon of the optlmal
effluent charge rates is carried out through an iterative
procedure. If water quality standards are not achieved under
a giggn set of effluent charges, the basin authority revises
them accordingly. The revised values of effluent charges ére
transmitted to the polluters in the basin, and then the watcr
quality measures are monltored The process, which depends
entirely on the accuracy of the polluters' response to the
charge rates, may take séveral iterations before it conver-
ges on fhe optimal set of effluent charges. in contrast, the
present model determines the effluent charges as well as the
levels of waste treatﬁqnt directly.

Second, the‘present model determines the effluent
chargéé as a set of non—linéar rates as opposed to a set of
uniform rates obtained by existing médels.

Iﬁposing uﬁiform charge rates on all polluters does
not lead to optimal allocation of water resources. For
example, a firm which has decided to treat its effluent
wastes and/or the incoming'water supply for its production
processes should, in an efficient reséurce allocation, face
a lower charge rate than a firm which has chosen not to do
so. As Tietenberg {1973(a), (b)) has pointed cut, theoreti-
cally, non-uniform charge rates, rather than uniform rates,

constitute the least costly approach to water pollution con-

trol.

It is noted that the nonlinearity of the effluent

charges is a consequence of the presence of a large number
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factors which have to be considered in the development of
the water of water quality management These factors may

be classified into two categories: (l):fectors which des-
cribe the variations in stream characteristics'{e.g., Stream
flow rate, stream width and depth, water quality standards,
etc.) at different points, and (2) factors which descrlbe
the variations in plant performance (e.g., waste treatment
costs, amount and intensity of the diséharged wastes, levels
of waste treatments, etc.) at each pollution source. The
consideration of the factors in the first cétegory necessi-
tares the establishment of different zones in tne river, so
that the model can deal with each zone independently, and
.determine the optimal charge rate for that zone. On the
other hand, considerafion of the factors in the second cate-
gory is refiected in the formula&ion of the model's objective
function and constraints. )

THe present model, therefore, is deﬁeleped'to account
for the complex interac;iéns among the factors mentioned
abeve, and for the nonlinearity of the effluent charges.
Accordingly, the results obtained from the applications of
the model are to be inrerpreted in aceordance with these
interactions. In the first application, for example, the
marginal treatment costs for all the polluters as well as
the prevailing‘stream characteristics in all three zones
were the same, but the charge rates (7.17, 5.37, and 3y18
¢/1b of BOD, at the first, second, and third zone, reebec—
tively) were different. To interpret these results, one

must focus on the overall picture representing the problem,

’
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and considering such factors as the intensity of the pollu-

tants genérated at each source, the treatment levels at

each source, etc. Also, it is noted that in the second
applications, not_dnly are the effluent cﬁarge rates dif-

ferent in different\zoneatkthere may even be different rates

—_
—

applied to a number of polluterékzﬁhthe same zone. Theée
results, which are not obvious beforehand; sh;uia\BE‘inter—
preted in the light of the éomplex interactions aﬁong the
factors involved, T@is poinfs to the impbr;ance of develop-
ing complex mathematical models in order to deal with such
complicated problems‘as environmental pollutioh control.

The model developed in . this study provides a vehicle
for the basin authority to determine, for any given set of
conditions, the optimal effluent charges. The model is

flexible in the sense that any adjustment to input data can

‘easily be implemented. In addition, the data preparations

and set up'are kept to a minimum,.so as to make" the computer

program easy to use.

7.5 BSuggestions ®r Further Studies

(1) The present model is static in nature, in the
sense that it does not cornsider the effect of time on vari-
qus parameters under consideration. For instance, it is

assumed that the waste discharges at various sources do not

-—

»

vary witthime;.or, that the flow rate in the river basin
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is constant. While such assumptions may not represent the
situation realisticaily, they could bé‘conceived of as
rgpfésenting either the average conditions, or the extreme
conditions existing in the river basin.

if thé model is based on the average conditions pre-
vailing in the river basin, then the results would be ade-
guate in most cases except when extreme conditions exist.
It’is, however, possible- to run the model under these con-
ditions aﬁd determine the'corresponding'optimal policy.

If, on the other hand, the.model is Based on the
extreme conditions that -may prevail in the basin, then the
results are applicable in all caségf“‘Neueggggiffij the
obtained results would place a burden, in difﬁefenE‘H@gfecaL\
on the dischargérs according.to the prevéilinq feasible
conditions. The burden is represented in terﬁs of paying
more effluent charges or increasihg the levels of the treat-
ment.

To alleviate these shortcomings, a dynamic version
of the model may be considered which takes into the account
the time-dependency of the model's parameters, hydraulic.
conditions of stream, and waste discharges. Ho¥ever, the
'set of partial differential equations that reshit, are too
complicated to handle. Some work for the single-stage
model have been developed using the concepts of the maxi-
mum principal and optimal control theofy (Fan, et al 1973;
Fan and Hong, 1972). It is suggestea that the applica-

tion of these concepts to multi-stage models be investigated,
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(2) The degradatlon of water resources is caused,
‘not only by the discharge of organic and. inorganic waste,
but also by the discharge of "waste heat" in the form of
heated water discharges from the cooling processes of
various industries: notably the power generation'statiqns.
Although the preeent model does not deal with thermal .
~effects of waste discharges, however, it could be expanded
to ieclude the effect of varying temperature on BOD' and DO
along the river,

(3) It is understood that the phosphorus pollutants
have a direct,adverse effect on lakes rather than on rivers.

Slnce lakes are the natural destination Qflmany rivers, in

,

order to halt'or decrease their enrlaﬁaent with plant

nutrients (eutrophication process), which accelerates in

the presence of phosphorus wastes, the concentratlon levels
of these pollutants in the rivers must be kept within accep~
table limits. The pPresent model has recognized this process
by 1mp051ng a set of control limits on the phosohorus concen-
tration in the river. _The model, however, could be extended
to include effluent charges to be levied on each unit of the

phosphorus waste discharged intc the river.
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- APPENDIX A

NUMERICAL SOLUTION OF DIFFERENTIAL EQUATIONS
(RUNGE-KUTTA METHOD)



NUMERICAL SOLUTION OF DIFFERENTIAL EQUATIONS USING THE
: : RUNGE-KUTTA METHOD

An approximate solﬁtion could be.obtained, for the
two differential equations (5.1), and {5.2) given in Chap-
ter Vv, thfough a numeqiqal integ;ation method. The ﬁunge—
Kutta methoa is conside:;d one of the most accurate proce-
dures used in such cases. The solution is obtained in

the form of a set of values for the dependent variables

u

corresponding to given values of the independent variables .

(N.G. Bakhoom, 1962). The method can be described as

follows:

Assume two simultaneous differential equations:

X = fxy,2) 5 2= gix,v,2) (1)
with initial conditions:
X = Xyr Y =Y, 2= zg

where it is required to find y and z for a given value of

X.

The Algorithm

e
’

Ve

(1) Let h: denote the increment in x
k: denote the increment in vy
£: denote the ‘increment in z
(2) Compute K and & according to the following expressions:
1 1 1 1, .
ko= gyt o3k Fogkg b gRys
_ 1, 1 1 1,
Vet Py T3yt Yy
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(3) ‘Compute k kz, k3, and k4 as follows:

l!

kl = h » f(xo, yo,.zo)

k, =h = £({x_ + éh y. + lk 2+ L)
2 (o} 277 I 271" ‘e .71
- 1 1 1
k3 =ho» flx, + e Yo ¥ FKo, Zy * Eﬁz)

k4 = h = f(xO + h, yo + k3, Zq + 23)

(4) 21, lz, 13, and 24 are sequentially computed as

follows

ll = h = g(xo, Yor zo)

12 =h g(xo * %h,‘y0‘+ %kl' 2o F %ll)
t3 = h xglx, + %h' Yo * %kz'zo * %£2’
t,=h g(xo *hy yo o+ kg ozt 2g)

(5) The solution at the new point Xy = X + h is:
Y, =¥, t Kk

(6) Set the new value-:of x such that:
Xy = ¥p v hy
and repeat the précedure from step (2) to step (6)

£6r all points inzthe domain of x variable.
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Application of the Runge—Kutta Method to Solve the Two

Simultaneous Difterentlal Equations of the Transformation

Equations

where C
L
T

T

Assume:

Then:

where:

it

1

dat = g(cr L,
aL _
__a.? - f(LrT)

DO concentration level;
BOD concentration level;
Temperature level;

Residence time;

1) T is constant througho

2)# The initial conditions

T

T

The transform equations are expressed as follows:

T) (2)
(3)

mg/%

ng/%

oK o

days |

ut the zone

are L = Ld, C = Co' at

o
3} AC is the increment in C;
AL is the increment in L;
At is the increment in T.
_ 1 1 1 1
AC = Dy + 3D, + 3P3 5Dy
1 1 1 1
AL = By + 3B, * 3B; + 58,
D1 = AT = g(LO, c ., TO)
_ Bl D1
D2 = AT * g(Lo + 5 Co + = To)
_ B2 Do
DB—AT * g(LO+-2—, CO+T' TO)
D4 = AT * g(L0 + B3, Co + 93, TOT



and

The sclution at

AT =

AT *

|

the new point <t
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f(Lo, T
£(L_ +
Q
F(L_ +
e}

f(LO +

Il
e

)

o]

u
—

+ AC
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SEQUENTIAL UNCONSTRAINED MINIMIZATION

TECHNIQUE (SUMT)
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SEQUENTIAL UNCONSTRAINED MINIMIZATION
TECHNIQUE (SUMT)

The sequential unconstrained minimizaticn techniqge
(SUMT) solveé the constrained minimiza£ion problem with non-
linear or linear objective functidn. The technique was
originally proposed by Carroll (1959, 1961}, and developed
further by Fiacco and McCormick (1964 (a),(b), 1965, 1966,
1968).

The general nonlinear programming problem with non-

linear inequality constraints is to choose x to:

minimize £(x},
subject to: . - (1)

g'i(x) 2 0 i=1,2,00.,m

where x is an n—dimensioAal column vector (xl, xz,...,xh)T.
If the variables are required to be non-negative, each con-
straint is included in the gi's. ’

To solve problem (1), function P can be defined as

follows:

P(x,rK) = £{x) + Ty |

by
l=

where Iy is a positive constant. Subscript K indicates the
number of times é function has been set up to solve the
problem given by Equation (1). The conditions imposed on
the P function are as follows:

1) Lot K=11,2,..., is a positive real number and

Ly> Xy > eon DIy e« >0. This indicates that {rK} is

132

Yhe
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K+0 as Kre=,

a strictly monotonic deéreasing sequence and r

| 2) R® = {x hi(x) >0, 1i=12,...,m} is a non—emptyl
set. This condition indicates that at least one point muét
exlst within the interior of the feasibie region.'

a

3) The functions f(x), gi(x),...,gmfx) are twice
continuously differentiable.

4) The function f£(x) is convex.

5) The functions gi(x),...,gm(x) are concave.

6) For every finite K,{x |f(x) Ki x € R} is a
bounded set, where R = {xlgi(x) > 0; i=1,2,...,m}.

1} m .
7) .The function P(x,rK) = f(x) + ¢ ) EI%ET' is,

K i=1
for each_r.> 0, str%ctly convex for x € RO. This also
indicates that either f(x) is strictly convex or one of
= PRS- is strictly concave.

Practical experience indicates that the problem given
by Equation (1) can be solved even when these conditions are
not met. The three conditions which are absolutely required
to obtain any useful results are conditions (1), (2), and
(6). Condition (1) guarantees that the sequential minimi-
zation of the P function will eventually lead to the solution
of minimization of function f£(x). Condition (2) eliminates
problems with equality constraints. Condition (6) eliminates

problems having local minimum at infinite points.

The characteristics of the P function are as follows:

1) Li ¥ —ﬂl 0
im|x . = H

"2) Lim f[x(rK)] = u*; where x(rK) is the value of

K

vector x obtained at iteration K, and u* is a
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finite value.

3) Lim P[x{rK), rK] = y*;
. t
4) {rf x(rp) } is a monotonically decreasing sequence.

m 1 . . . .
5 L 15 a monotonically increasing sequen e.
) 12 §IT§T ] Y g9 q c

The proofs of these characteristics are presented in detail

in Fiacco and McCormick (1968).

T e e e e e e e e S m—m e s

The problem is now transformed from a constrained one
to an unconstrained problem which can be solved by any of
the search techniques, This can be explained as follows:

i=1
be considered as a penalty factor attached to the objective

. 1 . . .
The term_rK ? EETQT in P function of Equation {2) can

function f(x). By &dding the penalty term, the minimization .
of P function will assure a minimum to be in the interior of
the inequality constrained region by avoiding crossing the
boundaries of the feasible region. Since the feasible boun-
dary is defined by one or more of the gi(x)=0, i=l,...,m,lthe
value of Iy iglEI%ET will approach infinity as the;value of

X apprcaches one of the boundary lines, Hence the value of

x will tend to remain inside the inequality-constrained re-

gion.

..

T s v e e o 2 e e e e e et o o

(1) Select the initial value of r, aréitrarily.

(2) Select a feasible starting point xo=(x€,xg,...,xg). ‘If
the feasible point cahnot be easily obtained, select x©
arbitrarily. The computer program can search for a

feasible one.



(3}

(4}

(5)

135

Minimize the P function for the current value of Ty
by using the second order optimum gradient method.
Check if a stopping criterion such as:
£[x(r ﬂ o
K
-1l1<e (3)
Glx( Kh ‘ . ‘
is satisfied. The solution is the optimal one if
the criterion . is satisfied; otherwise, go to step 5.
The dual‘value, G x(rK) '+ 1s defined as:
SRS - m .
G[x(r ﬂ = Elx(r | - r, L -—jf—r—jT-' (4)
K [ :K] K o1 g; (x{xgl o
Sgt K=K+ 1 and e rK/c where ¢ > 1. Repeat

the iteration from step (3).
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APPENDIX C
COLLAF‘;CTED DATA
cl - Operaéing and Ma}ntgnance Cost
C2 - Performance Qf the Plants.

C3 - Calculation of Index Numbers
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-

STATISTICAL ANALYSiS OF THE.COST MODEL

- The prop05ed cost model has been transformed 1nto a
¥
. Log Linear form before the dlrect ordinary 1¢ast-square

-

method was applled to estimate the parameters of the model

B, Blr B

o 2 and B The estlmatlon process was carrled out

using the General 'Linear Modell(GLM) computer routine, which
was developed at North Carolina State University (1976), and
which is part of the SAS (Statistical Analy;is System) Li-
"brary. The procedure uses the priﬁciéle 6f'the least squares
to fit a fixed effeét linear model to an;,type of data.
¥ The statlstlcal results of the GLM procedure are.

exhlblted in the following three tables. Table D.1 exhislts
the parameter values of the model and the statisticall'T“
test for the estimated ﬁean value of eéch parameter. The

. [
null hypothesis of the test is:

.
Hy = B = 0; 3 =0,1,2,3
that .is, the estimated value of the parameter, B. does not
differ Significantly from zero. The test rejeéts the null
-hypothesis for Bo"Bl' and B2 at a - high level of §ignifi—
cance {a = 0.61), but accepts the hygpthesis f0f the third
. Pparameter 83 at o = 0.1
Table D,2 iﬁdicates the results of the 'F' test for
the individuai\effects of the variables in explaiﬁing the
model. The tthe variables Q, f(x » WB), (2 * WB) are shown
to be significant in e#blaining the model. ‘
Table D.3 indicates the combined effect of the three

independent variables as a whole is shown to be highly sig-

)
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nificant (at o = 0.001) to explain thes.model. The third
variable, the amount of treated Phosphorus (2 * WP) has a
small coefficient value, 83, as ihﬁicated by thekig'.test.

However, the variable itself is H&éhly signifiéant in

‘explaining<EHe model, as i indiqated in Tables D.2 and

D.3. It was decided, thexefore, to keep the third vari-

Aable in the model.
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APPENDIX E

DESCRIPTION OF THE COMPUTER PROGRAM

(1)
T (2)
(3)
(4)

(5)

Program Description
Flow Chart

Program List

Program Set?Up and Results For
Example (1)

Program Set-Up and Results For

- Example (2)



DESCRIPTION OF THE COMPUTER PROGRAM

The computer program.used in this study has beeﬁ
developed'to determiné the optimal charge rates as well as
the optimal treatment configuration at each source-of pel-
;ution. The computer program consists of a main program,
three special-purpose sub;outines, and five user-supplied
subréutines. The main program contains the opéimization
algorithmf which is based on.the search developed by Hooke
and Jeeves (1961). It performs the minimization procedure
on the unconstrained objective function, sigp%ied to it by
the SUMT procedure. The following three spécial-purpose
subroutines trénsform the constrained optimization problem

into. adi unconstrained one: ' -

(1) SUBROUTINE WEIGH is used to compute, for the initial
solution, the total weigh of violation to the inequal-
ity constraints. The weigh is used to adjust the

. initial solution to be located in the interior cf
the constrained region. The search procedure for the

global minimum, therefore, starts at a feasible point.

(2) SUBROUTINE PENAT is used to calculate the penalty term

for the modified objective function in the SUMT:.for-

R /
mulation.

(3) SUBROUTINE BACK is a huristic program used to pull the ’5_///
current infeasible solution back into the feasible

region during the search procedure.

160



(1)

(2)

(3)

(4)

(3}
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The five user-supplied subroutines are:

SUBROUTINE READIN which reads any additional data

necessary for the computation purpose.. .

SUBROUTINE OUTPUT which is used to print out. any addi-

tional information at any stage of the search procedure.

SUBROUTINE OBRES which contains the objective function,

F, and the problem constraints G(I).

‘SUBROUTI NUMERIC which is developed to numerically

compute e variations of the BOD concentraticn in each

~zone, the \minimum level of DO concentration and its

location in each zone, and the maximum concentration

of phospHorus level in each zone.

-

SUBROUTINE COST which is developed to calculate both
the treatment and effluent charge costs.for each pol-
lution source at any zone. The output of this sub-
routine is directly supplied to the objective function,
F, in SUBROUTINE OBRES. The following is the flow
chart for the computer program used. The program

listing follows the flow chart.

4
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Chart

Computer Flow

" Read: initial values
of Parameters
and starting
points xj

] Calculate the

original cbjective
Function Fy

Calculate the total
weight of viclation to
the inequality con-
straints

4

Iteration = Iteration+l

=

" Calculate the penalty
term for SUMT formu-
lation

Calculate the modified
objective Function FP

Start to minimize
the current P- =
funetion by making
an exploratory move.

is

solution

o .‘

Search for a feasible
starting point.

¥



teiatio
Exceeded
Limit?

Start local search .
for the optimum.

[

Expand a distance Dj
to each side of X3 J

Calculate the ori-
ginal objective
Function Fy

is

solution -

?

|

Adjust the solution
to be feasible.

is
solution

(=
stop criterion
” : reached =~
~

Ho

Yes

Calculate the modi-
fied objective
function FP

Yes

is
FP
improved

Contrack a distance

Xi

D. to each side of

No

4/

Calculate FY

is
solution

©
T\

feasible

Continue

N

Yes
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Set—-lip the sub=-optimum . '
.obtained so far. This will be
the stage optimum

Write: -~ ¢
The stage

cptimum and
other ‘ /
necessary ‘
information

Make a pattern

move by shifting to
the next stage
search

is .
final stopping

criterion
obtained

ﬁyff

Decide the new step
size and increase :
the value of r in - The
the penalty term

of SUMT formulation

Write

Final
Cptimum

( STOP '
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