
lil’l‘l \l“.'lll)‘. l‘.‘.' \l 'lllUl! Hl l‘lll l'lll‘li

\MHrnh\mhm hlaM WILLIAM AUdUSfUS WRIGHT

lllm l. lieu. I\

laudfllhmnl SOCIAL SEUDIES

(ll lll'"‘l~ .|\ lllllHlAl'll ll\ llll' lilllllly “third

OPTIMAL WATER QUALITY III PHE TRENT RIVER BASIN

lmnhhtmdtnnl.nnfluwnuwrnlmrv
qnimhtmahnflufismnhhm

mequHQMtrw~uhhtm'nnhw l~wwflnflh Huhnrilhnnmnmt

Eil’lxllll,

lumhandeHhrlnhmduimerthl\hdhhw
nhmweqnwlmy

tmwhhilehdhhnlfinan\dwnhlJanuwnnmflm'h
rmuNHmUmi

amlfimlmnmwnmmxnninulwimuh:nflhlhlnthu
euhuwhhto

“mum h<hmdnux l muhnhmdlhm mrlJManthmw.Moumg

flwlhwhhihrwnmflwdrhhiinlhruflmnfltwin‘
rphnmwpy Wm

uqnnrrmlipmuniuhhmqtutwnwm huyxmnridmlnufimilhuln

in¢QMNNINH1lvrqnihhtanwlhmhlulnmxuinu'mulHmlno

qwnmhmlumrhamlmimhmnuhmthflufllumih1mg M-WHMJWH

uhhnunn!HMIuflumiumumL

laeweflunnnihwhxhhlhraxhhmh~brtmnnhnmnin.wwndmnw

\‘.lllt l).xi.ltgl.i[>li ,’ .Ilm‘u',

l) \ l!

r: ,\ l.\!:1ll(l.lll' v.31”. lvn gmml “2mm. llUlH not \\l\ll his lll(‘\l\ In l)“ made .i\';lll.xl)lv: for

('mmrlmtwn m :u l~« i-linI-nnpml. II].I\' :ipplx’ In the rclmanl llu’tllly lunud for 1ll\l)l'll\.lll1)l|

lmm thi» it‘qlriivtnvtil. \ii\ \Hllltqliillidllllll\l!1tlll(l\lilll'. “ill: lull Hraxoxsx. lmllr llll' Ix.|lllll'

.m-l llll'itl’ll'lll ul lll" ll.\?71'll\'.lllllll Ir'qximtwl. aml \lllllllll lu' .\l'||l \\llll ll|l\ lllllll In llu~

\1'lll'li|l\ o1 l.uul!uw. lr!.l'»v‘i\ll\ Regixtiy. llinml Mutt-x, ()xl'onl.

\m": l)l\lll'll\.tlli)l! \-. ill .il\\a\\ liv- iflilll'nl'd in taxes “lien: (uiimlentiulily has l)1‘('l) lll:l(l471| L'UH-

tlilimx 0! gums. in umteiml ulin lr is \ul).\('qll1tllll)' inrmpnrnlml in :1 ll)('\l\

It \ uriivlltliitr '.'.llll \sixlxm tn lu- lllllilllll'll ml the Illllll(‘\ ul' })(‘l'\l)tl\ 1'()l|\'l|llll|L: lll\ llu‘xii

\llllll1l \‘.|ll"\l‘ll.|l.|ll'l\ 1.. l‘nullv-z'x l.iln:.ui.u|. 'l'lie llmlleian l.l‘!l.ll'\. ()\l}nrl,

.4) Afr MUG/“75:1 fl"; v/I’pptxrc “'1'” /LI Ina/1:?» ,

; ‘ ' 7/ { I 7 A .

//,/{/,m (- //«/Z
, _

l-‘rom: William A. Wright [\vwrigthD .(oml

Sent: 19May2016 15:34

lo: Rol) Wilkes; Katie (Euest; Botlleian ORA; Bodleian Oxford Theses; Botlleian Oxford Theses

Subject: I). Phil. thesis availability

l 1(d50 inakt my 19/3 l).l’hrl. thesrs Optimal Water Quality in the lrem River Basin available to

readers [or consultation and photowpying.

Many thanks.

William A. Wright, D.l’hil. 1973

University College 



Bodieian Library

l\|\lK\|1\ All \‘\i nihl'

I recognise that the copyright of this thesis rests with the author and that

no quotation from it or information derived from it may he published

without the prior written consent ofthe author.

I recognise that no digital copying of (hford theses (including any personal digital

photography) is permitted without the e\press written permission of the author.

Readers must sign this form to shun [hot the} JCCCPI (he uhme conditions.

lhe) are asked to add their penuunenl address.

Name & address Signature Date

        

z“.“"8 roam m the 5"” . ‘Loei'l indie“.

apii‘llcaiicm OI Lkrc (:ixinir'Lf‘iC, Hm: 'r’.)'. r‘

man? «Vania rig for gonwri artfon 0r? s'uto‘roco

notice. ‘

[he restriction (which had to do with the use of British government

data. for the Trent Research Programme) was released around 197:3.

 



 



A
V
m
‘
f

v
.

‘
,

‘
“

7
7

C
H
?
«

c
o
r
r

1
5
3
$

/
.
z
/

1
‘
M
I

I
‘

 



.m

cuwur;

I‘(

U

V. JILL, ‘.L\v..

HUF'I‘

0v 1mg,

{LC
"F‘ “r\'
.‘n, (,‘u: ‘.‘

:JLILJC . H

L U

 



1,

h;

:cowaruvn:

Va

OWQMHHH

Vfifirr

Homo 91.

HwouCnnwOS

  



 



 



 



OPTIMAL WATER QUALITY

IN THE TRENT RIVER BASIN

by William A. Wright

University College

Oxford

September i, 1972

 



 



OPTIMAL WATER QUALITY

IN THE TRENT RIVER BASIN

TABLE OF CONTENTS

LIST OF FIGURES . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .. iv

ABSTRACT . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .. vi

Chapter I:

POLLUTION IN THE TRENT RIVER SYSTEM . . . . . . . . . . . . . . . . . . . . . . . . . . ..

The Existing System of Water Resources Control . . . . . . . . . ..

The Legal Status of Dischargers and the River Authority.i

. Criticisms of the Present System . . . . . . . . . . . . . . . . . . . . . . . ..

Government Proposals for Change . . . . . . t . . . . . . . . _ . . . . . . . . ..

The Goals of the Trent River Authority . . . . . . . . . . . . . . . . . H \
u
t
o

_
.
o
o

_
-

Chapter II:

THE USE OF RIVER BASIN MODELS TO ATTAIN

ARBITRARY QUALITY STANDARDS . . . . . . . . , . . . . . . . . . . . . . . i . . . . . . . . . . ..

A. Linear Programming Models . . . . . . . . . . . . . . . . . . . . . . . . . . . , . . ..

8. Dynamic Programming in the Trent Economic Mode? . . . . . i . . ..

Chapter III:

THE THEORY OF THE RiVER-POLLUTING FIRM . . . . . . . . . . . . . . . . . i . . . . . ..m

A. Definitions . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . i . . . . . . . . . .. 3?

B. The Inability of Markets to Produce Optimal

Pollution Levels . . . . . . . . . . . . . . . . . . . . . . , . . . . . . . . . . . . . . . . .. 3A

l. Potential Private Bargaining . . . . . . . . . . . . . . . . . . . . . . . . .. 3h

2. The Dilemma of the Basin Authority . . . . . . . . . . . . . . . . . . .. 39

Pollution Removal to the Point Where Marginal Removal

Costs Equal Marginal Damage Reductions . . . . . . . . . . . . . . . . . .. A3

. The Short-run Supply Curve of the Optimally-

Regulated Polluter . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

The Optimum Conditions of Production and Effluent

Treatment Under Competition . . . . . . . . . . . . . . . i . . . . . . . . . . . . ..

. The Effects of Monopoly . . . . . . . . . . . . , . . . . . . . . . . . . . . . . . . . .

Long-run Adjustments . . . . . . . . . . . . . . . . . . . . . . . . . . . . . , . . . . . H

Suboptimization and Separate Facilities . . . . . . . . . . . . . . . . ..

External Diseconomies and a Non-convex Produc1ior

Possibilities Frontier . . . . . . . . . . . . . . i . . . . . . . . . . . . . . . . . . ..

Chapter IV:

PROBLEMS OF DERIVING MARGINAL POLLUTION

REMOVAL COST AND DAMAGE FUNCTIONS . . . . . . . , . . . . . . . . . . . . V . . . . . . . .. 75

A. The Assumptions Behind the Curves . . . . . . . , _ , . . . . . . . . , , . . .. 76

B. The Marginal Waste Treatment Cos: Curve . . . . . . . . . . . . . . . . .. 77

3. Published Britisn Surveys . . . . . . . . . . . . . . . , . . . .. 77

2. Data From the Trent Research Programme . . . . . . . . . I . . . . .. SO

3. The Frankel Study . . . . . . . . . . V . . . . . . 4 . .. 83

C. The Marginal Damage Curve . . . . . . . . . . . . . . . . . . . . A . . . . . . . . . .. 86

l. The Relation of Damages :0 Municipal and Industrial

Water Treatment Facilities to Costs of Effluent

Treatment . . . . . . . , . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .. 86

. Consumer‘s Surplus . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .. 100

a. The Clawson Method . . . . . . . . . . . . . . . . . . . . . . . . . , . . . . . .. I05

b. Fishing Benefit Calculations in the Trent

Research Programme . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .. ll2

. Problems of Deriving a Pollution Damage Curve

From a Clawson Demand Curve . . . . . . . . . . . . . . . . . . . . . . .. l23 



Chapter V:

TOWARD IMPROVED WATER QUALITY MANAGEMENT

IN THE TRENT RIVER BASIN . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .. I3I

A. Benefit-cost Analysis in the Trent Research

Programme . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .. l3]

8. Benefit-cost Analysis in the Delaware Estuary

Comprehensive Study . . . . . . . . . I . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .. I33

C. The Role of Pollution Charges in the

Trent River Basin . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .. 1A0

0. Conclusions and Recommendations . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .. 152

BIBLIOGRAPHY . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .. 157

APPENDIX . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .. I6A

EFFLUENT CHARGES OF THE UPPER TAME MAIN DRAINAGE AUTHORITY . . . . . . . . .. I9]

WATER QUALITY MAP

 



LIST OF FIGURES

Trent River Authority: Plan Showing County

Boundaries and Main River . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . ..

The River Regulation System . . . . . . . . . . . . . . . . . . . . . . . . . . . . ..

Violations of Effluent Consents . . . . . . . . . . . . . . . . . . . . . . . . ..

Simplified Model of Delaware Estuary . . . . . . . . . . . . . . . . . . . ..

Simplified Version of Hass's Miami River Model . . . . . . . . . ..

The River Trent Recreation Study Location Map . . . . . . . . . . ..

Diagrammatic Representation of Reaches of the River

System . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . ..

Hypothetical Marginal Damages and Benefits of Pollution..

Mechanics of Compensation . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . ..

Illustration of an Unattainable Bidding Equilibrium . . . . ..

Hypothetical Cost and Damage Functions for the Pollution

Discharges of a Firm . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . ..

Possible Marginal Cost and Damage Curves . . . . . . . . . . . . . . . ..

A Non-monotonic Cost or Damage Function . . . . . . . i . . . . . . . . ..

The Derivation of Supply Curves for a Regulated Firm.....

Welfare Gains and Losses From Levy of Corrective Tax.....

Representation of Two River Systems . A a 4 . . . . . . . . . . . . . . . . ..

Marginal Damage Functions of Polluters on Neighboring

Rivers . . . . . . . . . . . . . . . . . . . . . . i . . . . . . a . . . . . . . . . . . . . . . . . . . ..

Marginal Damage Functions of Polluters on Neighboring

Rivers . . . . . . . . . V . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . _ . . . . ..

Graphical Analysis of Separate Facilities . . . . . . . V . . . . . . ..

Convex and Non-convex Production Sets . . . . . . . . . . . . , . . . . . ..

Limits of Non-convexity . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . H

Average Total Annual Costs imposed on Water Treatment

Operation by Disposal of Raw Domestic Sewage Upstream....

Representation of River Self-Purification . . . . . . . . t . . . . . .V

Hypothetical Comparative Costs of Pollutant Removal by

Polluter and Abstractor . . . . . . . . . . . . . . . . A . . . . . . . . . . . . . . . ..

Spectrum of Pollutant Removal Processes . . . . . . . . . . . . . . . . ..

 



Ratio of Cost Savings of Downstream Water Plants

to Costs of Additional Treatment of Upstream Sewage

Treatment Plants . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . ..

A Hypothetical Marginal Pollution Damage Curve . . . . . . . . ..

Marginal Cost and Danuge Functions . . . . . . . . . . . . . . . . . . . . ..

Derivation of Clawson Demand Curve: Classification of

Zones Around Recreation Area . . . . . . . . . . . . . . . . . . . . . . . . . . ..

Derivation of Clemson Demand Curve:

Entire Recreational

Demand for the

Experience . . . . . . . . . i . . . . . . . . . . . . . . ..

The Clawson Demand Curve for a Recreational Facility....

The River Trent Recreation Study Location Map . . . . . . . . . .,

Number of Visits by Anglers to Trent Model

Reaches, l968-1969 (Survey Data) . . . . . . . . . . . . . . . . . . . . . . H

Visitation Rates per 100,000 Population . . . . . . . . . , . . . . . ..

Costs per Mile, and Average Entrance Price . . . . . . a . . . . . ..

Cost of Visits and Visitation Rates:

River Trent, Radcliffe to Kneeton . . . . . . . . . . . . . . . . . . . . . ..

Final Demand Schedule for River Trent,

Radcliffe to Kneeton, March l968--March l969 . . . a . . . . . . ..

Angling Benefits; River Trent and Tributaries,

March l968--March l969 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . ..

A Clawson Demand Curve Contrasted witn Desired

mllution Damage Relationship . . . . . . . . . . . . . . . . . . . . . . . . . ..

Clawson Demand Curves for Different Pollution Levels....

Benefits per Mile, Accommodation Capacity, Type

of Fishery, and Population Indexes: River Trent and

Tributaries 1968-69 . . . . . . . . . . . . . . . . . . . . . . . . . . i . . . . . . . . .

Trent Fishing Model:

by R. J.

Estimation of Consumer's Surplus,

Anderson . . . . . . . . . . . . . . . . . , . . . . . . . . 4 . . . , . . . . . . ..

Map of the Delaware Estuary Showing Analysis Sections...

Comparison of Water Quality Goals for Objective Sets

l'S . . . . . . . . . . . . . . t . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . ..

Estimated Total Costs of Objective Sets . . . . . . t . . . . . . . . ..

Estimated Recreational Benefits {l975-l980l . . . . . . . . . . . ,.

Comparison of Incremental Benefits and Costs of Attaining

Successively Higher Objective Sets . A . . . . . , . . . . . . . . . . . . ..

Effluent Charge Payments

Period l Apr?! l97!

to U.T.M.C.A. for Six—Month

- 30 September l97l . . . . . . . . . . . . . . . ..

Minimum Uniform Effluent Fee Estimated

Specified 00 Goals and Cos: of Assoc a:

lOl

l0}

lOA

106

 



Minimum Zoned Effluent Fees Estimated to Meet

Specified 00 Goals and Cost of Associated Treatment

Programs

Single Effluent Fee, DO Improvement, and Total

Costs . . . . . . . . . . . . . . A . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .. lbs

Comparison of Delaware and Trent Basins . . . . . . . . . . . . . .. 147

 



OPTIMAL WATER QUALITY IN THE TRENT RIVER BASIN

by William A. Wright

ABSTRACT

The thesis examines the theoretical bases for determining optimal pol-

lution levels in the Trent River Basin, demonstrates that neither the organi-

zation of a so-called 'market in pollution ri hts” nor the construction of9

marginal effluent treatment cos: and marginal damage functions is a practical

means of finding those levels, and proooses ways for using existing data and

the Trent Research Programme river model to determine “roughly optimal” pol-

lution levels.

Chapter | describes and criticizes the existing regulatory system in

the Trent River Basin. Although water quality has been improving over the

past two decades, many costs of the arbitrary, ad hoc system of discharge

consents cannot be quantified, nor is it possible to determine whether the

present quality of the Trent could have been attained at less cost under a

different regulatory scheme. Because both the regulating and regulated insti-

tutions, that is, the Trent River Authority and the various local authorities

or joint boards thereof, are arms of the government, financed from the same

sources, consent terms cannot be enforced effectively, and about two thirds

of the outstanding consents are consistently violated. The goals of regula-

tion are to maintain, and, “where possible,” to improve the Quality of the

river, and, although the Trent Research Programme has made impressive strides

in cost-benefit analysis, there has as yet been little aoplication of such

analysis in setting dav-to-day and long-term water quality goals. Therevore,

after an initial discussion of programming techniques for attaining arbitrary

water quality standards, the thesis addresses itself directly to the question,

"What should the water quality goals be?“

One approach to river basin management has been to construct economic

models of river basin, based On mathematical reoresentations of the hydrolog-

ical and biological characteristics of the system, to relate the costs of

pollutant removal at any point to the induced physical changes in all down—

stream river reaches. No such model can derive optimal pollution standards, 



but if physical quality goals are provided for various stretches of the river,

along with alternative facilities which could be built (each with an associ-

ated cost), or alternative charge levels which will induce private construc-

tion of treatment facilities, the models can solve either for the least—cost

combination of facilities, or for the minimum charges, which will attain the

standards. Chapter II discusses in detail two linear programming models (cre-

ated in the United States) for computing charges. Dynamic programming in the

Trent Economic Model is then shown to have several advantages over the linear

programming approach, especially with respect to the number of pollutant para-

meters and treatment alternatives which can be explicitly incorporated, but

the disadvantage that it does not suggest an allocation of the costs of optimal

facilities among water users.

Chapter III first takes up the question of whether there exists a market

mechanism which can determine optimal pollution levels. Objections are raised

to a system in which polluters and conservationists did against each other

for a given number of Pollution Rights iSSued by a River Authority, on the

grounds that antipolluters will not bid against each other for Pollution Rights

(the free rider problem), nor will they bid against polluters unless it is cer—

tain that their successful bids will deprive polluters of an equivalent number

of Pollution Rights (the preemption problem). The river authority cannot deter-

mine how many Pollution Rights to issue and sell, oecause antipolluters will

not demand any rights at all, unless they fir . 5 how many are Going to be

issued and how many polluters will buy. Ther , therefore be no centrally-

organized market in Pollution Rights

The next section of Chapter Ill develops a theory of pollution removal

cost and damage curves, under highly restrictive assumptions concerning out-

put of the Pollution-based good. These assumptions are then dropped, an Out~

Put market is introauced into the analysis, and a general short-run model of

the polluting firm is presented. First-order optimum conditions, under com-

petitive conditions, are derived, following Cnaries R. Plott's initial work.

A discussion of J. M. Buchanan's point that pollution taxes may reduce social

welfare, if there is monopoly in the polluting industry follows. Differences

in the long-run effects of different regulatory scheme: are then explained. A

model analyzing the optimization problem in a two-basin context is presented,

and the chapter concludes with a discussion of the demonstration by W. J. Baumol

and D. F. Bradford that sufficiently strong external diseconomies must cause 



a non-convexity in the social production set.

Chapter III thus discusses four conditions under which the deriva-

tion of marginal pollution removal cost and marginal damage curves will

not reveal optimal pollution levels or optimal charges. Chapter lV

compounds the skepticism with which such an exercise would have to be

viewed by examining the scanty existing data which relates to removal

costs and damages. Costs of effluent treatment at discharge points are

compared with costs of water treatment at intake point. VariOus types

of Trent Research Programme cost data are presented to show that since

(I) the average Trent river flow dilutes th average effluent discharge

by an overwhelming factor, and in addition breaks down a portion of the

biodegradable pollutants, and (2) the average water abstraction for

purposes of drinking or industrial use amounts to an insignificant

proportion of average flow, the marginal cost of effluent treatment a:

individual outfalls will generally exceed the resultant marginal redUCLion

in damages to municipal water plantst The average abstractor must remove

from his intake only a tiny fraction of any uni: of pollutant discnarged.

The conclusion is that pollution control efforts must be justitied on

grounds of reduced damages to users of the river :1 situ rather than to

dOwnStream municipal and industrial water abstractors.

The basic problem with the consumer's surplus method of constructing

marginal damage curves l5 how to introduce a pollution-variability ‘acio*

into the Clawson technique for estimating Lhe demand curve for a recrea-

tional facility. Four possible ways of solving the problem are analyzed,

but only one bears any promise of producing useful results. The chances

of deriving marginal cost and damage functions which will be both

accurate enough to satisfy the demands of economic theory and plausible

enough actually to form the basis of a river quality management policy

are thus very slim indeed for the foreseeable

Chapter V, therefore, develops a practi

which water quality goals can be chosen.

Trent Research Programme data, and i. . ' river mooei, :0

determine quality goals. Charging scnemes are then considered in the

context of the Trent Basin as devices for attaining whatever quality goals

are chosen. The chapter ends with three recommendations:

(l) Systematic cost-benefit analysis should be applieu to specific

improvement proposals for specific reaches. In particular, the costs for the

ix 



improvement, as calculated by the river model, should be compared with two

estimates of incremental recreational benefits, one the fishing benefits

estimate according to the Gibson-Anderson consumer's surplus approach, the

other a rougher estimate based on additional “recreational activity days”

which will be permitted or induced by the improvement.

(2) Government policy toward water quality improvement in the Basin,

which seems at present to be based on a philosophy that the more money spent

on effluent treatment the better, should take a more analytical approach to

the costs and benefits of its programs.

(3) The current regulatory system in the Basin, involving discharge

consent quotas, pretreatment reQUirements, and charges, should be gradually

converted to a system relying much more heavily on charges to constrain pol-

lution levels in the Basin. The latter system would both be more efficient

in attaining whatever quality goals are Set, and fairer than the ad hoc, unsys-

tematic application of quotas and pretreatment reguirements.

 



OPTIMAL WATER QUALITY IN THE TRENT RIVER BASIN

CHAPTER I

POLLUTION IN THE TRENT RIVER SYSTEM

l

A. THE EXISTING SYSTEM OF WATER RESOURCES CONTROL

The River Trent flows for l7l miles through the Midlands.

tributaries bring the total length of the river system to 905 :"

Thirty-nine miles from the source of the Trent is Its confluence with

the River Tame, which drains the Birmingham area, and introduces the

greatest single ioad of pollutants into the Trent. Thus choked while yet

a stream, the Trent Struggles to Nottingham, where its mean annual Flow in

l968-69 was about I600 million gallons per day (mgd), and dry weather flow

(exceeded 95% of the time) 650 mgd. Its waters are alternately augmentcc

by effluent discharges and tributary flows, each bearing loads of organic

and chemical matter in greater or ieSser concentrations than those present

,-

in the main body at the confluence. Eventually the en: joins the River

Ouse for the final journey to the North Sea.

The Trent waste carriage system included, in l970-l97l;

(l) 646 industrial plants each making a direct discharge of more than

l500 gallons per day (gpd) of process water, for a total of about 70 mgd,

the size of the discharges ranging from ISOO gpd to A,SO0,000 gpd.

(2) lol local authorities operating 605 sewage treatment plants with a

total dry weather flow of 337 mgd of sewage. About 20-30% of the volume

of sewage treated represents industrial discharges into municipal sewer

systems. The sewage works may be classified by size:

a. Large (over a million god)

b. Medium (l00,000 - l million gpd)

Small (l0,000 - l00,000 gpd)

a. Minor (!,500 — :0,000 990) 7

(3) 89 private sewage works, mostly rural, with negligible dischargest

‘4) many types of pollutants, among them biological oxygen demand (800),

1

Much of the information in this section is taken from the Trent River

Authority's Annual Reports for the years ended 3lst March, l969, 1970, and

1971. 
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suspended solids, ammoniacal nitrogen, oxidised nitrogen, chlorides, and

heavy metals. Records of the concentrations of most of these Substances

at about 200 sampling points in the river system are available for the

past twenty years, except for certain metals, which have been monitored

only since l970.

(S) a river basin authority with full regulatory powers.

The Trent River Authority, under the general jurisdiction of the

Department of the Environment, is charged by the Water Resources Act l963,

Section h, to

take all such action as they may from time to time consider

necessary or expedient, or as they may be directed to take

by virtue of this Act, for the purpose of conserving, redis-

tributing, or otherwise augmenting water resources in their

area, of securing the proper use of water resources in their

area, or of transferring any such resources to the area 0’

another river authority.

The Authority andits predecessor, the Trent River Board, have been working

since i9h8 to lessen the pollution load in the Trent Steady and substantial

improvement has occurred. Appendix Figure A summarizes :ne

of various substances at two points in the river, Trent Grid

and the Colwick testing station, over the past several years.

There are three types of organizations in England and Wales with eXCCu~

tive functions affecting water management: statutory water undertakers,of

which there are l98, sewerage and sewage disposal authorities (more than

l,300), and river authorities (29). water undertakers treat and

supply 2898 million gallons per day of water 7 ' and industrial

ioin: boards of local
.1

use. Of this total local authorities supply 763 mgd,

authorities lh99 mgd, and statutory companies 636 mgd (l969 {E ures)i Many

local authorities and joint boards thereof also act as sewage dlSpO>ai

authorities, operating more than 5,000 works, and serving population groups

numbering from fewer than a thousand to 7.7 million.2 The TlVCF authorities

exercise some measure of control over both statutory water undertakers, who

must obtain permission tor anv new abstractions and pay charges for all

withdrawals of water, and sewage authorities, whose plants must be issued

consents governing the quantity and quality of sewage effluents discharged

to the river system. The 1963 Water Resources A Eves authorities general

responsibility for water conservation, to which end thev drepare hydrometric

schemes and water demand forecasts, monitor underground water

resources, license abstractions from surface waters, and construct

Zcenm' Advisory “at” Committav

England and Wales, London: Her Majesty's Stationery Office, 1971’ PP' 5' 7’
l3. 
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and operate major conservation works. They are also responsible for land

drainage, sea defense, pollution control, fisheries, and navigation and recre-

ation.

The Trent River Authority has 39 members, of whom 20 are elected by County

Councils. The others are appointed by the Secretary of State for the Environ-

ment to represent agriCulture (2), fisheries (2), industry (A), land drainage

(5), the National Coal Board (l), navigation (l), and public water supply (A).

Wholly or partly within the jurisdiction of the Trent River Authority

are lhO local authorities. Of these, l8 act directly as water undertakers,

along with two joint boards and two companies, and 98 act as sewage disposal

authorities, along with fOur joint sewage boards and one main drainage author-

ity.“ There are lb local authorities within the area of the Upper Tame Main

Drainage Authority, which acts as agent for them in many regulatory matters.

The Trent River Authority has established, under Section 58 of the Water

Resources Act l963, a charging scheme for water withdrawals, which applies to

all statutory water undertakers (public suppliers) as well as any other firms

or individuals licensed to withdraw water.5 Charges are levied at such rates

“as appear to the river authority to be requisite for balancing their water

resources account.” (Sec. SB-S-b) The T.R.A. determines how much money it

will be able to raise annually from all other sources, such as government

grants and precepts on local authorities, Subtracts this figure from estimated

expenditures, On such things as construction and maintenance of hydrometric

works,6 and then devises a charging scheme which will raise the balance of

the money. Schemes are drawn up for five-year periods, and charges are dif—

ferentiated (Sec. 58-% according to “the characteristics of the source of sup-

ply,” the season of the year, and the way in which the water is to be used and

disposed of (this criterion presumably shOuld reflect net loss of water to the

river system). Current water charges are thus in no sense a measure of the

economic value of water of various qualities.

3Trent River Authority, l'Visit of the Royal Commission on Environmental

Pollution“ (October S and 6, l970), mimeo, p. 9.

t.

T.R.A. Annual Report 1971, pp. lOl-lOZ.

ST.R.A., “The Charging Scheme: An Explanatory Memorandum.”

6T.R.A. Annual Report l97l, pp. th-lOS.

 



Statutory water undertakers obtain payment from users through the water

rates. Metered water is rare; charges vary over England as a whole, from lOp

to 25p per thousand gallons where metering exists.7

The current pollution regulation system in the Trent River Basin relies

on consent quotas, pretreatment requirements, and charges to constrain pol-

lutant discharges. The Trent River Authority controls direct discharges to

the river by both industries and municipal sewage plants, by means of consent

quotas and pretreatment requirements only; it does not levy effluent charges.

Local authorities, and in particular the Upper Tame Main Drainage Authority

as legal agent for several constituent local authorities, control discharges

to municipal sewers by means of effluent charges as well as consent quotas

and pretreatment reguirements. Charges thus do not apply to all polluters

throughOut the basin, nor are they uniform for all polluters in the basin to

whom they do apply. The charging scheme of the U.T.M.0.A., hOwever, applies

to all the constituent local authorities for which it acts as agent in the

control of trade discharges, and serves as a model for the City of Birmingham

charging scheme.

The U.T.M.D.A. scheme is based on average costs for the 50 treatment

works under its jurisdiction, th0ugh plant sizes vary from facilities for 50

people to facilities for l,500,000 people. Charges are not differentiatec

according to the efficiency of the particular sewage treatment plan: to which

the firm muSt discharge its wastes. Charges are designed to cover the full

cost of industrial waste treatment by the municipal plant. The basic cost

per unit effluent is calculated by dividing total annual costs of all sewage

plants in the U.T.M.D.A. area by total annual sewage flows thrOugh those

plants. Certain portions of the basic cost are attributed to volume, oxida-

tion,and sludge removal. The strength of any individual industrial waste is

compared to that of settled household sewage, with respect to oxidation and

sludge removal requirements, and the appropriate modifications of the basic

cost are made, including additions for removal of metallic wastes.

for charging, classification of wastes, actual charging schemes for l970-l97l

and l97l-l972, and the detailed “Control of Trade Effluents: Progress Report

for l969-71,“ by Dr. N. Harkness, Chemist for the U.T.H.D.A., are all attached

to the Appendix.

7C.A.W.C., Future Manacement, p. 10. 



An individual firm in the Trent River Authority area may thus either be

paying local authorities to treat its wastes to the T.R.A.-imposed 20:30:20

standards for discharges to the river (perhaps after pretreatment), or treating

its own wastes to T.R.A. standards. The figures refer to milligrams per litre

of 800, suspended solids, and ammonia, respectively, and are called “Royal

Commission standards.” This is because a Royal Commission in l9l2 proposed

that if these effluent standards were maintained, most streams would not give

rise to a nuisance, for they would provide at least an 8zl ratio of stream to

effluent volume. The resultant maximum stream concentration of A mg/l 800

was thought to represent “fairly clean“ water capable of supporting fish life.

of course, since l912 effluent volumes have increaSed enormously relative to

streamflows. For example, 802 of the volume of the River Tame in Summer con-

sists of sewage effluent. But nearly all sewage plants built since that time

have been designed to produce 20:30:20 effluent, regardless of the size and

quality of the river to which they discharge. The Royal Commission stream

standards have fallen victim to :he institutionalization of the effluent stand-

ards which were associated with them in l9l2. This is why, in February, l97l,

the Pollution Control and Fisheries Officer of the T.R.A. felt compellec to

submit to the Authority 5 paper entitled, “The Need for Higher than Royal Com-

mission Standards for Sewage Effluents Discharged to the Upper Tame.”8

Partly because a majority of the members of the Trent River Authority

represent local governments, and partly because it seems futile for one govern-

ment body to prosecute another, the Authority finds it difficult to enforce

the terms of its consents to municipal sewage plants. The average l970 efflu-

ent quality, under dry weather conditions, for discharges to the River Tame

was:9

BOD 32 mg/l

Suspended solids #8 mg/l

Violations of trade effluent consents are almost as common as violations of

municipal consents; however, private firms are more susceptible to pressure

from the River Authority.

8W. F. Lester, “The Need for Higher than Royal Commission Standards for

Sewage Effluents Discharged to the Upper Tame,” T.R.A. mimeo. February l97l.

9 . .

W. F. Lester 3; al., “The Effect and Cost of River Purirication Lakes,“

in Institute of Water Pollution Control, The Trent Research Programme: Pro-

ceedings of Symposium (15-16 April, 197]), Table 3, p, 75-

 



FIGURE 1-3‘0

Local authority treatment works l970-7l

Satisfactory 270

Unsatisfactory 365

Private treatment works

Satisfactory

Unsatisfactory

Trade effluents

Satisfactory 29A 283

Unsatisfactory 352 328

B. THE LEGAL STATUS OF DISCHARGERS AND THE RIVER AUTHORITY

The U.T.M.D.A. is in quite a different legal position from other drain-

age boards in the T.R.A. area and elsewhere. The l937 Public Health Act gave

regulatory authority to local authorities, and to their drainage boards formed

thereafter. But the U.T.M.D.A., having been formed in l877, has no regulatory

powers under the l937 Act. It is, in the terms of the Act, an “interested

body” which must be consulted on all drainage issues. The U.T.M.D.A. thus

has a de facto, if not de jure, veto power on all regulatory matters. There

are IA local authorities in its area, among them the City of Birmingham, which

has an effluent control department which coordinates with the U.T.H.O.A. The

Birmingham Corporation has in fact adopted the general control scheme of the

U.T.M.D.A. U.T.M.D.A. consents for trade effluent discharges to the public

sewers total about A0 mgd, 28 mgd for Birmingham alone. Average emissions are

roughly 22 mgd in Birmingham, l2 mgd elsewhere. Any discharger in Birmingham

must apply to bOth the U.T.M.D.A. and the Birmingham Corporation for a consent.

This added level of paperwork and coordination could be eliminated if the

Authority itself were given direct regulatory powers.H

A local authority has a legal obligatior to accept domestic sewage in

the public sewers (Sec. 3A, Public Health Act l936). Local authorities in

fact generally require that householders dispose to the public sewers, at

least for new buildings. AlthOugh the authorities have no statutory obliga-

tion to accept any given industrial effluent, the policv of the T.R.A. to

divert direct industrial discharges to the public sewers in effect preSSures

local authOrities to accept any effluent, subject to whatever pretreatment

-—_—.

‘OT.R.A. Annual Report 1969, p. 57, and l97l, p. 58.

ll

Interview with Dr. N. Harkness, Chief Chemist, U.T.M.D.A., l0 March l97l. 



requirements they wish to impose. Local sewage plants are required to meet

the consent standards issued to them by the river authorities (Rivers Acts

1951-61). But while local authorities derive the bulk of their income from

the rates, they depend upon the government for grants and loan sanctions for

capital expansion of sewage treatment facilities, though exchequer grants

‘2 Lags inbear no necessary relation to expenditures on sewage disposal.

financing such expansion to keep pace with growing effluent volumes are one

of the reasons for the poor record of municipal sewage plants in the T.R.A.

area in meeting consent standards -- only 203 of 6b0 municipal discharges

(32%) in 1968-69 met consent standards, while b2.5% met the standards in

1970-71. Although the substandard discharges are illegal, the T.R.A. is in

no practical position to institute proceedings under Section 2 of the Rivers

Act 1951 against most of the local authorities in its area and have fines

imposed on them. (No such fine has ever been imposed.) It is quite apparent

to all parties that there are no effective legal or economic incentives for

local authorities to improve sewage effluents. To close down a local author-

ity sewage plant is thoughtquite out of the question: what would be done

with the sewage it treats (however badly)?I3

Plenary regulatory power on paper thus does not mean automatically that

the T.R.A. can obtain the water quality it desires. Its statutory role as

administrative enforcer is hindered by the overwhelming number of consent

violations, the lack of incentives for municipal sewage plant managers to ful-

fil the terms of their consents, and the Authority‘s unwillingness to engage

in futile prosecutions of other public bodies.

Private dischargers are somewhat more Susceptible to control -- though

only 2A9 of 622 discharges (4021 were found to be within the terms of the

relevant consents in 1968-69, and #62 in 1970-71. The T.R.A. does not wish

to put anyone out of business, but the fact that the Authority has the ultimate

power to shut down a plant through legal action. subject to appeal to the

Secretary of State for the Environment, puts teeth into its demands. Filing

of notices that legal proceedings are under consideration is the first formal

step taken if discussions with a violator do not result in the improvement

of his effluent. if there is still no respOnse, suit is brought -- almost

always successfully -- and fines are imposed. Since fines are generally small,

1
2C.A.W.C., Future Management, p. 16.

13Interview with Mr. G. M. Woodward, Principal Scientific Officer, T.R.A.,

8 January 1971. 



some violators find it cheaper to continue their discharges and pay occasional

fines, than to improve the effluent. Penalties under the Rivers Act of lSSl,

whose Section 2 outlaws the discharge of I'any poisonous, noxious, or polluting

matter,” are a maximum t200 fine for first conviction under indictment, and

for repeat offenders under indictment, tSOO or hSO per day or six months'

imprisonment for managers or directors proven guilty of intent. Because moni-

toring of discharges (by random inspection) is by no means perfect, the T.R.A.

is reluctant to engage in wholesale legal proceedings to an extent that would

antagonize the majority of dischargers and induce more deliberate evasion.

Although it is quite likely that most violations currently occur not because

of any intentional act, but simply a lack of continuous plant supervision to

ensure proper disposal of wastes, intentional illegal discharges would increase,

it is thought, if the Authority were seen to rely more heavily on legal compul-

sion than on persuasion. Thus private dischargers who violate their consents,

whose only legal recOurse, on paper, would be an argument before the Secretary

of State under Section 6 of the RiVers Act 1961, to the effect that the terms

of its consents are arbitrary and unfair, are not as Susceptible to control

by the T.R.A. as the Rivers Acts 1951—61 intended.”

Those industrial dischargers who abide by the terms of their consents

have certain safeguards of their rights to discharge effluent. They are not

subject to prosecution under Section 2(a) of the Rivers Act l95l (above), or

to suit for nuisance, defined in the Public Health Act of 1936, Section 92,

Part III as “any dust or effluvia caused by any trade, business, manufacture,

or process and being prejudicial to the health of, or a nuisance to, the inhab-

itants of the neighborhood.” A consent cannot be modified for two years after

its issue (Section 5, Rivers Act l96l) But thereafter the T.R.A. has power

to review and to modify the consent. Appeal to the Secretary of State for the

Environment is allowed.

An industrial discharger to the municipal sewers is subject to whatever

terms and conditions the local authority imposes, by virtue of powers under

the Public Health Acts of 1937 and 196l. The local authority has no more

legal obligation to accept trade effluents in its sewers than the T.R.A. has

to accept direct discharges, but applications are rarely turned down outright.

Costly pretreatment requirements are often imposed. .ocal sewage authorities

1“Mr. Woodward, 8 January 197l. 



are granted specific powers to impose effluent charges by Section 55 of the

Public Health Act of l96l. There is no such specific grant of powers to the

river authorities in the Rivers Acts 1951-61.

C. CRITICISMS OF THE PRESENT SYSTEM

Two recent government reports have strongly criticized existing insti—

tutions in Great Britain for managing water resources. The reports are Taken

for Granted: Report of the Working Party on Sewage Disposal (l970), and the

Central Advisory Water Committee‘s The Future Management of Water in England

and Wales (l97l).

(l) Both reports review the traditional separation of decision-making

on water supply and sewage disposal issues, and argue that the interrelation-

ships now require coordination if not unified management. Many members of

the C.A.W.C. favor the creation of about ten multi-purpose River Water Author-

ities for England and Wales, with functions of water Supply, sewage disposal,

river management, and future planning. A River Water Authority would “act

as a public utility, providing or disposing of water and making economic

charges for doing so.”15

(2) Both reports argue for a drastic reduction in the number of sewage

authorities, and the C.A.w.C. would cut severely the number of StatutOrv water

undertakings and river authorities as well,16 to the end of internalizing

some of the externalities which arise from the fact that the residents of

existing Sewage districts do not bear the costs and reap the benefits solely

of their own disposal arrangements. The Working Party believes that larger

sewage authorities would be able to attract more qualified personnel.17 The

C.A.N.Ci considers another major objective of consolidation into larger bodies

to be the spreading of the costs of sewage, effluent, and water treatment.

Average costs of treating given units of effluent to given standards vary

widely according to plant size and age of facilities, while per capita sewer-

age costs of course vary with population dispersion.

15C.A.W.C., Future Management, p. #8.

16T

(1970), p. 50; and C.A.w.C. Future Management pp. 35-30.

aken for Granted: Report of the Working Party on sewage DispOsai

- z y

17

Taken for Granted, p. 50.

l8

C.A.w.C., Future Management, p. 57.

 



(3) Financial arrangements come under heavy attack in both reports.

The Working Party states: “There is no rational system of allocating costs

between the dischargers and users of river water.”19 The basis for this

complaint is that neither municipal sewage plants nor direct industrial dis-

chargers pay effluent charges to river authorities, in the way that both pub-

lic and private abstractors do. It should be remembered, however, that river

authorities can and do impose costly pretreatment requirements upon direct

industrial dischargers, that industrial firms wno discharge to municipal

sewers generally pay charges to local authorities, and that both householders

and industries pay sewage rates. Both dischargers and “users” (abstractors)

thus pay shares of the costs of keeping river water at its present quality

level. But the system of cost-sharing has evolved haphazardly and in response

to quite different considerations and pressures than economic optimization.

It is noteworthy that the C.A.W.C. believes that effluent charges should

be imposed generally.20

(h) The Working Party recommends that Crown properties, whicn are ore-

sently exempt from effluent control, be subjected to trade effluent laws.21

Local authority properties other than sewage works, though not legally exempt

from controls as Crown properties are, present the same regulation problems

to the Trent River Authority as municipal sewage works: the Authority has

little enforcement power.

The basic criticism of the existing system, however, is simply that the

regulation has made little or no reference to economic criteria. No one knows

what river quality should be, or why, or whether current quality could have

been attained more cheaply, or better quality at equal cost. No attempt was

made, prior to the establishment of the Trent Research Programme, to deter-

mine what value the people of the basin placed on improved water quality, or

to evaluate the different costs and benefits of different control methods,

or to justify, on economic grounds, government action in the field of

[ion control in the first place.

19
Taken for Granted, p. 50.

20C.A.W.C., Future Management, pp. 50-51.

2lTaken for Granted, p. 52.

 



0. GOVERNMENT PROPOSALS FOR CHANGE

On December 2, l97l, the Department of the Environment published

Circular 92/7l, entitled, “Reorganisation of Water and Sewage Services:

Government Proposals and Arrangements for Consultation.”22 The circular

deals basically with institutional changes, and does not evince an analyti-

cal view of the economic problems of setting water quality goals and choos"

ing means of attaining those goals. The government has adopted the principal

recommendation of the Central Advisory Water Committee, for the creation of

ten multi-purpose Regional Water Authorities. The new authorities, to come

into being on April l, l97h, will have combined responsibilities for water

supply, sewage disposal, and future planning. It is proposed that the Trent

and Severn basins be united under one authority, one reason being that the

water supply of Birmingham, over 200 mgd, is abstracted from the Severn and

discharged to the Trent system. Specific financial arrangements nave not

yet been proposed, but “the Government agrees in principle that, apart ‘rom

Exchequer grants For specific purposes, the revenues to enable the new author-

ities to discharge their main functions should come from charges for the ser-

vices they provide. ... !t is intended that there should be statutory safeguards

to ensure that the costs of a Regional Water Authority's operations are dis-

u

tributed equitably between different categories of water user. (paragraphs

35. 39)

E. THE GOALS OF THE TRENT RIVER AUTHORlTY

In June, 1968, the Trent River Authority published a "Preliminary study

of the resources, demands, and future development of water suppliesH23 in its

area. The study implicitly assumed that charges for water would remain at

nominal levels, and concluded that the Trent itself would have to be tapped

as a potable water supply by the early seventies, to make up the projected

residual quantities demanded after the River Dove and Derwcnt, and ground

water resources, had provided their “maximum yield.“ The Pollution Control

branch of the Authority is therefore trying to bring the waters or

to a degree of cleanliness which will permit their treatment to potable

22Department of the Environment, Circular 92/7l, Her Majesty‘s Stationery

Office, 2 December l97l.

23Trent River Authority, Water Resources Preliminary Study, June l968- 
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standards within this decade. Since it is technically possible to treat

2“
almost any quality or water to potable standards, at a price, this goal

is so flexible that it is no goal at all. The working objective of most

river authorities is I’improvement, and each new Re ional Water Authorit9 Y

“will be under a specific statutory obligation to maintain, and where pos-

sible improve, the quality of the rivers and canals in its area.” (D.O.E.

Circular 92/7l, paragraph 26) The Trent Research Programme (l969—l972),

sponsored by a government grant, has introduced c0ncepts of “optimal quality”

into policy-making circles, but the goals of pollution control efforts have

not yet been stated systematically.

If the Trent River Authority were to adopt a oal of “optimal water9

quality, could it find and achieve it?

h—

2“The Local Government Operational Research Unit, in its report “Trent

Economic Model,” December l970, says of hunter recharge,

method using naturally-occurring sandstone layers as "l

practical purposes at the present time, provided the ego t

plant is installed at the recharge site, all foreseeable .i er water qualities

can be treated by this method to potable standard.“ (p. #5) Many rivers in

the United States of considerable worse quality than the 7’ nt, including the

a water treatment

1“ ’2 ...For all

i

I 0

Delaware, are currently being used as sources for public water supplies. 



CHAPTER II

THE USE OF RIVER BASIN MODELS T0 ATTAIN

ARBITRARY QUALITY STANDARDS

In dealing with water pollution, the state nay attempt both (I) to

determine optimal pollution levels, and (2) to devise a regulatory scheme

which will produce those levels. Most Current pollution control programs

in Great Britain and the United States ignore the first problem. They are

generally based on arbitrary quota schemes, with judgments as to wnat over-

all river quality in any particular stretch ought to be left to the basin

authorities. in recent years much research has been devoted to the con-

struction of mathematical representations of river systems, and several

computer-based river models have been used to reveal new to meet any given

set of water quality standards at . A cost to the society of the

basin. The existing cemputer-based river models, whether they attempt to

compute optimal charges or not, solve constrained maximization problems in

which the constraints are exogenously-determined water qualitv standards.

This procedure, of course, does not find optimum pollution levels; the nar-

ginal damages of pollution are not compared with the marginal costs of pol-

lution removal. But a prior discussion 0‘ these techniques will t‘acilitate

analysis of potential methods For determining optimal water quality standards.

A. LINEAR PROGRAMMING MODELS

Two well-developed linear programming models are those 0? the Delaware

and Miami (Ohio) river basins in the United States. ’he Delaware Estuary

. l . . . .
ComprehenSIVe Study includes a comparison of alternative charging schemes

according to the total costs of the effluent treatment they will incuce at

individual outfalls, to attain alternative prescribed quality standards

___._—

IDelaware Estuary Comprehensive Study, Preliminary Report and Pi
. . _

Philadelphia: Federal Water Pollution Control Administration, July 1100.

Edwin L. Johnson, “A Study in the Economics of Water Quality Management.”

Water Resources Research, Vol. 3, No. 2 (2nd Qtr. 1967). 29l'305-
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(dissolved oxygen levels) in different reaches of the river.2 These schemes

are a single effluent charge (SECH) per unit of pollutant, standardized

throughout the basin; a zoned effluent charge (ZECH), standardized within

each of several zones, the charges being generally higher in zones where

water quality is poorer; and the least cost system (LC), which minimizes the

total costs of attaining the given standards. The latter is not really a

charging scheme in the sense of SECH or ZECH, for it prescribes a different

charge per unit pollutant for each polluter. The charge is simply the pro-

duct of the appropriate dual evaluator, or “shadow price, associated with

the optimum solution, and a physical constant relating BOD removals in any

reach to increased 00 levels in any other reach. These are the only charges

for which Jerome Hass solves in his model of the Miami River Basin,3 which is

an extension of the work of several earlier researchers.

A SECH is the least costly method of attaining those standards which its

imposition produces. This is because each firm and municipal sewage plant

will adjust its discharges until the marginal cost of further reductions

equals the charge. But for some arbitrary set of standards, the least cost

system will be SECH only if polluters‘ responses to the charge

do not overreach, each quality goal in each reach. SECH will generally induce

overfulfillment of goals in some reaches in order to fulfill goals in other

reaches. ZECH will be more efficient (abstracting from costs of administra-

tion) because a uniform charge applies within zonal subdivisions rather than

over the whole system. There will be fewer reaches, each with its own quality

goal, within a zone than in the whole river system, so the expected degree of

overfulfillment of quality goals in some reaches in order to meet goals in

critical reaches is smaller than under a SECH system.

The LC system, still more efficient than ZECH, takes explicit account of

both (i) marginal treatment cost functions, and (2) location, the latter to a

greater degree than ZECH. individual polluters with relatively small marginal

effluent treatment costs are presented with tax bills . s) which will

cause them to reduce their pollution in such a way that quality goals in each

Another regulatory method investigated is a uniform treatment require-

ment, that each polluter remove a given percentage of his current waste loads.

JerOme E. Hass, “Optimal Taxing for the Abatement of Water Pollution,”

Water Resources Research, Vol. 6, No. 2 (April, 1970), 353-365.
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reach are just met. LC in effect substitutes the use of the assimilative

capacity of the river in non-critical reaches, for the extra treatment which

SECH would require to meet the same set of goals. But whereas every polluter

would have to pay the SECH, the LC system may not impose any burden upon those

polluters with high marginal treatment costs, even if they are heavy polluters,

if they are located, for example, downstream of reaches with high 00 goals, or

sufficiently far upstream that the river can reaerate itself before the pollu-

tion load causes damage.

If we abstract from administrative and information costs, the total cost

for attaining a given goal vector is smallest for LC, next smallest for ZECH,

and highest for SECH. The Delaware Study estimates the relative magnitudes

of these total costs, for several goal vectors. The total cost for SECH is

always considerably lower than the total cost for a fourth, non-charge, regu-

latory variant, the imposition of a reguirement that all polluters reduce

their current discharges by a uniform percentage.

TABLE l. Typical Economic Costs of Treatment

To Achieve Specified DO Goals

Cost of Treatment*

SECH ZECh

(
D
O
K
D
O
O
C
\

. . 6

*Cost In SlO per year for treatment.

Scurce: Edwin L. Johnson, “A Study in the Economics of water

Quality Management,” Water Resources Research, Vol. 3, No. 2

(2nd Qtr. l967), p. 2?

Figure ll-l is a simplified version of the Delaware Estuary model, for

three reaches only. The objective function of the primal problem is the

total cost of attaining the quality standards for dissolved oxygen in each

reach, m1. m2, and m3. The constraints require that the amOunt of dissolved

oxygen in any reach be greater than or equal to the amount necessary to

bring the waters to the prescribed standard. The matrix of a'_ represent

LJ

the pounds of oxygen “saved” in reach j by the removal of a unit of BOD at

waste $0urce i. They are derived with the Streeter-Phelps equation, which

describes the effect of the dec0mposition of a unit of 800 on the dissolved 
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oxygen deficit (difference between current and saturation levels of dissolved

1.

oxygen), as a function of time in the stream. Saturation levels are a func-

tion of several physical variables, for example temperature. Data on rate

of flow are used to convert the time function to a geographical function. The

aij are thus not actually constants, but are assumed to be so for the program-

ming problem. This assumption could be even more realistic if the method were

applied to non-degradable (conservative) pollutants; but the application of

linear models has thus far been restricted to one pollutant, BOD. The f. are

the additional pounds of BOD removed at source i. Thus the product aijfi

represents Ilpounds of oxygen saved” (in reach j, by waste removals at i); the

sum of these products must be greater than the minimum additional pounds of

oxygen required to attain the standard.

The LC model simply solves this program subject to the basic constraints,

to determine the optimal vector of fi. The SECH and ZECH models make BOD

removals (the fa), functions of the charge p. Another set of relationships

must be established from treatment cost, federal and local tax, and profit

data to show the responses of each discharger to the nominal charge. The

nominal charge p is converted to an eHECfive cnarge taking account of taxes;

this gives a measure of cost in terms of reduced profits, presumably assum-

ing no change in production, output price, or sales. This measure can only

be rough because output of waste is aSSumed constant, though it is recognized

that increased costs caused by the charge will induce not only increased waste

treatment but almost certainly a decrease in waste prOCuction. The waste

treatment costs, the ci, are also effective costs, after taxes and subsidies.

. . . . . 5
Edwnn L. Johnson describes the operation of the program as follows:

[Tlhe strategy in SECH is to select an arbitrary nominal charge for

the estuary and to convert this to an effective charge for each dis-

charger, which, in turn, maps into an induced increase in rtuovai. The

estimated additional removal for all dischargers determines a quality

improvement vector q, which is compared with the desi ed vector q*.

if q a q* element by element and if 0 5 q- - qt ‘ E

lowable error) for at least one j, then the charge

E being SOWu al~

the lowest charge

ts; if . c for

any j, then p is *

repeated.

ZECH performs exactly as SECH, except that a G fieren: c3“'~~

obtain in each zone of the water body, and conceivably m

and the process is

of such charges will induce sufficient removals to satisfy

improvement constraint. Therefore, an additional conuitiOn

that selects from along all feasible sets of charges that so

duces the least total expenditure on waste reduction.

‘+ . .
H. W. Streeter and E. B. Phelps, “A Study of the Pollution and Natural

Purification of the Ohio River,” Public Health Bulletin lhb, U. S.

Health Service, Washington, D. C., 1925.

SJohnson, “Study,” p. 296.

Pub) ic 



SECH then selects a charge p such that the induced waste reduc-

tion f(p) satisfies the three basic constraints. ZECH selects a set

of p's, say p'*, for each zone, such that the induced waste reduc-

tions f(p*k) satisfy the three basic constraints and also

Zc.f ( "‘)9ZC.f.
I ik k“ I Ik(pk)

for all other pk which satisfy the three basic constraints.

The principle of operation for Hass's Miami River basin model is

exactly the same as for the Delaware Estuary least cost model. The prob-

lem, however, is formulated slightly differently; and Hass introduces a

new alternative to waste treatment at individual outfalls. The new ele-

ment is low-flow augmentation, through the regulation of reservoirs. Opti-

mality requires the equation of marginal costs of further waste load reductions

by individual and centralized treatment. In Figure ill-2, y represents units

of flow (y i if there is no augmentation), and do is a constant marginal

cost per unit of flow augmentation. As is evident from the figure, the

products w.x. correspond to the f. in the Delaware model.

I z .

Although Hass simulates individual treatment cost functions in order

to solve his model, his simulated runs suggest that a Dantzig-Wolfe decom-

6
position procedure may be used by the central authority to determine Opti-

mal taxes without knowing firms‘ individual treatment cost functions. This

iterative procedure requires the authority to Submit a set of taxes to pol-

luters who indicate how much waste they will discharge under this regime.

The authority uses the responses to derive a new set of taxes whicn are then

submitted to polluters in the same manner. Hass suggests that the optimal

set of taxes will be reached by a tatonnement process, after relatIVely few

iterations. He assumes throughput his analysis that polluters' responses

will be accurate.

The optimal charges or taxes which are derived by a least cost made!

are the shadow prices associated with the dual formulation of the problem.

These shadow prices are the A; in Figures ll-l and ll-Z. The A: represent

the marginal value of an additional 00und of oxygen in reach i. The dual

problem maximizes the total value of oxygen in all reaches b

6
For comprehensive descriptions of the procedure, see Geo Dan

and Philip Wolfe, I'The Decomposition Algorithm for Linear Prog as,“

etrica, Vol. 29, No. 4 (l96l), 767-778; and

William J. Baumol and Tibor Fabian, “Decomposition, Pricing for Decentrali-

zation and External Economies,” Management Science, Vol. 2, No. 1 (Sept-

l96h), 1-32.

 



treatment in all other reaches, subject to the constraints that he

aggregate marginal value of the oxygen (in reach i) saved by addi—

tional BOD removals in all other reaches is less than or equal to the

aggregate marginal cost of the BOD removals. That is, the value of the

oxygen “saved” or “produced” in all other reaches cannot exceed the

of producing it (by removing BOD in reach i). The inequalities are

this form because the dual is a maximization problem.

The shadow price Aj associated with the jth constraint (of the

primal) mj, measures the marginal value of supplying an extra unit of

oxygen to reach j, when oxygen levels are optimal. Since a iJ measures

the pounds of oxygen nxbhud hi reach j uy the dachaye oi a pound oi

‘sBOD in reach i,/lJ.aij is the marginal cost to society of polluter 2

failure to treat his wastes further, when oxygen (and therefore pollution)

levels are optimal. The sum of these products, ISA a.,, is therefore

J J 'J

the optimal tax on polluter E, to which polluter i will equate his

marginal cost of further BOD removals.

Linear programming models can thus reveal the least—cost configura-

tion of waste removals to attain a given array of quality standards in

various reaches. It waste removals are made a function of a SECH,

then the linear programming technique can be adapted to reveal the

lowest SECH which will induce the attainment of given standards‘ But

linear programming models cannot derive eCOnomically optimal standards

themselves.
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DELAWARE ESTUARY STUDY - FEDERAL WATER POLLUTION CONTROL ADMINISTRATION -

LINEAR PROGRAMMING MODEL

I. Data reguirements

a. Matrix relating BOD removed in any reacn to 00 levels

in any other reach--derived from hydrological and

biological data, and the Streeter-Phelps equation

b. Marginal waste treatment cost Functions for dischargers

AssumEtions

a. BOD-DO relationship is aCCurately described by a

constant.

Marginal waste treatment cost functions are linear.

A constant total amount of BOD is generated (prior to

treatment) by each polluter, irrespective of charge

levels.

d. Production, output price, and sales remain constant.

Collective alternatives to

treatment at individual outfalls

None

A. Quality parameters

800, 00

5. Ob'ective

Minimize total annual costs (actual c0sts to niscnargers,

both operating and amortized capital costs, taking acc0unt of

taxes and subsidies currently in effect) of additional BOD

removals needed to satisfy constraints. Administrative

costs not considered; nor are land costs for any new treat-

ment facilities.

Constraints

Least cost:

a. Minimum additional 00 requirements in

as desired

No discharger may decrease his treatment from current

levels.

c. Required waste removals must not exceed waste orodcced.

Single effluent Charge:

LC constraints, plus a rCQutiant that the same unit

charge be aoplied to pollutants from all polluters

Zoned effluent charge:

Same as SECH, except that uniform unit cnarges aoply only

within zonal subdivisions of the river svstem

OEeration

Variants of the basic model are compared for diff rent 00 goals

and different reaeration rates:

8. LC: the basic model is solved to determine niw ndcn

ment each discharger should be required to perfornm

SECH: Functions relating BOD removals to a basir Ede

charge per unit of SOD are specified for eacn plant. The

charge is raised incrementally until sufficient additional

waste removals are induced to satisfy all constraints.

ZECH: Same as SECH, except t at there are different

charges for each of several zones (uniform in each zone)
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MIAMI RIVER SIMULATION - JEROME HASS - LINEAR PROGRAMMING MODEL -

DECOMPOSITION ALGORITHM

1. Data reguirements

a. Matrix relating BOD removed in any reach to 00

levels in any other reachr-derived from hydrological

and biological data, and the Streeter-Phelps

equation

Marginal cost function for flow augmentation

Marginal waste treatment cost functions for dis-

chargers are simulated for computer run; out

knowledge of these w0uld be unnecessary ii the

decomposition algorithm were proven to converge upon

optimal tax structure after few iterations, in all

cases.

Assumptions

a. BOD-DO relationship is acCurately described by a constant.

b. Marginal cost function For flow augmentation is linear.

A constant total amount of BOD is generated (prior to

treatment) by each polluter, irrespective of charge

levels.

Collective alternatives to

treatment at individual outfalls

Low-flow augmentation

Quality parameters

800, 00

Obiective

Minimize total daily costs of additional BOD removals and

{low augmentation needed to satisfy constraints. Adminis—

trative costs not considered.

Constraints

a. Minimum additional 00 requirements in as many reaches

as desired

No discharger may decrease his treatment from current

levels.

Flow augmentation must be positive or zero (units are

normalized).

Operation

The basic model is solved to determine how much treatmen:

each dischargcr should he required to perform. Treatment

levels may be thought of as functions of an optimal charge

per unit BOD, individualized For each discnarger. These

charges, however, are not independent variables, but

shadow prices associated with the constraints, In the

optimal allocation mouel. nass demonstrates an adaptation

of the Dantzig-Wolfe dec0mposition procedure whereby the

central authority may derive optimal treatment configura—

tions and charges without knowing individual effluent

treatment cost functions.

 



B. DYNAMIC PROGRAMMING IN THE TRENT ECONOMIC MODEL

7

The Trent Economic Model is based on a very different conceptual

framework and computer program than the linear programming models. The

Trent model views effluent treatment at point of discharge and water

treatment at point of intake as substitutable processes for attaining

given amounts of water of predetermined quality in any particular reach

of the river system. Dischargers choose among a limited array of

effluent treatment plants, with associated costs per unit of effluent

treated to the level which defines the plant type. For example, a

primary treatment plant, which removes ab0ut 40% of the effluent's BOD

load, of a certain size has a certain present cost, composed of all

operating and capital costs, disc0unted over a tnirty‘ycar perioc.

computer program presents each discharger with several effluent treat

ment options. These options are specific to the individual firm in

the case of industrial effluent treatment. There are four types of

municipal sewage plant.

The options of river water abstractors are more limited, because

of the way in which quality states are defined. The quality state of

the river is defined by the type of plant (one of ten types) reguired

to treat any amount of river Nater a: intake point, up to the capacity

of the plant, to potable standards. Municipal users must choose that

plant which treats the required amount of water to the common potable

standard. Industrial users have the option of taking potable water

from municipal water treatment plants, or installing the most elementary

type of treatment plant, irrespective of the quality of intake water.

If it is cheaper to provide, say, 50,000 gallons per day of potable

water at abstraction point Y by building a large water treatment plant

(with a cost of $100,000) at Y and a small effluent treatment plant at

Local Government Operational Research Unit, Royai Institute of

Public Administration, Trent Economic Model, December, 1970.

 



F IGURE I I- 3

The River Trent Recreation Study Locar/‘on Map

Source: The Trent Research Programme
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(page 2)
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discharge point X (costing $25,000), than by building a large plant at X

($l00,000) and a small plant at Y ($50,000), the model will choose the for-

mer combination as the least-cost method of achieving the goal. Quantity

requirements are exogenous data fed into the program as constraints. Qual-

ity requirements for the abstracted water are fixed at potable standards.

But it is possible to feed in constraints on the quality of the whole river

at any point, in terms of sixteen different pollution parameters. Thus

the model can reveal the least-cost combination of effluent treatment and

water treatment plants which will give either (1) a fixed amount of potable

water at any point in the system, or (2) a certain quality for the entire

river at any point in the system.

The model operates in the following manner. The first upstream user,

say a discharger, will have the choice of, say, three treatment plants.

Tnus any one of three possible quality states (in terms of the sixteen para-

meters) may confront the Second user; ' latter is also a discharger

with the choice of three treatment plants, one of as many as nin states

will confront the third user. Associated with each of these nine states

is a cost composed of the costs of the particular treatment installations

chosen by the upper two users. The model recognizes only 30 different

possible states; if there are two or more combinations of installations

which will give a certain state at a particular point, the model chooses

the cheaper combination and “forgets” the more expensive alternative.

Thus, as the model proceeds dOwnstream, it keeps a running record of all

possible quality states at any point, together with the cheapest method

of attaining that state.

The model is flexible with respect to ways of incorporating the self"

purification of the river. At any point where water or effluent enters or

leaves the river system, the new concentration of the various pollutants is

calculated according to a simple arithmetic “mass balance” equation.

such points, almost any mathematical representation of the effects 0'

purification on pollutant concentrations can be incorporated into the

Such representations need not be generalized; the operation of the motel

can acc0mmodate different representations for different st 9 s or reaches.

There are several methods of improving water quality besides individual

treatment of effluents or intake waters. These include river purification

8
L.G.0.R.U., Trent Economic Model, pp. l5, 37, 83-8h. 



lakes, flow regulation, and mechanical reaeration, among others. The model

can consider any such alternative. Experiments are being conducted with a

pilot river purification lake for the River Tame, which drains Birmingham.

An important problem with which the Trent Research Programme has yet

to deal is the allocation of the costs of building the required “least-cost”

facilities among the various river users. The linear programming models

solve for the set of charges which will reduce total pollution loads to

target levels, and the charges may be imposed without directing that each

firm build the specific installations whose cost functions were previously

incorporated into the model in order to solve for the charges. (The firm

will build the installation if it remains the cheapest way to reduce its

discharges by the required amount; but the charging scheme does not limit

the firm to this alternative, and indeed induces research to find cheaper

ways of reducing pollution.) The Trent Economic Model, on the other hand,

solves only for a discrete set of effluent and water treatment plants with

associated (minimized) total costs. The model-builders were not assigned

the task of showing how the least cost configuration of treatment plants

is to be financed. Therefore little consideration was given in the model

to pollution charges as a source of revenue or as a continuous financial

incentive to reduce discharges.

TRENT ECONOMIC MODEL - LOCAL GOVERNMENT OPERATIONAL RESEARCH UNIT -

DYNAMIC PROGRAMMING

l. Data rcguirements

3. Annual costs (operating and disCOunted capital costs, 30-year horizon)

for building an array of installations chosen from among:

(l) ten types of water treatment plant

(2) four types of sewage works

(3) individual industrial effluent treatment plants (for all

private dischargers)

b. Marginal cost functions (per unit pollutant removed) for river puri-

fication lake, bunter recharge

2. Assumptions

a. Effects of pollutants are independent of the ' els of other pollu-

tants, except for ammoniacal and oxidised nitrO‘ n.

b. A c0nstant total amOunt of each pollutant is ge.

treatment) by each polluter.

3. Collective alternatives to

treatment at individual outfalis

River purification lake

h. Quality parameters

Biological oxygen demand, ammoniacal nitrogen, oxidised nitrogen, dis-

solved oxygen, suspended solids, temperature, total dissolved solids,

monohydric phenols, chromium, copper, nickel, zinc, lead, cadmium, total

organic carbon, chloride

 



5. Ob'ective

Minimize total annual costs of either:

(1) providing fixed amounts of potable water at various points

in the system, or

(2) meeting quality constraints imposed on various reaches; or

both.

6. Constraints

Either:

(l) required amounts of potable water at various locations, or

(2) minimum quality constraints (for the whole river in any reach)

in terms of any or all of the sixteen parameters; or both.

7. Operation

The first upstream user, for example a cischarge will have the choice

of, say, three treatment plants. Thus any one o hree possible Qual-

ity states may confront the second user. If 1&1 ter is also a dis-

charger with the choice of three treatnent plants, he of as many as

nine states will confront the third user. Associated with each of these

nine states is a cost composed of the costs of the partiCular treatment

installations chosen by the upper two users. Tne model recognizes a

maximum of 30 different possible states; if there are t i or more com—

binations of installations which will give a certain state at a parti-

cular point, the model chooses the cheaper combination and ”‘

' '.‘. C

.orgets“

the more expensive alternative. Thus, as the model proceeds downstream,

it keeps a running record of all possible quality states at any point,

together with the cheapest method of attaining that state.

 



CHAPTER III

THE THEORY OF THE RIVER-POLLUTING FIRM

A. DEFINITIONS

(I) EXTERNALITY OF PRODUCTION.l Let X and Y be two goods; x

___——————— ]’
. Xn

and y‘, ... , yn be factors of production; and wx and wy be river water

used (as either process water or effluent carrier or both) in the produc-

tion of X and Y, respectively. Let the utility function of any person i

be

U. = Ui(X, Y)

Let the production functions of two firms be

w )
n' x

X = f(x], ... , x

Y=g(Y]’ "' ! yn’ WY)

An externality arises from Y's activity when either

ui Uilxi, vi, wy)

X f(xl, ... , or both.‘

External diseconomies, with which we are exclusively concerned, are dis-

tinguished by the further conditions that BU./Bw < O , and bX/aw/< G ,
' \

Y

respectively.

(2) POLLUTION. This is the generic name for a host of individual pollu-

tants (or pollution parameters, as they are called in the Trent Research

Programme), such as biological oxygen demand and ammonia, whose presence

in the river, in concentrations above certain threshhold levels, imposes

damages upon downstream users of the water. Effluent is a Suspension or

IThe classic definitional article is James i. Bucnanan and w. Craig

Stubblebine, “Externality,” Economica, N.S. Vol. 29, No. 126 (Nov, 1962),

371‘38h. We do not deal in this paper with externalities of consumption.

An excellent discussion of externalities in the context of water

rescurces management is given in Allen V. Kneese and Blair T. Bower, Han-

aging Water Quality: Economicsl Institutions, Technology, Baltimore:

Johns Hopkins, for Resources for the Future, Inc., 19 , chapter 5.

2 . . . . . . . .

E. J. Mishan Includes in his definition of an externality that it

arises unintentionally. E. J. Mishan, “Joint Products, Collective Goods

and External Effects,” Journal of Political Economy, Vol. 77 (1969). PP»

31.2-31.3. — 
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solution of pollutants arising from industrial production or sewage treat-

ment processes. Effluent treatment and water treatment are essentially

the same process: the removal of these pollutants from water. Waste

refers to pollutants or effluents arising from any human activity.

(3) NET VALUE OF SOCIAL PRODUCT. One way to conceive of the stock or flow

of economic welfare in an externality-ridden society is to reduce an aggre-

gate value of product index, such as real Gross National Product, by the

monetary value of aggregate damage to individuals from the external dis-

economies of production in the economic system. (External diseconomies to

firms, as well as all external economies, of production, are already accounted

for in the GNP index.) We are more interested, however, in analyzing changes

in the aggregate, than in defining the aggregate itself. These changes are

best conceived of, on a micro level, in terms of consumer's and producer's

surplus. Now, GNP does not measure these Surpluses, but instead sums total

revenues (transactions prices times traded quantities) for proouctive enter-

prises over the economy. Nonetheless, our exposition will be clearest if

we use the term “net value of social product”, on those Occasions when we

must refer to aggregate levels of economic welfare, without discussing the

problems and mechanics of aggregation, and use the concept of consumer's

surplus to analyze changes in those levels.

(A) OPTIMALITY. Optimal pollution is that level at which the net value of

social product is maximized. If competitive conditions hold throughout the

economy, then one of the conditions of optimality is that marginal costs of

further removals of pollution at any discharge point exceed the marginal

reduction in damage at all other points. We shall use the term “optimal”

to refer to the level of pollution at which this condition obtains, both

before and after we introduce an output market into the analysis and state

the other conditions for optimality in a competitive situation.

then discuss problems revealed by the theory of the second-best, for exam-

ple. how the existence of monopolistic elements in polluting industries may

render these conditions meaningless.

 



B. THE INABILITY 0F MARKETS T0 PRODUCE

OPTIMAL POLLUTION LEVELS

The unregulated discharge into a river of wastes which affect consump-

tion and production by other users of the river waters will produce a situa-

tion in which the net value of soeial product can be increased by state

intervention, provided (I) that marginal costs of information and negotia-

tion among the affected parties are greater than the marginal increase in

net product which c0uld be effected by a bargain, and (2) that marginal

costs of state action are smaller than that potential increase. But few

existing regulatory programs in Great Britain or the United States attempt

either to evaluate pollution damages or to reduce pollution to that level

at which the marginal cost of further reductions exceeds the marginal reduc-

tion in damages. Having discussed the most advanced, computer-based methods

available for attaining arbitrary quality goals at least cost, we take up

the question which ended Chapter I: can the Trent River Authority both

(I) derive optimal pollution levels, and (2) devise a practical system of

attaining those goals, all the while keeping administrative costs below the

expected increase in the value of social product? Minimizing administrative

costs means, practically, minimizing the amount of information required to

accomplish the two tasks, since gathering accurate cost damage data is the

major administrative task. The question therefore naturally arises whether

a market can be set up in such a way that the individual polluters and

damagees, acting in their own interests, will set pollution at optimal

levels, without the need for some river basin authority to gather detailed

information on costs and damages.

Potential Private Bargaining

Before we discuss the difficulties in establishing a market in PR's,

we abstract from bargaining costs and examine incentives for individual

damagees to compensate individual polluters, in a system in which there I:

a legal right to pollute. Figure lll-l depicts hypothetical marginal bene-

fit functions of two polluters, P and R, and marginal damage functions for

two antipolluters, A and 8. Scale a was used to construct the curves.

Scale b merely indicates the total levels of pollution in the river if each

of the two Polluters is discharging the corresponding number of units of

 



 
 

 
 
 

 
 

 
 

  
 

 
 

 



pollution on scale a, so long as it is marginally beneficial for him

to do so. For example, if P and R are each discharging 25 units, then

total pollution in the river is 50 units; at that level B's marginal

damage is $0.75 per unit, A's marginal damage is $1.75 per unit, and

aggregate marginal damage is $2.50 per unit. We assume that the

marginal damage curve does not cut the marginal benefit curve from above,

in which case there is no optimum level of pollution.

The damage curves show willingness to pay to remove the offending

pollution, and thus are dependent on income. We can remove one of the

problems which this raises by assuming that there are no income

differentials between relatively lighter and heavier damagees. But the

more fundamental problem is that if any compensation is paid, the

income of the bribing antipolluter will be reduced - and so will the

level of his damage curve.

curve for each different level of cempensation.

Thus there is a different marginal damage

in the ensuing dis-

cussion of hypothetical compensation processes, then, we postulate that

the damage curve depicted in Figure III-l is the one corresponding to

the income level of the antipolluter after he has made all of his compen-

sation payments.

P w0uld initially be discharging l20 units of pollution, and R

would discharge 200 units, for a total of 320 units. Since the marginal

damage functions in our example increase monotonically, each damagee

(A or B) is willing to pay either polluter more for a given reductiOn

in his discharges when the other olluter is operatin as well.D 9

A's total damages = SlhAO

A is willing to pay P up to

$533.75 to reduce his discharges

from l20 to 50 units. (total from

320 to 250 units)

if P were the only discharger, A

would be willing to pay him only

$l83.75 to make the same reduction.

P will accept as little as $61.25

to reduce to 50 units.

A is willing to pay R up to $ll37.70

to reduce his discharges from 200

units to l6.8 units. (total from

320 to l36.8 units)

If R were the only discharger, A

would be willing to pay him only

$588.]0 to make the same reduction.

B‘s total damages = $256

8 is willing to pay P up to Ski

to reduce his discharges from

l20 to 100 units. (total from

320 to 300 units)

If P were the only dischargcr,

B would be willing to pay him

only $2l to make the same reduction.

P will accept as little as $5 to

reduce to lOO units.

8 is willing to pay R up to

$296.25 to reduce his discharges

from 200 units to 50 units. (total

from 320 to 170 units)

If R were the only discharger, B

would be willing to pay him only

$l68.75 to make the same reduction.

 



R will accept as little as $84.27 R will accept as little as $56.25

to reduce to 16.8 units. to reduce to 50 units.

Any change in the initial situation--any bargain actually achieved--

will alter the nature of remaining potential bargains. For example, if

A actually pays R some amount between $8b.27 and $1137.70 to reduce his

discharges to 16.8 units, he will no longer be willing to pay P up to

$533.75--but instead only $213.15 to reduce his discharges From 120

units to 50 units. Likewise, if A pays P first, he will be willing to

pay R only $8l7, no longer $1137.70, to reduce his discharges from 200

to 16.8 units. And once A has paid either P or R, there is no longer

any scope for a bargain between 8 (alone) and the compensated polluter.

Observed that B (in general, those for whom marginal pollution

damages are relatively low) will have an incentive to pay to have pol-

lution reduced, even if he believes that there are others such as A

whose relatively higher marginal damages will cause them to pay. 8

would benefit from paying on his own to have pollution reduced from

320 to 83.2 units (by paying R to remove all his pollution and P to

reduce from 120 to 83.2 units). Though he would be providing a public

benefit(to A), B would still benefit privately by more than his pri-

vate costs--because the public good of “freedom from pollution“ is

divisible, though not excludable. A fortiori, A (in general, those for

whom marginal pollution damages are relatively high) would net refrain

indefinitely from making private compensation arrangements with indivi-

dual poliuters. A would benefit from paying on his own to have pollution

reduced to 50 units. The mechanics of compensation would be something

like the following:

Figure Ill-2

Payment is Reduction in Min. Pay. Max. will. Max. will.

made to: pollution (units) Reguired of A to Bay of B to pay

R By R: 200 to 120 16 600 152

Total: 320 ZAO

By P: 120 100 125 33

Total: ZHO 220

By R: 120 0 5A0 156

Total: 220 100

By P: 100 80

Total: 100 80

 



By P: 80 to 50 ln.25 63.75 (2h.75)

Total: 80 to 50

TOTAL: 320 to 50 161.25 1383.75 (3814.75)

Steps (2), (3), and (h) are only approximations of the order in which

the discrete payments would be likely to be made. For example, in

step (3), just before R has completely eliminated his pollution, it

would become slightly cheaper to begin paying P again. But regardless

of whether further refinements are made in the cOmpensation process, the

position at the end of step (h) will be the same, and A will go on to

pay P to reduce to 50 units.

Fifty units, however, is not the optimum level of pollution,

because discharging the 50th unit provides fewer benefits to P than

aggregate damages to A and B. B would be willing to pay $9.72 for the

additional reduction to 36.h units, and A would be willing to pay $l9.h2

for the same reduction. Together the antipolluters would pay $29.lh,

and P would accept as little as $26.ll, to reduce from 50 to 36.“ units.

Thus, when individual bargaining has run its course without attaining

optimal pollution levels, it will Still be in the interest of all anti-

polluters to pay polluters to move to the Optimum position by organizing

a bribe fund (to which everyone contributes up to his marginal damage),

sooner or later. In this situation involving a divisible public good,

and only two polluters and two antipolluters, it is unlikely that the

strategic free rider problem (“If only i hold out long enough, the

other man will pay”) would prove an insuperable hurdle to the attainment

of an optimum. The lure of the possibility of improving one‘s own

position by one's own payments would eventually overcome the strategic

objections to paying 29w. Relatively heavier damagees would stand to

gain more by bribing, and would be under greater pressure to give in

first. This phenomenon, and differences In bargaining power, would

affect income distribution among antipolluters, but would not preclude

the attainment of Optimal pollution levels, in theory.

We have been abstracting, however, from the costs of organizing

antipoiluters, as well as transactions costs, and these are likely to

be greater in practice than the potential benefits from bribing, when

the number of antipolluters and polluters is large. It is because these

costs of organizing and transacting in the real world are relatively 



great, that there is a potential economic case for state action in the

first place. There are no doubt a great many nominal damagees for whom

the costs of transacting exceed the potential benefits, even though in

the absence of such costs they might make individual bargains with

polluters. The problems of strategic holdouts may be accentuated where

there are a large number of other antipolluters, any one of whom may

break down and pay c0mpensation first. And there is the additional

possibility that for some antipolluters, marginal damage at current

pollution levels not only falls, but equals zero. Such an antipolluter

would have no incentive to bribe polluters while the river was very

dirty, but if it were cleaned up to such a degree that trout fishing

or perhaps swimming would be possible if an additional polluter or two

were bribed, he might undertake these payments on his own.

The Dilemma of the Basin Authority

A l'market in Pollution Rights” would have the regulatory body

issue a number of Pollution Rights to discharge unit amounts of certain

pollutants, and then, having legislated that all discharges not repre-

sented by a PR are illegal, seli the Rights on an organized exchange to

anyone who wishes to purchase them, be he a private corporation, a

municipality, an anglers‘ association, or an individual Crusader for a

Clean Environment. The idea is that if polluters and antipoiluters are

bidding against each other for PR‘s, quality standards wiii be set oy

the market. We shali Show that the idea cannot be put into practice.

A Pollution Right would have different exciudabiiity properties

depending upon who held it. The right to discharge effluents is a

private good in the hands of a polluter. What one poiluter has cannot

be used by others without his consent. But the right to De free of the

effect of others‘ discharges is a public good. One person‘s possession

of the right benefits ali. Thus an antipolluter has no incentive to bid

against a fellow antipolluter.

An additional peculiarity of this hypothetical market is that the

commodity traded, the PR, does not appear in the antipolluter's utility

function, unless it reduces pollution. Pollution appears there, as a

negative term. But to the antipolluter, the PR is a good only insofar

as it reduces pollution. The fact that an antipolluter buys and holds

 



~a PR does not necessarily mean that pollution levels will be below

what they otherwise would have been by an amount corresponding pre-

cisely to the units represented by the PR. Only if it can be ensured

that an antipoliuter's purchase denies that PR to a poliuter, will the

PR appear in the antipolluter's utility function. This difficulty may

be termed the “preemption” problem, and is a quite different phenomenon

from the I'free rider” problem. The latter has to do with disincentives

for private individuals to contribute to the cost of goods whose claim

to “publicness” arises from their indivisibility as well as non-

excludability. It is a problem which afflicts the efforts of like-

mlnded persons to combine to purchase a public good, the consumption

of which by one of those persons does not reduce the amount available

for consumption by the others, and the purchase of which by one indivi-

dual in fact makes the good available in equal am0unts to all the others.

On a strategic plane, the problem may be either (i) the suspicion that

one's own contribution will go for nothing unless all contribute and

may not in fact be necessary if all others contribute (in the case of

a non-excludable and indivisible good), or (2) the unwillingness that

others should benefit from one's own payments without paying themselves,

mixed with one's own desire to benefit freely from others‘ payments (in

the case of a non—exciudable but divisible good). The free rider problem

would apply, then, to an extent described below, only to the anti-

polluters' side of a market in Pollution Rights.

By contrast, the preemption problem would arise from the presence

in the market of two opposite-minded groups, one of which would bid not

because they want to exercise Pollution Rights, but because they wish

to keep the other group from exercising them. We shall shav that the

dependence of antipoliuters' demand for PR's upon both the quantity

issued and the polluters‘ demand functions for PR's would destroy the

possibility of simultaneous bidding to determine the Optimal quantity

in the first piace.

Suppose that the river authority issued a number of Pollution

Rights, each entitling the holder to discharge one unit of pollution,

but each of which is infinitely divisible. The authority can set the

price, or the quantity to be issued, but not both, if it wishes to clear

the market. A price of $2.09 would not clear the market; it would sell 



only 36.h PR's, if that many were issued, to P. A would not be

motivated to buy any. At a price of $1.50, P would buy 60 PR's. A

would be willing to pay an amount up to the area under his marginal

damage function between 50 and 60 on the X axis, that is,$l8.75,to

keep ten PR's out of P's hands. These last ten are only worth $16.25

to P. But A's use of the $18.75 to purchase 12.5 PR's would not pre-

vent P from purchasing his 60 PR's. This is the preemption problem.

Only if A paid P directly some amount between $16.25 and $18.75 would

all parties be satisfied, at the stipulated $1.50 price for PR's.

In general, if the authority sets an arbitrary price and stands

willing to issue whatever quantity of PR's is demanded at that price,

antipolluters, organized or not, will simply not bid for PR‘s, since

polluters will buy the same number of PR's whether or not antipolluters

bid. This procedure would establish, not a market, but a charging

scheme, and resultant pollution levels would in no sense be optimal.

The only other alternative for a river basin manager who does not

know the positions of the marginal damage and marginal benefit curves

is to issue an arbitrary quantity and ask for bids. But the quantity

would not be optimal, nor would the price which emerged. The quantity

of PR's which antipolluters will demand at any price is a function not

only of that price - the sole determinant of the quantity which a

polluter demands -but also of the probability that their purchases will

in fact deprive polluters of those PR‘s. This probability is in turn

a function of the number of PR's issued by the authority, and anti-

polluters' knowledge of the polluters‘ aggregate demand function for

PR's. in Figure ill-3, then, we show what is really an impossible

equilibrium situation, because not only the shape but the very existence

of the antipolluters‘ demand functions for PR's depend upon antipolluters‘

knowledge of q* and D . If they could be drawn, the hypothetical demand

p

curves for antipolluters A, and A w0u1d be Summed vertically to give

. 2

a function which is in turn aggregated horizontally with the poiluters'

demand function to give the aggregate demand function for PR‘s which

faces the river authority. The arbitrary quantity issued by the authority

would be allocated in the manner shown: polluters, all paying the same

price p*, would receive a total of qp PR's, and antipolluters, con-

tributing different amounts p and pA2 to the antipollution fund (for

Al 
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the marginal PR), would receive a total of qa PR's. But the authority

would simply not know how many to issue in the first place. No bidding

process could determine optimal pollution levels — antipolluters must

know q* and 0p before they will bid.

The authority might try to escape this dilemma, and avoid setting

either a price or a quantity, by selling off PR's at successively

lowered prices, presumably to polluters at first, and stopping when an

antipoiluters' syndicate, whose managers are somehow assumed to know

the position of the aggregate marginal damage function, makes i6 first

successful bid. The the0ry would be that this would be the level of

pollution at which the marginal damage and benefit curves intersect.

But the approach is doomed to failure from the start. Poliuters would

somehow have to be made to believe that each PR sold would be the last,

and resales would have to be prohibited. (if polluters could resell

to each other, those for whom PR's were worth more would wait and buy

them later.) The collapse of such a price discrimination Scheme is

inevitable; and the equity, not to mention legality, of such action by

a government agency is questionable as well. Furthermore, antipolluters

could simply submit an early bid, bringing the process to a halt at

suboptimal pollution levels. A river authority thus cannot set up a

market which will determine optimal pollution levels.

C. POLLUTION REMOVAL TO THE POiNT AT WHlCH MARGINAL

REMOVAL COSTS EQUAL MARGiNAL DAMAGE REDUCTiONS

Pollution is a “bad”, not a good. it imposes c05ts, rather tnan

adds value. There are no benefits in poliuting Be: is. The only

benefit from pollution is a cost avoided, and from the point of View

of the individual firm, whether there is even a cost to be avoided de-

pends on the legal system. This is not, of course, true for 50ciety as

a whole. Regardless of tne legal sysrem, there are net social benefits

from discharging municipal and industrial wastes into watercourses, if

the costs or preventing their production or disposing of them in any

other manner are greater.

Because the concept of pollution benefits is slightly paradoxical,

and not subject to convenient measurement, we prefer not to think of the

 



optimization problem in terms of equating marginal damages and benefits.

Instead, we shall compare marginal damage with marginal costs to

polluters of removing or avoiding that damage. The marginal cost curve

should represent the least-cost combination of pollution-removal pro-

cesses. it must be assumed that if polluters by pooling resources, or

by paying existing municipal or other waste treaters, can get their

wastes treated more cheaply than they can do it themselves within

the plant or at the individual outfall, they will demand and obtain

the necessary collective facilities. If it were assumed that polluters

were limited to effluent treatment, and damagees to collective river

treatment, one could equate the marginal costs of the two means of

removing pollutants, given that a certain quantity of pollution is to

be removed--but this would not reveal how much pollution should be

removed, for these marginal costs are not in addition equated to

independently-derived marginal damages.

Equating the marginal costs of two alternative means of pollution

removal is one of the tasks of Jerome Hass‘s linear programming exercise.

Hass assumes that quality standards are given--a completely inelastic

damage function--and treats individual effluent treatment and in situ

treatment (low flow augmentation) as alternative methods of attaining

the standards. If he solved for single effluent cnarges Instead of

“least cost” shadow prices, his approach could be illustrated graphically

as in the figure below. If the arbitrary quality goal is that 0? units

of pollutant should be in the river, then a SECH of n would induce

removal of OD units by i£_situ treatment. and FH units of effluent

treatment. If the quality goal is zero pollution, a charge of c would

cause 0E units to be removed by in situ treatment, and EH units by

effluent treatment. The intersection of the two curves, of course, does

not define an optimum level of pollution. A marginal damage function must

be added to the analysis.

Unit MC of effluent MC of in situ

$/Pollutant treatment treatment

Units Pollutant

Time

TOTAL POLLUTION CURRENTLY PRODUCED = OH 



 

Since pollution is a “bad”, pollution removal is a good. The

latter has sometimes been referred to loosely as a factor of production.

But pollution removal is fundamentally different from the types of

things we normally call factors of production, for it has no positive

marginal physical product to the firm. The use of more effluent treat-

ment does not increase output, except insofar as materials are recovered.

This is why offers of partial subsidization of effluent treatment facil-

ities will not by themselves cause pollution to be reduced. if the

government pays anything less than 100: of the cost of such facilities,

there remains a positive cost of effluent treatment which no profit-

maxlmizlng producer will absorb in the absence of legal sanctions,

pressures of public opinion, or some other external force.“

0n the other hand, pollution removal may be said to have a social

value of marginal product. The net value of social product will rise

with an increase in pollution removal, so long as the value of damage

reductions exceeds the opportunity cost of resources devoted to pol-

lution removal. The social value of marginal product of pollution removal

may become negative, just as the marginal physical product and value of

marginal product of any conventional factor can become negative for a

firm if the factor is used too heavily. But the social value of margi-

nal product of pollution removal is not the demand price for this pro-

ductive service (quantities of other productive services conStant).

Pollution removal is valuable to the firm only if and insofar as the law

makes it cheaper than not removing pollution.

For our initial comparative static analysis, in Figure iii-A, we

assume that there is only one factor of production, labor, and that

output, product price, units pollutant produced, and total expenditure

on labor remain constant. We vary the levels of effluent treatment under

different assumptions concerning the marginal costs of pollutant removal.

*—

hThis approach to control is not the same as a subsidy per unit

pollutant removed, which, theoretically, should have the same short-run

effects as a tax per unit discharged, since the subsidy represents an

opportunity cost. The practical difficulty with this type of subsidy

is to determine the Starting point from which reductions are to be

measured. Payments would have to be continued in perpetuity, based on

what would have been discharged in the absence of the subsidy. They

w0uld have to Be available to all existing and potential polluters.

For a full discussion of the subsidies versus-charges debate, see

Kneese and Bower, Managing Water Quality, Chapter 6. 
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Figure ill-h does not Illustrate all possible cases, but only

selected examples of single intersection. Other possibilities are

as follows:

(I) The curves may not intersect. If marginal damage (MD) everywhere

exceeds MC, then optimal pollution is zero; in the reverse case, optimal

pollution is l0 units. A corner solution is simply a variant of the

non-intersection case.

(2) The curves may be tangent. The point of tangency will never

represent an optimum, for if the MD curve dominates, as in Figure Ill-5(a),

society would gain if treatment were taken beyond that point, whereas

if the MC curve dominates, as in (b), society would lose if treatment

were taken up to that point.

(3) The functions may be non-monotonic, with several intersections

(Figure Ill-6). Any particular intersection may be analyzed on the

bases discussed below, but of courSe, what appears to be an optimum

may not be the Optimum optimorum.

The first graph and chart lll-h(a) illustrate the case which is

theoretically normal, in that the MC and M0 curves both rise, that is,

MC rises with units removed, and MD rises with units discnarged. The

intersection is therefore an optimum. Where MC = M0, the net social

product (or value added) of the firm is at a maximum. At this point

three units of pollutant are removed, and seven units are discharged.

The firm's profits, however, will always be highest where no treatment

whatsoever is undertaken. Our assumptions imply, of course, that all

expenditures on effluent treatment come out of profits. This will

only be the case, in the snort run, if the demand curve for the firm's

output is completely elastic. In the long run, if firms are forced or

induced by whatever means to treat their effluent, output will decline,

and capital and entrepreneurial ability will tend to shift toward non-

polluting industries.

Graph and chart (b) show MC :0 rise, and MD to fall. if the MC

curve is steeper than the MD curve, the intersection is an optimum.

But we have depicted the perverse case in which the absolute value of

the slope of the MD function (measured from left to right in the con-

ventional manner for both curves) exceeds that of the MC functiOn. in

this case the intersection is not an optimum, as the chart clearly shows. 
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Where MC falls but MD rises, as in graph and chart (c), the per-

verse case is the one in which the MC curve is steeper than the MD

curve. At the intersection the net social product of the firm is at

a minimum rather than a maximum. This is likewise the case where both

MC and MD decline, a situation which is always perverse.

The three single-intersection cases in which an optimum exists,

then, are:

(l)

(2)

the MC function exceeds that of the M0

(3)

the MD function exceeds that of the MC

where both MC and ND rise,

where MC rises, M0 falls, but the absolute value of the slope of

function, and

where MC falls, MD rises, but the absolute value of the slope of

function.

D. THE SHORT-RUN SUPPLY CURVE OF THE

OPTIMALLY-REGULATED POLLUTER

If we assume that marginal pollution removal cost and marginal

pollution damage curves rise, we can analyze the tatonnement procedure

by which the optimal levels of pollution removal and Output are

determined. The previous section dealt with the determination of the

optimal level of pollution removal, given some output level, associated

initial pollution level, and product price. But of course equilibrium

output levels will fall and product price will rise if costs of pro-

duction rise (assuming that demand for the output is not completely

So letlneiaStic, and is unaffected by the cnanges in question). us

reexamine Figure lll-S-a, but consider all cost curves and the demand

curve to be those of an entire industry. The industry faces a declining

demand curve for its product. We assume only (i) the fixed technologi-

cal relationship between output of the good and production of pollution,

and (2) rising marginal removal cost and damage curves.

In Figure ill-7, Quadrant ill depicts the equilibrium in the output

market when no pollution removal is undertaken. We have postulated a

Supply curve of X = iOOY and a demand curve of X / 5OY = lSG- One

hundred units of the good are produced and sold at a price of Si.

Quadrant I shows the optimum level of pollution removal, given that lOO

units of the good are produced; seven units pollutant should be dis—

charged,and three removed. The function in Quadrant IV represents the

A)
If
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fixed technological relationship between units of output and units

pollutant produced.

If the industry, In equilibrium, were suddenly required to under-

take the optimum amount of pollution removal (to remove three units),

its supply curve would shift upwards. We can derive a continuous

supply curve adjusted for optimal pollution removal costs by reasoning

in the following manner. If the industry's owners greatly overestimated

the elasticity of demand for their product, and reduced their output to

70, they would incur zero pollution removal costs. There would be an

unsatisfied demand for #5 (= llS - 70) additional units at their supply

price of $0.70.

Note, however, that when only seven units of pollution are

produced, the optimum level of discharge.is 5.5 units, and the optimum

level of removal l.S units. That is, when production of pollution is

reduced, the position of the marginal cost curve in the “bounded”

graphical representation shifts to the left, so that it now commences

at 7 and rises upward and to the left. The shift of the marginal cost

curve will not be a simple parallel shift, because the cost of removing

the first of ten units in a given amount of water will be slightly

less than the cost of removing the first of eight units in that amount

of water, ceteris Earibus, and so on through the schedule. To simplify

the exposition, however, we represent the shifts as parallel. The fact

that the optimum level of removal is a Function of the level of prsr

duction means that the supply curve we are now drawing, on wnich the

point (70, $0.70) lies, is still not the supply curve adjuSted for

optimal pollution removal costs at any level 2: production, but rather

the supply curve adjusted for pollution removal costs incurred to

attain the optimum pertaining to an initial production of ten units of

pollution. We derive this supply curve in addition to the continuously

optimal one, because this is the supply curve which will be proouced

or induced by any regulatory scheme based upon a once-and-For-ali calcu-

lation of an optimum. No control scheme could hope to readjust require-

ments in response to firms' production adjustments to the initial

treatment requirements, since this would require complete knowledge

not only of the marginal damage and removal cost functions, but also of
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the demand functions for the firms' products.

“imperfect” Supply curve,To continue with the derivation of the

let us assume that the owners make slightly better estimates and reduce

production to 80. This means they are now producing 8 units of

pollutant and removing one, at a cost of about $3, or 53.00/80 =

$0.0375 per unit output. At 80 units of output, therefore, the supply

price is 50.8375, and at that price there is unsatisfied demand for an

additional 28.I25 units. The owners could obtain as much as $l.b0 per

unit. They will clearly raise production.

If production were at 90 units, the industry would be producing

9 units of pollutant and removing two, at a cost of about $7, or

57.00/90 5 $0.0778 per unit output. The supply price Is therefore 50.9778.

At 95 units of output, 2.5 of the 9.5 units pollutant would be removed

at a cost of about $l0; the supply price would be $I.0553. The inter-

section of this supply curve with the demand curve wiii occur at a

level of output slightly above 95 units.

Now to derive the supply curve adjusred for optimal pollution

removal costs at any level of production. At an output of 70, the

optimum level of pollutant discharge is now 5.5, so the indu5try must

remove l.5 units at a cost of about $3.50, or $0.05 per unit output.

The first point we derive on this supply curve, then, is (70, $0.75),

which may be compared with (70, $0.70) on the other. At an output of

80, optimum discharge is 6 units, so two units of pollutant muSt be

removed at a cost of $7, or 50.0875 per unit output. The supply price

is therefore $0.8875. Similarly, at 90 the supply price is $I°0056,

and at 95 the supply price is SI.O63I. The characteristics of the

point of intersection between the “continuously—optimal“ supply curve

and the demand Curve may be described as optimum conditions.

THE OPTIMUM CONDITIONS OF PRODUCTION AND

EFFLUENT TREATMENT UNDER COMPETITION

5
in a l966 article, Charles R. Plott derived the optimum conditions

of production in the presence of external diseconomies, for the two-firm,

———_—____.

5Charles R. Plott, “Externalities and Corrective Taxes,“ Economica,

N.S. Vol. 33, No. 129 (Feb. I966), 8b-87. 



two-good, two-factor case. He considered the externality problem as

one of Joint supply. The derivation, with the terminology changed to

fit the river pollution model, proceeds as follows:

For the polluter, let

X - output of a good

S - output of suspended solids to be discharged to the river

9 - input of gravel-washing (the activity which produces the damaging

effluent)

a - Input of all other factors of production

Pl- market price of i - X, S, g, a

For the damagee, let

L = output of a good

I = input of the factors of production

Pl=l market price of i = L, I

The polluter maximizes his profits

n}= PXX(a, g) / PSS(g) - Paa - P g

9

The damagee maximizes his profits

1r- PLLI1,s(g)]- pL II ~ PSS(g)

In the absence of bribes, taxes, or subsidies, PS u 0.

Social optimality requires the maximéation of

11x { n1 . PXX(a,g) / PLLil, 5(9U {/Egsfb) :/:SS<§)

- Paa - ng - Pl]

Setting the partial derivatives with respect to a, l, and 9 equal to

zero gives the optimal conditions:

)X(a ) = P

“’ PX—SFLL a
(2) P aLtI, 5(9)]= p

L 3] i

(3) M +p am s<): 35(5) ,pP

X 39 L aS g, 39 9

Conditions (1) and (2) are that the value of marginal product of each

of the factors must equal the price of the factor. Condition (3)

indicates that the price of the externality-producing factor must equal

the sum of the value of its marginal product in the production of the

two goods X and L. Since bL/bg is by hypothesis negative, the pre-

6
regulation factor price Pg must be augmented by a tax on the use of 9

————~_

6Plott‘s main point is that the tax must be placed on g or S rather

than on X. There is no tax which can be placed on X to fulfil condition

(3) without violating condition (I). 
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equal to the (negative) value of marginal product of g in the production

of L. In other words, the tax must equal marginal damage.

A tax on S, the pollutant itself, would be preferable, however, to

a tax on g, the pollutant-producing input, whenever the technological

relationship between use of the input and production of pollution (the

function 5 = 5(9) ) is not fixed.7 To see this, note that the function

S = 5(9), relating the output of pollutant to the level of usage of the

pollutant-producing input, implicitly includes the pollution removal

cost function, as well as a technological relationship. Before the

imposition of any tax, of course, the pollution removal cost function

is irrelevant to the decisions of the firm's manager. A tax on

either S or 9, however, will induce him to remove pollution up to the

point at which the marginal cost of further reductions equals the

charge. In the presence of a charge, therefore, optimum conditions (2)

and (3) implicitly include the condition that the profit-maximizing

polluter has made these reductions. A tax on S is preferable to a tax

on 9 because it would encourage adjustments (perhaps involving research

and development outlays, whose present value is less than the present

value of expected cost savings) in 2231 the pollution removal cost

function and the technological function. However, with a tax on g, the

input activity which produces the pollutant, it would never benefit

the firm to try to reduce the technological ratio between units

pollutant produced and units of the input activity employed.

F. THE EFFECTS OF MONOPOLY

Whether movement from the existing production configuration to the

point at which the “continuously optimai“ supply curve intersects the

demand curve will increase the net value of social product depends upon

8
the current marketistructure. As Professor J. M. Buchanan has shown,

polluters with some degree on monopoly power impose, in effecti two

sorts of external diseconomy on various other members of society,

7Plott recognizes but does not develop this point.

8

J. M. Buchanan, “External Diseconomies, Corrective Taxes, and

Market Structure,” American Economic Review, Vol. 59, No. 1, (March

1969). pp. 17h-i77.

 



pollution damage, and restriction of output below levels at which

marginal cost equals price. if a “corrective tax” (be it an effluent

charge or a costly quota requirement) is imposed on the monopolistic

polluter, inducing further output restrictions, the net value of social

product may well decrease, depending upon whether the loss of consumer

satisfaction from the output cuts exceeds the reduction in pollution

damage. Dr. Buchanan illustrates this point with the diagram in

Figure Iii-8. The marginal cost curve is assumed horizontal so that

the analysis may be entirely in terms of consumer's surplus without

considering producer's surplus.

When the industry produces Q units of output, as it will under

c

competition, the true social cost of its activity is shown by the

area PC'HCQCO. The imposition of a tax PCP'C, equal to the external

diseconomy per unit, causes production to fall to Qé. Assuming (i)

that the factors released from the production of Q gain alternative

employment in marginal units of other goods, so that factor prices

and consumer's surplus elsewhere in the economy are unaffected by this

change, and (2) that the money collected as taxes is as socially

beneficial as it would have been as part of the total revenue of the

industry, we may analyze graphically the social COStS and gains of the

imposition of the tax. The reduction in social coSts is represented

by the area BCHCQCQé, whereas the reduction in consumer satisfaction

is represented by the area B E Q Q‘. The net welfare gain is thus

CCCC

BCHCEC.

If the industry were monopolistic, however, it would initially

be producing Qm units and receiving a price of Pm. The imposition

of the tax would cause production to fail to Q5 and the price to rise

to P$. The reduction in social costs, BmHQOQ$, is here smaller than

the loss of consumer satisfaction, GEQOQ$, by the area GEmHmBm. which

thus represents a net loss of welfare. Under Buchanan's assumptions,

there will be a net loss whenever the corrective tax is less than the

difference between price and marginal revenue at the preregulation

level of output.
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G. LONG-RUN ADJUSTMENTS

The imposition of effluent treatment requirements is a legal

change exogenous to the economic system, or a change in the ground

rules within which market forces are allowed to operate. The change

will reduce profits and returns to entrepreneurial capacity in polluting

industries, both absolutely and relative to profits and entrepreneurial

rent in other industries. Capital and entrepreneurship will flow away

from polluting and into non~polluting industries until equilibrium is

again established. This process will result in further reductions of

both the output of the good and pollution discharges, and still higher

prices, as compared with the short-run equilibrium position.

Although it is helpful for short-run analysis to separate the

problems of (l) determining the optimum level of pollution, and (2)

selecting a means of attaining that level, the problems are inter-

related in the long run. A system of financial incentives wili generate

long-run effects on the output of pollution-based goods, and pollution,

which purely administrative regulation (quotas) will no:.

example, that system of pollution charges which would in the short run

induce the level of pollution removal at which the marginal cost of

further removals equals marginal social damage. Presumably, this

level of removal could be required directly rather than induced

indirectly. The same removal costs will be incurred under either

regulatory system. Where charges are used, however, the firm's profits

and entrepreneurial rent will be lower, because a charge mus: oe paid

on each unit pollutant discharged. Capital and entrepreneuriai capacity

will flow away from polluting and into non-polluting industries to a

greater extent under a cnarging scheme, so that the long-run composi-

tion of output will include fewer pollution-based goods, more non-

pollution-based goods, and less pollution than the long-run output

a

basket produced by a quata scneme,’

9The long-run asymmetry between charges and subsidies has oeen

noted previously. See D. F. Bramhall and E. S. Mills, “A Note on

the Asymmetry Between Fees and Payments,” Water Resources Research

(Third Qtr. 1966). pp. 615-616.

 



An analogous argument applies to a system of subsidies. In the

short run, charges and subsidies have symmetrical effects, since a

subsidy per unit removed represents an Opportunity cost to the firm in

exactly the same way as a charge per unit dlscharged. The firm's

profits and entrepreneurial rent would be greater, however, under a

system of subsidies than under a quota system or a system of charges.

Thus the long-run composition of output will include more pollution-

based goods, fewer non-pollution-based goods, and more pollution, than

the output basket produced by a quota system.

These arguments do not militate against the use of financial

incentives as opposed to direct regulation, except to the extent that

secondary effects whose direction but not magnitude is predictable

(without knowledge of demand elasticities for pollution-based products)

are undesirable. But also involved in the theoreticai choice of a

control mechanism (abstracting from implementation costs) are at

least three long-run allocationai arguments which tend to favor charges

over quotas:

(l) Effiuent charges provide a continuous incentive to reduce

pollution discharges, whenever such reductions become cheaper than

paying the charge. Pollution quota systems, by contrast, lack this

research-and-deveiopment incentive, for they do not motivate polluters

to reduce discharges below the quota levels, regardless of cost changes.

This incentive effect of charges, however, might accentuate the “second-

best” problems of a non-optimal charging scheme. if induced pollution

levels were initially “too low” (charge higher than marginai damage),

then the substitution of a cheaper removal process for payment of the

charge on the marginal unit would increase net social product only if

the savings to the firm (charge minus removal costs) exceeded the

difference between lost revenue to the regulatory authority and the

value of the reduction in damage (charge minus marginal damage). if

induced levels were initially “too high” (charge lower than marginal

damage). this problem would not arise, since there wouid be a gain to

the firm, and the loss to the regulatory authority would be exceeded

by the reduction in damage.
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(2) The second allocation argument also has to do with research,

but is one step further removed from actual removal costs. The argument

applies both to charging and quota schemes, which embody the principle

of a "right to be free from pollution,” as distinguished from a subsidy

scheme based implicitly on a "right to pollute,“ but to a greater

extent to charging schemes, on account of their continuous incentive.

It is that the costs of finding ways to avoid damage will generally

be smaller for polluters than for the damagees. Managers of polluting

firms will have knowledge of many alternative ways to reduce discharges,

some of which may be cheaper than effluent treatment at individual

outfalls. These might be process changes, materials recovery, better

supervision, or collective treatment. The costs of organizing

collective treatment would tend to be smaller for polluters than for

damagees because (i) polluters wOuid have better knowledge of current

techniques and research options, and (2) there are fewer polluters, or

at least polluters' representatives, than damagees. Of course, costs

of finding ways to avoid damage may be Small compared to the damage

avoidance costs themselves. This argument does not affect our con-

clusion below that it will generally be more costly to remove pollutants

at source than the resultant reduction in damage to downstream water

abstractors would justify. That conclusion has to do with damage

avoidance (pollution removal) costs, and is based on actual river flow

and cost figures, the latter preSumabiy already representing the least-

cost method of removing pollutants available to the poiluter.

(3) The third argument for charges depends on the existence of

competitive conditions in the polluting industry: a tax on external

diseconomies is a preferable means of raising government revenues than

some types of taxes now in existence. Unlike an income tax, it w0uld

not distort the choice between work and leisure. And whereas excise

taxes generally distort choices among goods by raising the prices of

taxed goods above their social opportunity c05ts, taxes on external

diseconomies would up to a point reduce whatever distortion already

present in relative prices of pollution-based and non-poilution-based

goods arises from the fact that some of the external diseconomies of

the former do not appear in their prices, which are as a result below

 



social opportunity costs. Of course, this argument is invalid under

the conditions identified by Buchanan and discussed in Section F of

this chapter.

We shall again take up the debate between charges and quotas in

a more practical context. (See Chapter V, Sections C and 0). Our

purpose here has been to demonstrate on a theoretical level the

connections between the goal of optimal allocation and the methods

available for attaining the goal.

H. SUBOPTIMIZATION AND SEPARATE FACILITIES

A disturbing possibility arises when the Trent River Basin is

viewed, not as a separate economic entity, but in the context of

the country as a whole. The net value of social product for a Great

Britain in which all river systems were moderately polluted at first,

might rise if the Trent river system were converted to an open sewer

while other rivers were allowed to revert to a State of pristine

purity.

Professor E. J. Mishan refers to this possibility as the “separate

facilities” option. Even if the economy were at some sort of social

optimum in the presence of external diseconomles, it might still be

moved to an optimum optimorum by removing “the condition that opposite-

mlnded groups are constrained to inhabit a common area.”

More precisely, the value of the gain in social

welfare in moving from the constrained optimal soiution

to the separate-facilities solution is.equal to the

minimum payment that had been necessary to compensate

the affected members of the group for their loss of

amenity (for once the latter solution is embraced such

members do not lose any amenity and do not, therefore,

require c0mpensation) lus the maximum the erst com-

pensators would give In order to have their separate

facilities that allow them fully to indulge in the

activity in question. The separate-facilities

solution is, then, superior whenever this gain added

to the saving of costs necessarily incurred in determin-

ing and maintaining the compensation-induced solution

together exceed the costs, if any, required to provide

separate facilities rather than Facilities in common. 0

Separate facilities arrangements abound in the real world. They

are the raison d'étre of many restrictive covenants in private property

—————

10E. J. Mishan, The Costs of Economic Growth, Hammondsworth:

Penguin Books Limited, l937, note 2, pp. llS-Ilb.

 



transactions, of local government zoning restrictions, and of special

smoking areas on trains and in theatres, as a few examples. They are

less applicable to single river basins, because of the physical inter-

dependencies arising from the river's flow. For example, the Tame

cannot be written off as an open sewer, with the idea of keeping the

Trent clean, because the Tame joins the Trent before a third of the

iatter's journey is completed. (This is not to say that optimum

quality may not be attained by leaving the Tame an open sewer until

the confluence, then treating the whole stream before it empties into

the Trent, particuariy if the amenity value of the Tame is relatively

small.) But it would be possible to reserve, say, the Dove and the

Derwent, Or the upstream reaches of the Trent, from aii discharges.

The costs of this sort of approach could be measured to some extent

by the Trent river model, by placing very high quality constraints

on the Dove or Derwent or Upper Trent reaches, and lower goals elsewhere.

An example will highlight some of the factors which will determine

the optimal allocation of pollution among river systems: (i) recrea-

tionists' damage levels, which are a function of tastes and travel

costs to alternative recreational facilities, (2) costs of transporting

pollution, and (3) population adjacent to each site. imagine that

there are two neighboring "circular rivers,“ near each of which lives

a polluter. Each polluter dumps all of his wastes into the river

nearest his home, and suffers all the damage arising from his own

pollution. This situation, deplcted in Figure iii-9 (ignoring A2 for

the time being), may not be optimal.

To begin with, aSSume that each of the poliuters A, and 8 makes
l

identical discharges of 50 units; costs per unit pollutant transferred

from A‘ to R9, or 8 to R_, are identical and consrant; marginal damages

. 9

per unit pollutant in their respective rivers rise linearly for botn

Al and B; neither polluter is damaged by poliUtion in the dl5tant

TiVer; and A.;5 marginal damages per unit are twice as nigh as 3's.

In Figure iii-l0, Ax's marginal damage funCtion is OR, and that of a

is QP, reading from right to ieft. Before any cnanges are mace, there~

fore, A is suffering marginal damages of $25 from the 50th unit of

his own pollution, and B is suffering marginal damages of $l2.SO. So
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long as transport costs are less than the vertical distance between

the two marginal damage functions (here $l2.50), it will increase net

social product to move to the point at which transport costs equal

that distance. In this case. transferring pollution from tho R will
2

impose marginal costs on 8, but so long as these costs added to

marginal tnansport costs are less than marginal damages to AM the

change will increase net social product. if transport costs were

zero, optimal pollution levels would be 33-l/3 units in R1 and 66-2/3

units in R .

2

The addition of another polluter A2, identical to A , to the

scene on the banks of Rl raises the total level of pollution in the

two rivers to l50 units. (8's damage function nas not changed, out

is now represented by TU.) 50 long as marginal transport costs are

less than $87.50, net social product can be increased by a transfer of

pollution from th0 R2. If transport costs were zero, the optimum

would now be 30 units in R! and 120 units in R2. But note that whether

the addition of a poiluter-damagee to the banks of R1 will mean a

decrease or increase in optimum levels of pollution in R1 depends upon

the relative levels of his pollution and damages. If the new aggregate

damage function were only slightly above OS, the optimum level of

pollution would be greater than 33-l/3 units in R1. This point is

illustrated in the second example, Figure ill-llg which is like the

first except that A's marginal damages are only half those of B. The

optimal allocation of pollution at zero transport costs is 66-2/3 in

RI, 33-l/3 in R2, and if transport costs are equal to or greater than

$l2.50, no reallocation of pollution will increase net social product.

When A2 is added, the new optimum is 75 in R,_ 75 in R2, and transport

costs equal to or greater than 25 would make anyredlstribution of

pollution uneconomical.

The assumption of rising marginal damage Curves virtually assures

that the optimal allocation will not be “separate facilities“ (except

in cases where one curve is completely predominant). if, on the other

hand, marginal damage curves fall, then separate facilities would

generally be optimal, assuming transport costs are zero. For example,

if in Figure ill-l0 the curve PQ represents A's marginal damage, from

 



 
 
 

 
 
 
 
  

 
 
 



left to rlght, and R0 depicts B's marginal damage, from right to left,

net social product will be maximized if the 50 units originally being

dumped into R2 are all transported to R]. If the initial position has

33-l/3 or more units in R , it will increase net social product by an
i

increasing amount to shift units of pollution from R2 to RI, until all

units are transferred. But if the initial position has fewer than 33-1/3

units in RI, it will reduce net social product (by decreasing amounts)

to shift pollution from R2 to R1, until there are 33-l/3 units in R].

in this case, only if the area between the two curves to the ef: of

their intersection (total loss in social product in moving from zero

pollution to 33-1/3 units in R!) is less than that area to the right

(total gain in product in moving from 33-l/3 to 300 units in RI),

would it increase net social product to move all the way from zero units

in R] to the “corner solution“ with all l00 units in R}.

Positive transport costs do not necessarily vitiate the separate

facilities solution where both marginal damage curves fail, depending

on the starting situation. Transport costs of SlG per unit transferred

from R2 to R1, for example, would in effect raise the curve showing

total damage to society from the transfers, nameiy PQ, oy a vertical

distance of l0. This would increase the area between the two curves to

the left of the intersectbn, and decrease that area to the right. The

effect is to reduce the probability that moving from a random starting

situation to one of 100 units in RI would increase social product. But

if the starting position were sufficiently far to the right (already

had sufficient units in R2), and 8's marginal damage curve (R0) were

sufficiently high relative to A1‘s, the optimum couia still very well

be 100 units in R].

If marginal damages first rise (after some threshhold level is

reached), then fall, as in Figure ill-l2, the multiple intersections of

the damage curves would disallow “movement towards an optimum,“ though

not necessarily the existence of an optimum. The two allocations of

pollution which are clearly superior to the others are 8, at whicn the

20 units in R, cause total damages of j to A and the 80 units in R
1' 2

cause damages of (k f n I p) to 8, and E, at which the 90 units in RI

cause damages of (j I m I p) to A], and the 10 units in R2 cause
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damages of k to B. If m exceeds n, the optimum is B; if not, the

optimum is E. B and E would be corner solutions if the damage thresh-

holds were zero units. Transport costs, again, can simply be added to

the marginal damage curve of the recipient damagee to give a social

cost curve. Superiority of one point over another can then be estab-

lished by comparing total damages under the relevant curves or portions

thereof.

So long as aggregate marginal damages rise at least at first for

all river systems--which is likely--esrablishment of completely separate

facilities will not be a wise social policy. Positive transport costs

further diminish the chance that some entire river basins should be

reserved from pollution, with others (or perhaps the ocean) left to

deteriorate ad nauseam. But interbasin transfers of pollution may be

an economic alternative to effluent treatment, up to point. For

example, given two moderately polluted coarse fisheries the transfer

of some pollution from one stream to the other might allow trout to

live in the former without desnroying the less sensitive coarse fishery

of the latter.

i. EXTERNAL DISECONOMIES AND A NON-CONVEX PRODUCTION

POSSiBiLITiES FRONTZER

There is yet another problem of optimization in the presence of

externalitles with which the derivation of marginal pollution removal

cost and marginal damage curves does not deal. William J. Saumol and

David F. Bradford demonstrate in a recent article that external dis"

econOmies tend to induce non-convexity of the production possibiiity

set, and that Sufficiently severe diseconomies necessitate a breakdown

ll

of convexity conditions. Where this is true, “(elven if we know

the entire set of feasible output vectors, equilibrium prices usually

tell us nothing about the Pareto-optimality of current output or even

l2

the direction in which to seek improvement.” Feasible outputs to the

——_._______—_

ll

W. J. Baumol and David F. Bradford, “Detrimentai Externalities

and Non-Convexity of the Production Set,“ Economica, Vol. 39, No. l7“.

(May, 1972), 160-176. """'

lZ

Baumol and Bradford, "Detrlmental Externalitles,” p. I73.

 



northeast of the price line tangent to the concave cOmmunity indifference

curve and the concave production possibilities frontier can be more

valuable than the output basket at the point of tangency, and yet not

preferred.

One of the three ways in which Baumol and Bradford prove their

point involves the use of Figure Ill-l3, In this figure, XI and X2

represent, respectively, quantities of electricity, whose production

creates smoke which raises the costs of the laundry producer, and

laundry. The sole factor of production is labor, and RAR' represents

the production possibilities frontier in the absence of externalities.

The parameter k measures the incremental cost of cleaning a given

batch of laundry attributable to the production of an added unit of

electricity, so k = 0 along RAR'. As k increases, the positions of the

endpoints R and R' of the production possibilities frontier remain

unchanged, but all other points on the locus must shift downward. An

increase in the value of k, for any given output of electricity and a

fixed quantity of resources, implies that a smaller quantity of clean

laundry can be produced. When electricity output is at X?, for example,

a sufficiently high value of k must limit the feasible production set

to a non-convex area such as RDR‘O.

Baumol and Bradford show in addition that the possibility of a

separate facilities solution limits the potential extent of the non-

convexity. The basic argument is from Figure ill-in, which aSSumeS

linear substitution relationsnips in the absence of externalities,

though the authors later remove this condition and generaiize the

argument. Outputs X1 and X2 can be produced at either of two locations

a and b. Segment ST is the production possibilities frontier in the

absence of externalities and when both X! and X2 are produced at a,

by hypothesis the more economical location. Sp is the b0undary of the

smaller set of outputs (taking into account transport costs) which Is

possible if the production of X1 is moved to b while that of X7 takes

place at a. CT is the production possibilities frontier when X, is

made at a, while the production of X2 is moved to b. Now let the

externalitles arising from the production of XI at a,grow so seri0us

that the production possibilities frontier is reduced to SUWT.
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Source: W. J. Baumol and David F. Bradford,

"Detrimental Externalities and Non—Convexity

of the Production Set," Economica, Vol. 39,

No. l7u (May, 1972), Figaro 2, p. 16h.
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“Then, if society wishes to produce, say. quantity X? of item I, it

can only obtain X*k* of X2 if both goods continue to be produced at a.

1

However, by separating the two production processes--shifting the

manufacture of item 2 to site b--the community can increase its output

...13
of commodity 2 to Xfik Externalities cannot reduce the production

I

possibilities frontier below SVT.

Baumol and Bradford prove, finally, that the tendency of external

diseconomies to induce non-convexity in the production set does not

necessarily mean that taxes or charges on pollution cannot be used to

attain some known point on the production frontier, because “non-

convexity in the social production possibility set is compatible with

convexity in the sets over which individual producers make their

choices.”]h But the role of prices as indicators of social value is

destroyed by non-convexity in the social production possibilities

frontier.

——————_....___.___.

13
Baumol and Bradford, “Detrimenta! Externalities,” 9. I67.

lh

Baumol and Bradford, “Detrimental Externalities,” p. l7].

 



CHAPTER IV

PROBLEMS OF DERIVING MARGINAL POLLUTION REMOVAL COSTS

AND DAMAGE FUNCTIONS

In the last chapter we showed that there is much more to the

problem of determining optimal pollution levels than the derivation

of marginal pollution removal cost and marginal damage functions.

In fact, there are at least four conditions under which the deriva-

tion of such curves, and nothing more, would give little help to an

optimality-seeking river authority:

(I) An optimum may not exist.

(2) Monopolistic elements in the polluting industry may mean that

the imposition of pollution taxes which are “optimal” in the sense

that they equal marginal damages and marginal pollution removal costs,

actually reduces net social product.

(3) A separate facilities solution might be suoerior to the apparent

optimum shown by the curves.

(h) If externalities are Sufficiently strong that the production set

is non-convex, then the tax-induced output set, though preferred to

another feasible Output set, may be less highly-valued than that out-

put set in terms of existing prices.

It is instructive, nevertheless, to consider possible means of

deriving these curves in the context of the Trent River Basin. This

chapter is devoted to the search for a method of constructing marginal

removal cost and damage curves which are based to the extent possible

on prices and quantities revealed in real-world transactions. By

showing that the theoretical uncertainties of the search for optimum

pollution are compounded by a myriad of practical difficulties, this

exercise leads ultimately to the conclusion that the contribution of

economic theory to public policy in the field of river management is

limited to broad common-sense prescriptions of marginal analysis. OF

the type we discuss in the final chapter.

 



A. The Assumptions Behind the Curves

In order to construct functions relating marginal damage per unit

pollutant discharged and marginal cost per unit pollutant removed, we

must make several simplifying assumptions.

(l) The first might be called the “circular river assumption,” that a

unit of pollutant discharged at any point in the river system will cause

the same damage. In an actual river system, the biodegradable pollutant

concentration at a downstream abstraction point will be different from

that at the discharge point, because of the regenerative action of the

river on the organic load it is carrying. A discharge by the last down-

stream river user harms no other riparian, whereas that same discharge

by the first upstream user damages all othersto different extents,

depending on distance from the pollution source. The harm to the

average damagee is a sum of damages attributable to the discharges of

many polluters. But a marginal damage curve can at best only relate

changes in total (or average) levels of pollutant in the river system

as a whole to changes in total (or average) damage to all damagees.

The cost curve approach to determining optimal pollution levels thus

will fail to some extent, on account of the aggregation inherent in

the method, to make the optimal use of the assimilative capacity of

the river. There can be no attempt to find different goals for differ—

ent reaches. The method aims to find an optimum total amOunt of

pollution to be discharged, from whatever source, into the river.

The “circular river” assumption is not as unrealistic as might

appear at first glance, however, because of the dispersion of polluters

and water users along a real river. Take, for example, a river system

in which there are three identical polluters and three identical

damagees (say, water treatment plants, or fishermen), and constant flow.

) be paired with the damageesLet the polluters (P1, P2, and P

3

(DI, 02, and D3) in such a way that the first discharge imposes extra

costs on the first water treatment facility, but is diluted and broken

down to Such an extent that is effect on the second and third facilities

is negligible. Make the same assumption for Pz-D2 and 93-03. In this

case average damage will equal individual damage. Dispersion of

dischargers and water users thus tends to reduce the damage differentials

 



resulting from the distance-proportional self-purification of the

river.

(2) The second assumption is that damages are a function of mean

water quality (mean pollutant concentration). In actual fact, the

quantities of many discharges vary considerably on a daily, weekly,

or annual basis, and river flows fluctuate widely. For example, the

flow of the River Trent at Trent Bridge, Nottingham, ranged in l968

l

from a minimum of 700 mgd to a maximum of 8365 mgd. It would thus

be desirable, though not possible on the basis of available data, to

construct marginal damage Functions, for the same range of pollution

discharges, for two flow conditions, Summer (low-flow) and winter,

Since the low-flow damage curve would be above the other, it would

intersect the marginal treatment cost Curve to show lower optimal

pollution loads and higher associated charges. The latter could be

applied during the summer periods of peak pollutant concentrations.

(3) We assume, thirdly, that damage functions are separable, that

is, that pollutants neither react synergistically nor cancel out each

other‘s detrimental effects.

(A) The marginal treatment cost and marginal damage functions are

assumed to be continuous.

(5) Finally, the product price confronting each polluter, Output, and

total units pollutant produced by each polluter, are again assumed

constant.

THE MARGINAL WASTE TREATMENT COST CURVE

Published British Cost Surveys

Most of the published information which could conceivably be

reinterpreted in terms of the costs of pollution is in the form of

average annual costs of various types of effluent and water treatment.

The sources are:

Bradley, R. M. and Peter C. G. Isaac. "The Cost of Sewage Treatment:

Inst. of Wat. Poll, Control, Conference Paper No. b, Oct. 25, 1968»

Townend, C. B. "The Economics of Waste-water Treatment? Proc.

lnstn. civ. Engrs. l5, 1960, 209-230.

——————_._____

lT. R. A. Annual Report, 1969, p. 83.

 



3. Subcommittee of Association of Joint Sewerage Boards. "Study of

the costs of tertiary treatment processes. Upper Tame Main Drainage

Authority, mimeo.

Harkness. N. "Charging for Treatment:' U.T.M.D.A., mimeo.

Harkness, N. "Methods of Charging for the Reception, TreatmentI

and Disposal of Toxic Wastes. Inst. of Wat. Poll. Control, Annual

Conf. (l8 Sept. I969), Paper No. 20.

The Townend and Bradley-Isaac studies survey both capital and

operating costs of a sample of sewage works, but give results in terms

of total annual per capita costs of various sizes of plants. The

effluents received by the different plants are not necessarily identical,

nor are they treated to the same standard. This makes it virtually

impossible to translate the per capita figures into figures showing

costs per (uniform) unit of effluent treated to a given standard.

Bradley and Isaac deplore the “lack of reliable flow data“ which pre-

vents such calculations. The Harkness report of sewage treatment costs

at Birmingham and Slough does calculate costs of treatment per thousand

gallons of sewage passing through the system, by simply dividing total

annual expenses of sewage authorities for precepting purposes by the

annual average volume of sewage over the previous three years. Again,

however, the sewage before treatment is not of uniform quality, nor

is it treated to uniform standards. The same problem arises with the

Association of Joint Sewerage Boards study of capital and operating

costs of tertiary treatment, where results are expressed per thousand

gallons of sewage treated. There are, however, very few other published

surveys of actual municipal sewage treatment costs in Great Britain,

and none which provide a breakdown of costs better adaptable to present

purposes.

Certain information on the Bradley-Isaac and Towend reports can

be used to support the hypothesis that marginal costs per unit pollutant

removed rise as more units are removed. The three possible stages of

sewage treatment remove BOD from raw sewage in roughly the following

way:

Primary 350 mg/! 160 mg/l

Secondary l60 mg/l 20 mg/l

Tertiary 20 mg/l 5 mg/l

 



Bradley and Isaac estimate that the capital costs of primary and secondary

treatment comprise 23 and #22, respectively, of the total annual costs of

2

a typical effluent treatment facility. Assuming that capital costs

attributable to sludge removal, responsible For an additional 27%, are

divided about equally (primary treatment creates slightly more sludge, but

it is less costly to remove from screens than from the biological filters

of secondary treatment plant), primary treatment accounts for 37%, and

secondary treatment 552, of the capital costs of a treatment works.

Operating costs are put at #22 for primary, and 35% for secondary treat-

ment (including sludge removal).3 (Townend, on the other hand, says that

operating costs-~inciuding sludge removal, divided equally-~are 30% ot

the total for primary treatment, and 502 for secondary. l Capital costs

are by far the most important element of total annual cOsts: Bradley

and Isaac Found that debt charges consistently amounteo to 69/ of total

annual cost--for a wide range of plan: sizes--see Appendix Figure

B. Data collected for the Trent Research Programme, relating to 83 sewage

treatment plants of very different sizes in the Trent River Basin, indicate

C
J

that annual loan repayments account for 73—752 OF total annual costs.

If we use only the Bradley-Isaac figures, then, primary treatment accounts

for 36% of total annual costs, and secondary for 31%, (Both the Townend

and Trent Research Programme data would weigh: the coscs more heavily for

secondary treatment.) Since secondary treatment generally removes

what fewer units than primary, it is average costs per unit

pollutant removed are higher for secondary than for primary treatment,

Marginal costs may thus be said to be rising as raw sewage is treated from

350mg/l to 20mg/l, though this evidence is Certainly no basis For con"

structing a continuous marginal cost curve.

2

R. M. Bradley and Peter C. G. Isaac, “The Cost of Sewage Treatment,

Institute of Water Pollution Control, Conference Paper No. A, October 25.

I968, p. 6.

3Bradley and Isaac, “Cost,” p. 30.

a

C. B, Townend, I‘The Economics of Waste-water Treatment,

of the Institute of Civil Engineers, Vol. 15 (I960), p. 22

“ Proceedings
—..__-—

5See the computer printout table, “Additional Analysis of Sewage Works

Costs: Sewage Works Costs Above l97l ETZ Costs--As Baseline”—-River Model-—

lOB--LGORU 1970.

 



No comparable data is available for tertiary treatment. This addi-

tional “polishing” treatment is presently undertaken in very few plants,

because of its expense (there are institutional constraints on how much

local authorities can spend on sewage treatment). Since tertiary treat-

ment will generally involve an additional filtration process, for the

same volume of water as that treated by biological filtration (secondary

treatment), capital and operating costs are probably similar to those of

secondary treatment, though only a tenth as much 800 is removed. Treat-

ment beyond the tertiary stage would require electrodialysis or distilla-

tion to remove the last four or five mg/l BOD, so that the end of the

marginal cost curve would undoubtedly swerve sharply upward.

Data from the Trent Researcn Programme

The Trent Researcn Programme has projected capital and operating

costs of three types of municipal sewage plant and nine types of water

treatment plant. Each type of effluent treatment giant is defined by

the Quality of its outflow, for it is assumed to receive the same duality

intake as any other type. See Appendix igure C. Dividing the associated

costs by flow gives average costs of treatment (to different stancarcs)

per unit of intake water (of the same standard). For sewage works,

average flow is assumed to be l.3; times the dry weather flow. Capital

and operating costs as a function of plant capacity were best described

by the following equations, calcalated on the basis of survey data (where

Q ‘ dry weather flow)‘

ET2: (1969 priceslt): Capital cost a 423253Q0.7814

67
Operating cost = lQQSHQO.

ET3: l.l5 X ETZ cost (capital and operating)

ETh: l.25 X ET2 cost (capitai and operating)

Annual repayments are determined by multiplying caoital cost by the

factor

1(1/0‘

(ben-i,

where i is the discount rate, and n the expected life of the facility.

For most model calculations the life of a sewage plant was aSSumed to be

30 years, and the interest rate 8 l/Zz per annum; for these figures the
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factor above is 0.0931.

But the three types of effluent treatment plant, ETZ, ET3, and ET“,

do not correspond neatly to primary, secondary, and tertiary treatment.

ETZ includes both primary and secondary treatment. The shift to ET3

affects ammonia levels but not 800, and the addition of ET“ reduces BOD

but not ammonia. Thus for either of these two basic pollutant parameters,

the Trent Economic Model data makes possible only two calculations of

cost per unit pollutant removed: (1) from ETG (no treatment) to ETZ,

and (2) from ET2 to either ET} or ETA. These figures are not very use-

ful for constructing a marginal cost function, but some rough calculations

of average cost are made with this data later in this chapter.

Each type of water treatment plant in the Trent Economic Model

defined by the quality of its in ake, as shown in Appendix Figure 0,

All intake water is treated to the same standard of “ootaoiliLv,” but

this is a complicated standard indeed, and 300 is not one of the parameters

customarily measured in drinking water {Appendix Figure E), The cesu

associated with each type of water treatment facility {Appendix Figures

F-S) may be divided by flow to et average costs of treatment (to the

same standard) per unit of intake water (of different standards), and we

make some rough calculations later in the chapter. Again, however' there

is simply not sufficient data to allow marginal cost calculations.

To summarize, there are two types of data for treatment plants:

costs of treating the same effluent to different standards, and costs of

treating different river water to the same standard. The former show

average costs as a function of degree of elimination of pollutant, and

the latter average costs as a function of degree of initial concentration

of pollutant.

The Trent Research Programme has also provided some estimates of

the cost of treating the entire River Tame, by means of a river purifica-

tiOn lake. On the basis of data collected at ex>erimental plants at

Elford and Lea Marston, researchers have compiled a table showing the

c

e.fects of a river retention lake on the annual mean euality of the

6
This information was provided in interviews with Dr. Anthony Warn

at the offices of the Water Resources Board in Reading, February, I972.

 



River Tame. See Appendix Figures T, U, V, W, and X. The mean flow of

the Tame at Lea Marston in l968-69 was 282 mgd, and mean 800 concentra-

tion 20 mg/l. Roughly 8 mg BOD are thus removed from every litre of

water by the lake. The annual cash flow of the river retention lake has

been estimated at E645,520. (This estimate is not considered to be as

reliable as those for effluent and water treatment processes, since it is

not based on figures for existing installations, from which a generalized

cost curve has been constructed, but instead on estimates of future

land costs and costs of flow diversion facilities.) The annual cash flow

is thus abOU; 7.16 x 10—3 pence per mg BOD removed.

If the mean 800 concentration of the Tame were that of raw sewage,

about #00 mg/l, then l60 mg 800 would be removed from every litre of

water. Annual casn flow would then be 3.6 X lO—u pence per mg 500

removed. These figures, besides being very rough, are not directly compa-

rable to those derived for effluent and water treatment plants in the

previous section, because of the arbitrary assumptions governing the

derivation of the latter_

At this point iL is helpful to recall the physical nature of the

pollution problem in the Trent Basin. Most of the effluent from Birming—

ham's industries and municipal sewage plants is discharged to the River

Tame, 80% of whose flow during the summer is sewage effluent. A: the

Trent confluence, the mean annual flows of the Tame and the Trent are

about equal, at 280 mgd; the flow of the Trent increases to about l603

mgd by the time it reaches Nottingham. The Trent must carry the treme

pollution load introduced by the Tame for most of its length. The

effect of the Tame purification lake described above on the downstream

quality of the Trent has been estimated. See Appendix Figure V

An additional benefit of a river purification lake is the insurance

it would provide against storm-induced pollution gluts. BOD and suspended

solids levels can more than quadruple in a matter of hours during a

severe storm, because of surface runoff to the combined sewerage system

and the river. A lake would allow most of the excess load to settle,

before the Tame flows into the Trent. It is difficult, however, to

measure incremental recreational damages accruing from such storm gluts.

or from accidents. If the cost of insuring against the damage is considered

 



a measure of the “amage, then this type of damage is already accounted

for in the cost of a river purification 0K8.

Annual cash flows have not been calculated for several lakes of

different sizes and retention times, so it is not possible to construct

a marginal cost Function, per unit pollutant removed, for a river

purification lake

at inoivicual outfalls which have

been considered one used in other countries, ‘ mecnanical reoxygena-

tion ano redistrioution

the Trent context. ' - * i .' regulation by means of

river Quality in some areas

0 ' ' ' storing winter wat r

loner summer flows. Since FOst pollutio '7 'erges uo not vary

seasonally, river quality is mucn loner

recreation demano is mocn higher in

e Lion damage

only as insurance 0

constant flow: to nousenolcs anc

0' quality recuiation. lnoeec.

Operational Researcr

and Derwent within ‘ e) : socr

ld not have an appreciable

main

Study

A narginal cos: curve of sorts, for ' i *“ Dy

eatment p ants, can be oerivec from cata provided by Ricrird J. Franxcl

the costs of municipal

River Basin in Caliiornie.

costs imposeo on a downstream municipal trea‘

—h——

7L.G.O.R.U., Trent Economic Model, p. 69.
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constant 800 load discharged at various points upstream, as a function

of streamflow. By making the assumption that the5e increased costs are

entirely due to the increased concentration at low flows, we can derive

a curve relating marginal costs with marginal pollution increments in

the following way. Let l7.3 mgd = l flow unit, and calculate a table

flows oased on this unit. ' if the pollution load = 100 at a flow

1, the same concen' ' 00 will be present in river water tor a

pollution load of l.8, as for a pollution load 01 .56 and

a flow of l. A ta' ' ' low ‘ i and varying pollution

loadsaccordinglytogive concentratit s equivalent to those in Frankel‘s

origina table can be deriVed py

I n

tbased on the new unit) lOu.

: In

are plotted against what rankel calls HCdlClOndl Annual Cost,“ a

the derivative function is also snOwh, should Frankel be

to mean ‘ A trend line fitted to either of these functions would

rise, thOugn the derivative function is more rra ic. The

from which the points for higher pollution loads (iOwer flows) were

derived, however, are oasec on . " ' fewer ooservations than

those For lower pollution ' i .’ ' w ) ,as is evident from the

second column of ' ' ' :“ lative Probability of OCCurrenCe.”

iii-\Rclihal. DI‘xi'lI-KGE CURVE

those memp>,' .3 ~" - “7 ~ take an aesthetic inter

river. A Function “i ' ": ~i ’T ' to “units pollutant ais-

cnarged” should In theory pe a vertical " ' U ‘ these dt

functions. In his section, however, ~ 'f‘ ‘ the types of damage

are likely to be of a different order of magnitude, twat attempts

i
to construct the damage function should concentrate ' recreationa

and aesthetic elements.

elation or Jam - r ' ‘ -‘ Industrial Water Treatment

s to COsts oi ‘ n r lnaividuai Outtaile

The comparison of the costs of pollutant removal at effluent

outfall and water plant intake reveals that further investment in se ace

treatment will not result in substantial cost savings tor plants pro-

viding municipal drinking water. We shall show that since (l) the 



avera e Trent river flow dilutes the average eifluent discharge by an

overwhelming factor, and in addition breaks down a portion of the

biodegradable pollutants, and (2) the average water abstraction for

purposes of drinking or industrial use amounts to an insignificant

proportion of average river flow, the cost of removing a unit of pollution

from effluent before discnarge will generally exceed the resultant

reduction in damages to downstream water plants. Any relative advan-

tage in cost per unit pollutant removed at ezfluent outialls arising

from the fact that effluent is more highly concentrated than river water,

is more than compensated for by the :a t that the average aostractor must

remove from his intake only a tiny fraction of any unit of pollutant

discharged. The following CXamp '; 7 this DO nt makes

generous allowances on sides ' .‘ M‘ ’: the argument against our

hypothesis. The r‘atest 0‘ these JllOauflCCS ‘ the ab5umpliu“ that

th re are no alternatIVe ” ' ' . ' :. ' systen. In tact,

ne Birmingham Water Board " ‘ ‘ treating polluted

or Trent water to " : ‘r ' 7 r tunicipai supplies, has opted

taxing more than 200 mgd from

upper reaches of the Severn

Let the representative ' ‘ ‘ ” r :‘= V ' in he river.

fiinnortn(The largest sewage treatment ; ": operating in the basin, at

currently discharges about this a.ount. The next largest plants dis-

plants cis-

raw sewage wit:

a BOD of #00 mg/l " ' . ‘ ' ' . : ~ = flow of the Trent

in its middle reaches ' 3 “' :'-H a 5 ‘ 01 about 8 mg/l.

Without making any allonunce for the self-purification capacity of the

8 s
This water 1' U. V " " l -j ”. * 'e irent system as etiluent.

The existenCe oi t '

{ions of economic analysis icn assumes ‘" ‘ " river basin is

system, and creates dangers of subopt. ' = ‘ . within a larger

cT-Dtisin ' " ' :‘ I‘eVCaLs int? limita-

This proaleu was uiscussed in section H i " j NOLC 1361 V

nroposed, in the Departme. :* Environment circa]

1, that the Trent and Se a‘ins be united undo:

Water Authority.

 



of the discharge may be represented as Follows:

Discharge River
__._‘_

lOO mgd / 400 mg/l SOD l600 mgd / 8 mg/l BOD

__‘~__~‘~“~“j fi'f”’/’,e,g

River Belo. "

l700 mgd / 3l mg/

Now let the largest potential downstream abstraction be 200 mgd, which

would supply Birmingham. This abstraction takes 2/l7 of the flow of the

river. In it will be l8,hO0,000,000 milligrams per day of 800 from the

discharger, or about 92 of his tota- discharge of l60,000,000,000 milli-

grams per day. So for each unit discharged, 1 l/lO of a unit

must be removed by the abstractor——at

This general " ' ' . r portrayed--cautEously--on u grmfln

in Figure IV-2, w have picture" " re,resentative polluter s marginal

cost function, H1, rising from rignt ' :. function of units

pollutant removed. The X axis again measures units pollutant discharged.

The polluter 5 HC function is >hOnfi ‘2 .'. t this is not even a

necessary assumption for our present oarDOse, which is to illustrate the

relation between a uni: discharged and the 'acti n of that unit which

appears in an aostractor's inzaAe.
‘ .5.
ne reCuired assumption is chu\

constant total amount - .2- is brocucec

lOO units. We divided ‘ " ' i ' "icaiion

(pollutant removal), and i '9' cilution. The units of pollutant

all
covered by the headings “Removed by rive. and “Remains in riverH never

enter the abstractor‘s intak-. it is imbor ' .' outset

that although HI is the oolluter‘ H function,

cost function. The diagram itself shOws nothing about the abstractor‘s

iigures are derived by assuming {our liLr

BOD loads.

aischarge in our example was

.he already dirty river water from 8 m

dad the river been perfectlv clea

been from Zero mg/l to 23.5 mg l.

IF the discharge had been no:

but Royal Commission standard sewage

lion would have been From 8 mg/l to 8.7 mo

lO_ . . . . .‘ .. :
ror the more likely discharge of h or 5 mgd and abstraction oi A

or S mgd, the fraction becomes tiny.

 



FIGURE IV-2

"Willi"- s . . . .. .

. \ _

.s;:§\:--,-fluli,,lll.
,>x\

\
\

A

 

When polluter removes GH : 10 units, MC of further

removal is L1; 90 units are left in 100 mil. gal.

effluent; river removes DG : 50 units, leaving #0

units in 1700 mil. gal.; abstractor removes OB :

8 units from 200 mil. gal.

When polluter removes FH : uO units, MC of further

removal is Lu; 60 units are left in 100 mil. gal.

effluent; river removes CF : 50 units, leaving 10

units in 1700 mil. gal; abstractor removes 0A :

2 units from 200 mil. gal.

 



costsi Curve JC shows a relationsxi oetween pollutant levels which the

abstractor must remove and polluter‘s NC, not abstractor‘s HC. “Units

pollutant” are in terms of sone hypothetical index; absolute costs are

likewise hypothetical.

we now add an abstractor's MC function to the analysis, to determine

the point at which marginal costs of pollutant removal at outfall and

intake are equated. T‘ ; ‘ ' ' "Hat for any unit 800 discharged,

it will be cheaper to "‘ ' “ 't appearing in a water

treatment plant‘s intake than to remove the unit at point of discharg

he argument is based on the table ‘ graph in Figure IV-3. We

for this example that one lit "' : is cischargeu anc one litr

is abstracted. - ‘ chosen concentration finures for

our hypothetical example mnic: I v' rough co parisons with actual

reatment processes: 330 mg/f ’ "- “ppfoximdtc 503 concentration

raw sewage, 30 mg/l is the approxinate '"z of sewage

e5fluent,and 3 mg/l might unuer

potable water. We can - r '. . " E ' - nasic sewage

processes, wnicn are always associateu in pra

removal” rather than with ansolute f

costs, However, are still. :if.’;)0i.?‘iCLiC«ilt

The key to the taol) '1 apn, anc :ne argument ' the relatio"-

ship between the pollu increasing remo ' T ' mg i‘OVl

to 297 mg (994) out of the 303 mg in the iiii' “ ' : abstractor’s

totai cost of removing 27 mg out of the 30 mg in " They will

be equal. They represent exactly the same tning. * be clear

about what we mean by marginal cos’ We refer not to the cost 0: removing

an acditional milli 2 i ' . ' of removing an additional

“comparable bloc” o ' we must compare the poliuter's costs of

liTne abstractor‘

the removal of 3

mg from 30 mg {to

at work in the nurgi

for the remova

Fails. Tr

concentration, x « ‘ ' ;OVed.

hypothesis, supportuu by such data as we have, that as '_ mace

purer, it becomes increasingly costly to remove tne next units of Dollnzant.

These effects may be illustrated hypothetically as follows:
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removing each additional 30 units, with abstractor's costs of

removing the corresponding additional three units. The optimum condi-

tion is that marginal costs per comparative bloc removed be equal. This

condition obtains when the polluter removes 60 mg out of the 300 mg in

his litre, and the abstractor removes 2i mg out of the resultant 24 mg

in his litre. At this point the total costs of pollutant removal are

minimized. For the example, we re er to this point as “the optimum.“

The fallacy involved in equating marginal cests per milligram removed

rather than per comparable unit removed is also illust ated In the

chart and the graph. Where marginal costs per milligram removed are

equated, the polluter removes lSO of 300 mg, but total costs are not

minimized.

At the optimum in Our example, ‘ ‘ or is hearing the lion's

share of the minimized total costs, iis does not move to be

the case, since the polluter‘s tota ‘ If

we should increase each nonzero :icure ' ‘ cost

schedule by 300 pence limpiying, perhaps, tha v initial invest-

ment in treatment facilities must Dc made oetore any treatment cun be

undertaken), the polluter's share of 7 would exceed the

abstractor's share at ‘ ' "run: ” ' total costs would not

change as a result 07 this aujustre. ‘. "- t"m3le_ because they are

related to the polluter‘s marginal costs.

STRRTING CONCENTRATION COL TANT;
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In the e‘ 1 in the text, ho.-.ever . ~ in; concentration

50th absolute (

proceec {ron th

?

(it: DuTCcfllage qutifiiltl' No.1 ":i

e top to the bottom o: :'» Chart.

opposing. ".-.‘e assuiie that the "increased removal

at the top of the chart, giving rising mar .al , we prOCeea

upward, but that it i3 vitiated to an lnCFuubing exte: by the “reduced

starting concentration” effect around the bottom of the chart, giving a

positive but declining marginal cost for the :irst Icw steps upward. 



The arbitrariness of the polluter's total cost schedule requires a

qualification, however. Total costs of pollutant removal willie mini-

mized where marginal costs for comparative blocs are equal, if any

treatment is undertaken at all. But it could well be that zero treat-

ment by the polluter is the optimum~-as it would be if each nonzero figure

in the polluter's total cost schedule were increased by 300 pence. This

possibility of a “corner sol ' reinforces the main argument that

increased pollutant removal ' ' ' ~7ll rarely be justifiable on

grounds of decreased costs to downstream abstractors.

It does not necessarily foiled, of course, from the that

poiluter‘s aarginal cost Oi ” ‘. ' ' iuent to potability eq

the abstractor’s total cost ' ."" ‘~ ' the worst possible

quality (resulting ii the aoliuter i “'" 'L whatsoever) to

potability, that the polluter ; m r ' i' w" everywhere exceed

the abstractor‘s marginal _ 'W‘ bi0C> removed.

it is not costless i 2 : :he first 270 units at

pollutant, befor

the final 27 units, it

of river water {diluted

to treat ” r v ' ~ . ~ »- ‘ ~ {fluent to potable

standards. River dilution and self-purification always have a pesitive

value. The Complete elirination of gollutan: discnarges fro water—

courses would reduce ' '- vaiue 0? social proouct, it the only damage

arising from the Uischquupdufu increased water treatment costs.

The difficulties of combaring -- ‘ costs of oollutant removal

by discnargers and abstracto s evident on the :ace of Figure IV-H,

“Spectrum of Pollutant Removal Processes.” Tnere are two basic problems.

" Ii,

The first is tnat pol :" l ng aeen considered approoriate”

which data " ‘ available—~do

urcc‘ . th:

biodegradable oollu

But the total organic carbon (TOC) parameter at {he wate:

measures non-biodegradable organics as well. And there are
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characteristics of potable supplies, such as taste and hardness, which

are not measured in effluent or in the river in situ. The second basic

problem is that various pollutant removal processes on both ends of the

pipe remove different amounts of different pollutants, all at Once. Joint

costs cannot be allocated to individual pollutants. A subsidiary problem

is that scientific techniques for measuring pollutant levels are by no

means perfect.

Figure lV-h is a case history of twelve pollution parameters as the

water which bears them proceeds from drainage pipe to household tap.

Pesticides are not listed because only the minutest traces have been

detected in the Trent River system; and only three of the many metallic

pollutants are listed. Nitrates, which are dangerous to very young

babies, causing infantile methaemoglobinaemia, are a product of the

oxidation of ammonia, which causes taste and odour problems. Thus the

oxidation processes which break down BOD and ammonia may increase nitrate

levels substantially. “There is at present no simple process for nitrate

12

removal...” BOD, suspended SOllGS, and TOC measure substantially, but

not exactly, the same thing, and there are some (very) rough rules of

thumb as to what one parameter level will be, given the level of another.

The metals, phenols, and chloride are conservative; but their concentra-

tions are affected, rather naphazardly, by sedimentation processes.

Chemical precipitation or distillation may be required to remove the

metals if their concentrations are high. Because ammonium chloride is

a precipitate, chloride treatment not only kills coliform bacteria, but

also removes ammonia; but too much chloride leaves a bad taste in the

water.

This catalog of interrelationsnips is meant to serve as a warning

that one can gain at best only a rough idea of what costs what. The Joint

cost problem in all available cost data, which is inherent in the physical

nature of pollutant removal processes, also removes the practical possibil-

ity of constructing separate marginal cost and damage functions for

individual pollutants, in an attempt to find optimal leVels for each of

several different pollutants. There are thus two possible approaches to

Water Research Association, Trent Economic Model, Section L-—Water

Treatment,Final Report, December, 197l, Volume I, p. 23. 



constructing a marginal cost function. The first is to devise a pollu-

tion index. The second is to impute all costs to one pollutant.

. . . l3
Since no commonly accepted pollution index has yet been deVIsed,

we are limited for all practical purposes to the second approach. The

use of 800 as the representative pollutant, however, is i

use of a rough index, since processes which remove 800, in both sewage

and water treatment plants, also remove many other pollutants, throughout

most of the range.lh The major exception is the removal of metals at the

water treatment end of the scale, for th( :ne sedimentation and filtra-

tion processes which remove 800 are ineffective. Softening and possibly

desalination (electrodialysis or distillation) may be required where

metallic problems are severe.l5 Another problem with 800 as the represen-

tative pollutant is that it is not measured as such on the water treatment

side; Great Britain sets potability standards in terms of TOC instead.

Only the World Health Organization bothers to set a 800 ’tandard for

potable water sources (6 mg/l). No standard is given for drinking water.

Ammonia is the only widespread pollutant measured at effluent Outfalls,

in the river, and at water treatment plant outlets. The ordinary effluent

treatment and water treatment processes remove substantial amounts of

ammonia, as well as many other pollutants. But if ammonia wer- the only

pollutant, special ammonia reduction processes would be used in lieu of

the ordinary ones, at substantial cost savings per unit ammonia removed.

_______________________

13

Robert . Brown, et al., A water Quality lnuex--Do we Dare! National
‘ — E???

Symposuum on Data and lnstrumentat:on tor water Quality danagement,

University of Wisconsin, Julv l970; and

Not that researcncrs haven't been trying. See, for example:

H

Robert K. Horton, “An index Number Syst

Journal of the Water Pollution Control

March, 19 S .

m for Rating Water Quality,“e

Federation, Volume 37, No. }

in Great Britain, Mr. G. H. Woodward. . '* "‘ Scientific Officer for

the Trent River Authority, HIS. Pauline - strand, of the University 0‘

Sussex, and researcners at the Water Pol ‘ Research Laboratory at

indexes.

lb . . . , .
In experiments conducted by the H sources nssOCiation tor

the Trent Researcn Programme, “{b]iologic f‘ ation and sedimentation

affected [sic] considerable amo‘ ‘ awn ' removal (about 790,

mid to Delow 0.5 mg/l ire

most of the time.” Water Research Associ ‘ : Volume 2, p. BIO.

lSThe regulatory agencies in the United States assume that no hvavy

metals are removed by conventional water treatment processes. The FWPCA

standards for new water sources are identical with the U. S. Public

Health Service standards for drinking water for most metals. 



To complete the argument that increased effluent treatment cannot

be justified on the basis of savings to downstream abstractors, we use

both 800 and ammonia as representative pollutants. The argumentative

procedure is again to make extremely generous empirical concessions to

the opposing hypothesis. The cost figures which we use have been

derived for the Trent Economic Model. Figure lV-b and Appendix Figures

C and D explain the categories of treatment upon which the model's

cost figures are based. The model defines three types of effluent treat-

ment plant. ETZ is a combination of primary and secondary treatment,

that is, a typical sewage treatment facility. ET3 adds to this an

ammonia reduction process, which is assumed not to affect 800 levels.

ETh further adds tertiary treatment, which is assumed not to affect

ammonia levels. There are eight types of water treatment plant, which

consist of various combinations of a basic plant and certain “extras”

directed at more specific pollutants.

We use calculated l97l costs for effluent treatment by an ETA

l6 17
plant, and projected l972 costs for water treatment by a WTh plant.

We have not bothered to convert tne figures by some inflation Index to a

common base, because such a conversion would aid our argument, by in~

creasing the relative cost of effluent treatment. All c05ts are in

terms of “annual cash flow,“ which is the sum of annual operating costs

and capital amortisation payments. The model assumes (1)

capital borrowing is repayed in equal annual installments; (2) that

the interest rate is 8 l/22; (3) that all plant facilities have a life

of thirty years, except for granular carbOn adsorption installations,

which last fifteen years; (A) that when any facility wears out, it is

replaced at l97l prices; and (5) that operating costs remain constant

forever. Thus, “annual cash flow“ represents an annual payment in

perpetuity.

*—

Taken from two computer printout tables, “Analysis of Sewage Works

Costs” and “Additional Analysis of Sewage Works Costs: Sewage Works

Costs Above 197l ETZ Costs--As Baseline“--River Model--lOB--LGORU l970.

The capital and operating costs are considered functions of capacity and

flow, and are computed on the basis of a generalized equation developed

statistically from many sources, not limited to the Trent River Basin.

All plants are existing ones.

l7water Research Association, Volume I, Table E: “Cost of Water

Treatment Plants for the Trent at Nottingham--p/m3 (1972)”. All Plants

are hypothetical, as the Trent is nowhere used as a source for potable

water supplies at the present time; but the costs are projected on the

basis of costs of existing water treatment plants. 



We must dispOSe initially of the problem of economies of scale,

which are pronounced in both effluent and water treatment.]8 On the

effluent side, for ten existing ETL plants whose l97l flow is about 502

of capacity, the annual cash flow per million gallons per day treated

ranges from h43,000 for a plant treating l.l5 mgd to tl8,000 for a plant

treating 33.5 mgd. We shall use figures for the largest plant. On the

water side, costs in terms of pence per cubic metre treated range from

3.l8 for a plant treating 4.75 mgd to 2.63 for a plant treating h7.53 mgd.

We shall use figures for the smallest plant. We compare averarc costs

of removing comparable units of SOD and ammonia, on opposite sides of

the drainage pipe. The assumptiOn for the mooel is that the increase

of treatment from ETZ to ETA reduces BOD levels (95 percentile) from

20 to lo mg/l, and ammonia levels f m 30 to 3.5 mg/l. (See Appendix,

Figure C.) Since it is cheaper per unit to remove the first units of

BOD from raw sewage (from 300 or MOO mg/i to 20 mg/l) than it is to

polish the effluent (20 mg/l to 20 mg/l), and we wish purposely to

bias effluent treatment costs downward, r use average costs per mg

800 removed (LOO mg/l to lo mg/l), by considering the costs of ET2

treatment as well. ETZ does not have much effec on ammonia lev ls
i

we 00 not add in ET2 costs to find average cost per mg NH3 removed--t"'

would increase the average cOst figure substantially. Thus we introduce

a double bias against Our hypothesis. A Nib water treatnent plant is

assumed to reduce ammonia from 1.5 to .05 mg/l, and BOD (we assume--the

model does not deal with 800 on this side) from 9 mg/l, the river concen-

tration at Trent Bridge, Nottingham, to 1 mg/l.

On these as5umptions, the verage cost of 800 removal througha

, -h

effluent treatment is ..8 X lo pence per mg BOD removed; tne average
v

cost of water treatment is h.O X lo pence per mg 800 removed. if we

continue to say, unrealistically, that the river dilution factor is a

mere l0:l, the cost per comparable unit removed by effluent treatment

is 18/“ = “.5 times gr ater than the cost For water trea'ment. The

average cost of ammonia removal thrOugh effluent treatment is 2.0 X10

l8 ,
Both the Bradley-Isaac and Townend studies 07 municipal waste

treatment costs prouuced strong evidence of economies of scale, whicn

is reproduced in Appendix Figure B.

 



pence per mg NH3 removed; the average cost of water treatment is 2.2 X

lo pence per mg NH3 removed. The cost per comparable unit removed by

effluent treatment is thus 26/2.2 = l2 times greater than the cost for

water treatment.

On aSSumptions slightly more favorable to our assertion--and somewhat

more realistic--the average effluent treatment cost is over l00 times

greater than its counterpart water treatment cost. Although these are

not marginal cost figures, they do suggest strongly that effluent treat-

ment cannot in general be justified solely on the grounds of savings to

water treatment facilities. Richard J. Frankel also came to this conclu-

sion after his study of municipal waste disposal costs in the Eel River

Basin in California_19 Frankel's cost-benefit calculations are repro-

duced in Figure lV-S. The Delaware Study provided further support of

this conclusion, and the Preliminary Report stated, “It is probable that

the net monetary benefits in terms of dollar savings in treatment costs

at Philadelphia's Torresdale Plant will be relatively small at the

alternative levels of water quality enhancement.” It was found that

increased dissolved oxygen levels in the river would actually increase

costs for industrial users, because of the additional corrosion which

would result.20

Consumer's Surplus

The economic damages of pollution are best defined in terms of

willingness to pay to remove it. If there were a way {0 find aggregate

marginal willingness to pay to avoid or remove a unit of pollution,

for a continuous series of pollution levels, the intersection of that

function with an aggregate marginal cost function for pollutant removal

would determine the optimal pollution load, assuming the proper slopes.

The intersection would be the point at which it would cost polluters

mOre to reduce discnarges further, than damagees would be willing to pay

for those reductions.

19
Richard J. Frankel, “Water Quality Management: Engineering-

Economic Factors in Municipal Waste Disposal,” Water Resources Research.

Vol. I, No. 2 (2nd Qtr. 1965), p. 180.

20Delaware Study, Preliminary Report, pp. 71-7“.
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It is highly unlikely, however, that more than three or four points

on a marginal damage curve could be derived. This is because recreation

enthusiasts and aesthetic damagees could be expected to distinguish

among only a few “sub-ranges” of the entire range of potential pollution

in the Trent system, illustrated in Figure lV-6. The initial discharges

woulddamage no one, for they would be broken down and diluted by the

river. The first casualties of additional pollution would be the water

contact sports, especially swimming, followed by trout fishing, coarse

fishing, and the aesthetic appeal of the river. But pollution levels

would have to change by large amounts relative to tOtai potential

pollution levels in order to affect Successive, specific recreational

opportunities or aesthetic appreciation. Although aggregate marginal

damages would probably be positive over the entire range AQ in the figure,

any individual would be unlikely to be able to specify his damages over

the continuous range, but would probably base his decision on whether

or not to travel to the river on a small number of simple tests, for

example: (I) is it safe to swim? (2) What kind of fishing is available?

(3) Is the site pleasant? lr other words, an individual would distin—

guish between pollution levels H, X, Y, and Z, but smaller increments or

decrements would not mean much to him, except perhaps over the range in

which the fishery is suffering. On an intuitive level, it seems that

there would be several peaks in the marginal damage function-—points

where total damages rise sharply--when swimming becomes so dangerous

it is for all practical purposes eliminated, when various species of

are eliminated, when offensive smell begins, and when unsightly foam

and perhaps debris appear on the Surface of the water. The relative

levels of the peaks cannot very well be deduced; but that the marginal

damage function will neither rise nor fall continuously over pollution

ranges relevant to the Trent system is very likely.

This leads to certain problems in the search for an optimum level

of pollution. If neither the marginal damage nor the marginal effluent

treatment cost function dominates the other, then there will be two types

of intersection, as shown in Figure lV-7. If fewer than ZH units of

pollution were being removed initially, then it would cost more to

remove the next unit than the reduced damage would justify. But if ZY
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units were already being removed, the additional reduction of discharges

from OY to 0X would increase net social product. Even if no treatment

were being undertaken initially, net social product would rise if

pollution were reduced from OZ to 0X, perhaps by the imposition of the

per-unit charge c on polluters, provided area n exceeded area p.

If the marginal damage curve falls, and the absolute value of its

slope exceeds that of the marginal cost curve, then an intersection will

not be an optimum. What are the policy implications of such a situation?

In Figure Ill-h, a perverse situation can be transformed into an “optimum-

producing“ situation with only a slight manipulation of the total cost

data--and vice versa. it could be that these fundamental theoretical

distinctions are submerged within the range of error of any data which

can be compiled. If this is the case, then very little of an empirical

nature can be said abOut optimality.

These considerations must colour the discussion as we return to the

question of whether there is a method by which any points on the marginal

damage function could be derived. Using consumer's surplus to measure

pollution damages would require the adaptation of a method devised by

Marion Clawson for estimating the demand curve for a recreational

facility. We shall first describe and c.iticize the method and then

discuss the serious methodological difficulties involved in introducing

c

a pollution-variability .actor.

a. The Clawson Method

I 21 . .
The Clawson method for estimating the demand curve for a recrea-

tional facility uses travel costs as a proxy for entrance price. The

first step is to ciassify all the visitors to the park (for example) in

any year according to the distance they have travelled, that is, according

to their residence in concentric zones surrounding the park (Figure lV-8).

When the population of each zone has been determined, a graph showing

“demand for the entire recreational experience” can be drawn, as in

Figure IV-9. Although the information on visit rates for travel costs

of Sh would be collected from Zone C visitors, it is assumed that of

21

As described in Marion Clawson and Jack L. Knetsch, Economics '

Outdoor Recreation, Baltimore: Johns Hopkins, for Resources for the

Future, lnc., l956.
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FIGURE IV-lO
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thousand people facing total costs (of any kind) of Sh, two hundred will

visit the park. This data can be used to project visitation rates from

the various zones at higher or lower prices, to give a demand curve for

the recreational facility, two points of which are shown in Figure lV-lO.

The most rudimentary Clawson model uses only travel costs as a

proxy for price or revealed willingness to pay. More sophisticated

models add time costs and, where they exist and can be ascertained,

entry fees to obtain a better estimate of total willingness to pay. The

area under a Clawson demand curve measures total consumer's surplus at

a zero price, and will be an underestimate to the extent that certain

costs of using the recreational resource are not monetized and incor-

porated. 0n the other hand, insofar as travel is itself a part of the

recreational experience, consumer's surplus will be overestimated.

The methodological assumptions are that:

(I) The marginal utility of income is constant.

(2) Tastes, incomes, and other socio-economic factors which might affect

visit rates are equally distribcted among all zones.

(3) People are indifferent between types of costs incurred.

(h) All costs are incurred solely to pay a visit to the park. (For

longer trips, which people will be more likely to undertake for multiple

purposes. arbitrary allocations of travel costs can be made.)

(5) Substitute recreational opportunities will not change.

To the extent that these assumptions are realistic, and only to that

extent, application of the Clawson method will provide an accurate esti-

mate of aggregate willingness to pay for a recreational facility. The

usefulness of figures derived by this method as a basis for spending

decisions by the government thus depends on the degree of acceptance of

three propositions:

(1) Aggregate willingness to pay is the proper measure of the benefits

of public investment in recreational facilities to be compared with

associated costs.

(2) The assumptions of the Clawson method are realistic. That is, the

area under a Clawson demand curve would give an accurate estimate of

aggregate willingness to pay.

 



(3) Survey techniques are sufficiently sophisticated to collect the

data required to draw an accurate Clawson demand curve.

The first proposition is fairly generally accepted in the field

of economics. Economists differ about the extent to which non-economic

considerations should enter into government decision-making. But con-

Sumer's surplus,which at a zero price is the amount a person is willing

to pay rather than go without the good in question, is usually taken

as a common-sense concept of benefits, suitable for policy-making, and

the summation of all consumers‘ surpluses is regarded as a proper

measure of the aggregate economic benefits of providing an indivisible

public good.

The second proposition is much more dubious. In the first place,

the use of travel costs as a proxy for total willingness to pay is

bound to understate consumer's surplus, at the hypothetical zero price,

for the same reason that observed total revenues for a good sold in

a competitive market do not reveal the total amount that consumers o:

the good would have been willing to pay rather than go without it. That

is, the Clawson method does not reveal h0w much any visitor might nave

been willing to pay, above those travel costs, time costs, and entrance

fees which he actually incurred. There is thus a bias toward ance.-

estimation of the true level of consumer‘s surplus in the very conceptual

basis of the method. The usefulness of the results of a Clawson study

for guiding public policy must be severely qualified by an awareness of

this point, and of the biases of the assumptions listed above.

(l) The assumption of a constant marginal utility of income is no:

required for the existence or measurement of consumer‘s surplus in gen-

eral, but it is required if the area under a demand curve is

sidered the measure of consumer‘s surplus. The use of that area over-

states the true level of consumer‘s surplus in the case of a normal good.

And since the income elasticity of demand for recreational facilities

is not only likely to be positive, but large relative to other normal

goods, the extent of this overstatement may be significant enough to

require consideration.

(2) The assumption that all other socio-economic factors than those

explicitly under consideration (travel and time costs, and entrance fees)

which might affect visit rates are equally distributed among zoneS, ‘5 



vital to the scientific methodology, but may be responsible for signifi-

cant errors on either side of the true level of aggregate willingness to

pay. It is plausible, for example, that people with particular tastes

for the recreational activity will already be more highly concentrated

in the proximity of the facility, than in other zones, before the study

is undertaken, so that travel and time costs will underestimate aggregate

willingness to pay. And that average income levels are skewed geographi-

cally is beyond doubt. If richer recreation enthusiasts lived closer to

the recreation area, as would seem likely, aggregate COnSumer'S surplus

would be understated.

(3) The assumption of indifference to type of cost is unlikely to

be responsible for serious error, thOugh to the extent that travel gives

rise to non-monetized plea5ure or pain, people will not be indifferent

between travel costs and, say, fishing license fees.

(h) The fact that many outings which include a recreational visit

have other purposes as well imparts a bias toward overestimation of

aggregate willingness to pay.

(5) Lack of a means of determining the effects of the availability

of substitute recreational opportunities, however, is perhaps the most

serious problem with tne application of the Clawson method in the Trent

Research Programme. The proximity of alternative sites will have a great

influence on visit rates to the site under consideration. This presents

no problem if government planners, or perhaps potential buyers, are

concerned to calculate conSumer's Surplus for just the one site. They

would be interested in willingness to pay to visit the site, given the

availability of other sites. Sut in the Trent Research Programme's

study of fishing benefits, there are 32 contiguous sites, and six of the

seven residence zones surrounding any one site will overlap at least

one and perhaps as many as six zones applicable to other sites. The

practical policy questions are which of the sites to upgrade or downgrade

(with respect to water quality), and by how much. The ceteris raribus

assumption about alternative sites thus limits the use of fishing benefits

study as a guide to policy.

Work has been proceeding in the Programme to determine, first,

fishing benefits associated with present water quality levels in the

 



Basin, and then benefits as a function of pollution levels. We consider

each of these tasks in turn, in the process casting considerable doubt

on the third preposition above, that suitable techniques are available

for drawing an accurate Clawson demand curve.

22
Fishing Benefit Calculations in the Trent Research Programme

The first step in the Trent study of fishing benefits (fishing is

the only recreational activity for which a value was calculated) was to

break the river system down into units around whose geographical centers

concentric rings can be drawn. The study used for these purposes the

same reaches which form the basic units of the mathematical model

(Figure lV-ll). Questionnaires were sent to a sample of anglers, who

identified fishing sites and revealed how often they visited the sites

(for the year l968-69). 0f the SQOO questionnaires sent Out, 1600,

representing aoout one percent of total license holders, were completed

and returned. The . ‘ i i sample, after researchers trans-

lated this information into visits per model reach, are presented in

Figure lV-lZ. Calculation of visitation rates per lO0,000 population

was the next step (Figure lV-l3L

Total annual fishing benefits were calculated for all the 32

reaches, for two different valuations of time costs, l2.5p and 25p

per hour. (Alternative valuations were used because no one really knows

the proper measure of time costs.) An angler‘s total costs of visiting

a particular fishing site were taken as average travei outlays from

the cencentric ZOne in which he lives (Figure |V-lha),plus entrance fees

(Figure lV-l“b),plus travel time costs, and the sum was taken to represent

his willingness to pay to visit that site or any site of similar quality,

at that “price.” The raw data from the questionnaires on site visits

were used to construct tables like that in Figure lV-lS for each reach.

Two equations were then derived to relate the visit rates (column 5) with

5—.“

22 ,
_ _We must acknowledge at the outset the invaluable assistance of

John Gibson, lecturer in the Department of industrial Economics and

Business Studies at the University of Birmingham, in providing data

and analysis of the fishing benefits study he conducted for the Trent

Research Programme. Much of the data is in two papers:

N. J. Kavanagh and J. 0. Gibson, “Measurement of Fishing Benefits

on the River Trent,” Institute of Water Pollution Control, The Trent

Research Programme: Proceedings of Symposium (l5-l6 April lS/di, pp. 26-

32 ; and

“The Trent Recreation Study: Measurement of Angling Benefits“

(manuscript). 



FIGURE IV-ll

The River Trent Recreation Study Location Map

Source: The Trent Research Programme
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FIGURE IV-IZ

NUMBER OF VISITS 1968-69 (From postal survey;

responses from a 12 sample of all anglers)
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FIGURE lV-IB

VISITATION RATES PER 100,000 POPULATION (from postal survey;

responses from a 1% sample of all anglers)
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FIGURE Iv-IMa)

COSTS PER MILE FROM 1968-69 QUESTIONNAIRES

_____________________________.._.______.__________________________________

Zone New Pence
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FIGURE IV-lh(b)

AVERAGE ENTRANCE PRICE 1968/69 QUESTIONNAIRES

Stretch Price,
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FIGURE iV-IS

Cost of Visits and Visitation Rates: River Trent, Radcliffe to Kneeton

Zone Distance Visits Population Visits per Cost of Visit

from center (in 100,000'5) 100,000 (6) (7)

of Stretch Popuiation at 12.5p at 25 p

(miles) per hour per hour

(4) (S) f p

SOurce: John Gibson, The Trent Recreation Study: Measurement of Angling

Benefits, Table 5.

 



visit costs (columns 6 and 7). For the Radcliffe-Kneeton reach, the

23
equations were:

Time value l2.SU Ber hour:

Log (v / l) = 7.7221 - 2.8150 Log C

F2 = 0.9516

Time value 259 Ber hour:

Log (v f l) 7.3303 - 2.5h6h Log C

-2
r

0.9560

where v : visits per year per l00,000 population

C total costs per visit, pence

Both Curves (Figure lV-l6) are asymptotic to Lne V axis, he total

area under them cannot 0e calculated. The area under these curves from

C = l0 to the intercept 0n the X axis came to 200.05 A l2.5p per nour

and 353.90 ; 25p per hour time value. Since tne curves were calculated

and drawn on the basis of raw data representing l? of total license

holders in the Basin, these figures were multiplied 9v 100 to give

aggregate consumer‘s surplus of t2b,005 and t35,390, respectively.

There was an average existing entrance fee of lOp for fishing on this

stretch, so the observed revenue of t9,7h0 was added to each of these

figures to get total benefits of t33,7h5 and th5.l30, respectively.

Similar calculations for eacn reach allowed the construction of Figure

lV-l7.

There is no alternative databy Which the accuracy of the calculated

equations can be tested throughout most of their range. For :he range

from Zero to l0p on the norizontal axis, the area CDFO {Figure lV-lé)

amounts to t87.90, and the area ABFO is t93.lO. The are; under ClLFCF

Curve between l0 and a point very close to zero on the horizontal axis

would appear on inspection to be about half again as much. Observed

revenue was t97.h0. The equation predicts 879 visits at a total entrance

cost of loo, and there were in Fact 970 v sILS. The EO/ acvlatlon here,

admittedly the least reliable range of the curve, nevertheless raises

doubts about the predictive value of the equation, since the equation was

initially derived from data including the observation of 97% visits at 109.

23
Source: “The Trent Recreation Study.” 



FIGURE IV-16 (Table)

Final Demand Schedule for River Trent. Radcliffe to Kneoton,

reg-ch, 1968 - March 1969.

! Entrance“! Visits . Entrance

5 Charge __:---——-—T-‘—‘*—---‘ Charge

at; I at

(9) 12.59 per; 25p per (p)
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510 pence was the average oxinting entrance charge for this stretch.

“This in the outimnta or Vinita unite oquetiOne (3). not the observed level

of visits at tho exintiug entrance charge.

Source: John Gibson, "The Trent Recreation Study:
Measurement of Angling Benefits," Table 6.

 



 
 
 
  
 
 

 
 
    
 

 
  

 
 

 
 
 

 
 

 
 



FIGURE IV-l7

Source: John Gibson, "The Trent Recreation Study: Measurement

of Angling Benefits,” Table 7.

Angling Benefits: River Trent and Tributerica. March 1968 - March 1969

Aczrezate

Benefits

2

A: at

12.5p 25p

p.h. 9.h.

Limits of Stretch

Henley to Hanrord

l

|Hunford to Great Haywood

250”

l

1 |

{Great Haywood to Yuxall |

1 Yumdl to Burton I 11-00“

l 1.Burton to Snurdlov .515

ShurleV to Berton Ferry [16,735 '

Barton Ferry to Trent Bridge h0,SSC

Trent Bridge to Radcliffe Weir17.755

Radcliffe Weir to Knccton 33.7h5

Kneoton to Kelhem 20,060

Kclhum to Collinghem Wharf hh,760

Collinghnm Wharf to Dunhum lh,005

Dunhum to Littloborouzh 16,310

Litnlcborough to wildavorth

wildsuorth to Kcedby

Birstull to U:un£ord

Stanford to Koyuorth

Kcyworth to confluence with

Trent

(Ank.b) Heddington to St. Helena

(Ank.e) St. Helena to Tamworth

 

(UTA) Tune Bridge to Perry Barr

(UTE) Perry Barr to Hater Orton

(Hr) Hater Orton to Lee Rataton ‘ nil ' nil

(LT) LeS'Hureton to Chetvynd Bridge‘ n‘l nil nil

Churnct \cu) Bridrnnd Leek to fiooeator 850. 1.106' b?”

IDove (D1(b)) Rocautor to Aston Bridge 5,820 6,700 515

r

EAmbor (AMl) Shirlund to Bullbridge 280- 360- h?“ 50“

Labor (AHZ) Bullbridge co Ambergute 120* lshl 86' 110'

‘Dorvent (Dr1(b))’ unblock Bath to Milford 9,2go 11,180 5° 933._

verwent (DTl(u)) Milford to St. Mary's Bridge 3,315 h,h25 uh? 553

inorucnt (5T2) St- “‘IY'E Bridge to confluence , ,_

with Trent. 5 '905 7’690 1‘17 538 /‘f. 3

*‘Huu Mm: M no‘f pmwdc. enouak wanna-hem +0 apply 'Hv. dafisnéaé’ Eufifi M—

WMaw ' «Io flu Mb!!— Papular dmu‘u w}: df 12.5,: MAM “unwed at

491:: WW I stc m4m.m flaw,“MW 21‘ 2, have“, M44

M‘- «3/96 a» W Mafim when M VIA,“ m ' - 4 1_ 35’ ' A. Yo I
M/qa'g‘ak‘ A as]: M W. V: (As/km fir». I F m [aw ml yttri-

Dovo (01(3)) I Aston Bridge to Martin’s naidgeh,185 5.095 hsg

  



Problems of Deriving a Pollution Damage Curve from a

Clawson Demand Curve

A Clawson demand curve (Figure lV-l8 (a)) could be used to con-

struct a curve relating marginal decreases in aggregate willingness to

pay for recreation associated with the Trent, and incremental pollution

loads (b). The Clawson curve assumes constant water quality (an un-

changing recreation site). Several such curves could be drawn for

different pollution levels, as in Figure lV-l9. In this figure, aggregate

annual willingness to pay for recreation visits to the river, when its

800 load is 12,800 kg (that is, two mg/l in an average flow of l600 mgd),

is represented by the area OAD. When the BOD load is 32,000 Kg, the

total is 08C. The difference between these two totals, that is, the

area ABCD, would measure the marginal decrease in aggregate willingness

to pay, as a function of units 800 discharged.

Angling participation is no doubt a function of the probability of

catching fish. The latter depends to some extent on the skill of the

angler, but to a large degree on the number of fish in the stream. Tne

quantity of fish is in turn dependent upon the availability of dissolved

oxygen and the concentration of toxic materials. Unfortunately, it

would be very difficult to determine, from two sets of annual data on

angling participation and 800, NH3, and heavy metal levels, the relative

roles of the pollutants in influencing angling. We would be as cepcndcnt

upon the use of 800 or NH3 as a “representative” or “index” pollutant in

calculating marginal damages as in computing marginal effluent treatmewt

costs.

There are four potential ways to introduce a pollution variability

factor into the fishing benefit analysis:

(ll Exactly the same calculation methods could be applied to use of

the river Dy anglers in two years in which mean 900 levels were signifi-

cantly different. The major problem with this intertemporal approach is

that significant changes in pollution levels will occur only over long

periods; yet the longer the time between experiments, the more likely

such factors as changing tastes and population will explain much of the

variation in calculated benefits.

 



FIGURE IV-ls
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(2) An alternative method involving intertemporal comparisons is to

calculate Fishing benefits in a given reach for low—flow, high-concentration

summer periods and nigh-flow, low-concentration winter periods. It must

be assumed that pollutant discharges do not vary seasonally. The next

step is to convert figures for constant 800 and variable flow into figures

for constant flow and variable SOD, in the following manner:

Flow Kg. pollutant Concentration

oiscnarged

lOOO mgd Y l0 mg/l

2000 mgd y 5 mg/l

(becomeszl

SUMMER 2000 mgd 2y l0 mg/l

A
WINTER 20u0 mgd 5 mg/l

T his gives a sort of marginal relationship between units pollutant cis—

charged and monetary benefits: when bollction uiscnarges are cOthcG .

benefits are halved. The problem is trat the - which

disappears when annual :igures are used, is probably mucn more signifi-

cant in explaining fishing participation rates than pollutant levels

Semmer benetits would proaably exceed winter benefits by a wide margin,

in spite of the poorer water Quality in the summer

A third possibility is to fine, tor a given year, two reacnes which

are similar in every respect except pollution lQVels, and compare benefits.

Unfortunately, there are no two such reaches. The influence of populalion

cispersion wOuld have to be FCGOVCG before bene its could b seen as. (I

urc ion of pollution levels. For example, one nignt attempt to compare

the Dunham-Keaoby reach (3l.i miles) with the Sharuiow-Kelham reach (37.

miles). lne tormer is c unstream of the latter, and Is considerably

because a tne regenerative action of the river: average 500

i965-67 period were about 8 mg/l, compares to Il ng/l

for the Snarolow-Kelnam reach. However, the Sharelou :, is serrounced

by the heavily-pepulateo Nottingham district, whereas :ne .f from Jun-

ham to Aeaaby flows througn a relatively rural area.

cleaner reach anu better tisnery have been initialiy eaICulateo in the

Trent Researcn Programme at t17,790 per annun, or t572 per mile per annum.

while benefits For the Snardlow-Kelham reach are set at tl37,420 per

annum, or E3704 per mile per annum. 



Benefit calCulations would thus have to be adjusted for population

and taste changes with the first method, seasonal effects with the second

method, and population levels and dispersion with the third method. Cal-

culations under the second and third approaches would require only one

set of annual data, though the second approach would require two sur-

veys, one for each season. The first approach would probably require

annual data for two years at least five years apart; its applicability

hinges on the assumption that pollution levels will be significantly

different, for some two years, to affect angling activity, but there is

no particular reason why this should be the case. To isolate the pollu-

tion factor with any methou would require either some very broad assumptions

aoou: other factors, or a collection of data so comprehensive that it is

for all practical purposes unobtainablev

(h) The fourth methoo, requiring only one set of annual data and involving

a statistical explanation of differences in calculated benefits per mile

among reaches, has been the subject of study in the Trent Research

Programme. Explanatory variables whicn were considered in the first

experiment were (l) number of anglers whicn the reach can accommooate

physically, (2) type of fishery available (water quality), and (3) p

lation density in the surrounding area. The population index used was

<§‘P./d?.

7

| l

4 Jx:

where i is the number of the concentric zone around the recreation site

(seven in all), P, is the population ofthe ith zone, and d]. " the

| - J

average distance between the zone and the site. Cigure IV-ZO classifies

the relevant data for all reacnes which showed positive fishing benefits.

From these data were estimated the following linear equations:

Time value 12.53 per hour:

X] = -io99 I 2m2 » 127x3 / 2309xh / zou8x - 89x x 2952x7
5 6

r2 = 0.69

“Our:

182x/2"x 22x-~3 9|0 A / 7 3 S I53X6 r as 0x7

r2 : 0.69

Unfortunately, the use of these equations to calculate benefits for

each reacn under alternative quality conditions, by letting each of the 



FIGURE IV-20

Benefits per mile. Mcmodnfion Capacity. Type of Finhcry. and

Populution Indexes: River Trent and Tributaries. 1968-69
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Source: John Gibson, "The Trent Recreation Study:

Measurement of Angling Benefits," Table 9.

 



quality variables X - X equal l while the others equal zero, in turn,

3

produced some strange results, showing benefits to decline as the fishery

improves from poor coarse to fair coarse, and from very good coarse to

mixed. results are not intuitively plausible. It was thought that

benefits per unit of surface area or perhaps benefits per

unit of flow would greatly increase the figures for the only existing

trout fisheries, DTl(a), DTlib), DTZ, Dlia), and Dl(b), relative to those

for the much wiser and deeper reaches T(6) - T9(a). Another factor which

was not [aKCn into account in the initial figures is that the pest trout

fisheries on the Derwent and Dove are upstream of the reaches used in

the river model, and these close substitute trout fishing opportunities

would reduce visitation rates to the river model reaches, as reported in

the survey responses.

Tnese considerations led to a second attempt at correlating fishing

oene:its and pollution levels, this time producing more intuitively

logical results. Figure IV-2l reproduces R. J. Anderson's can oescription

of the methodology, and his initial calculations of the benefits of

improving quality in four reaches, TS, Sl, T6, and T7A. This approach

pears much more promise than the other. But the intuitive coni‘

or the results is only one factor bearing on the policy value of the

consumer's Surplus figures derived in this way. Criticisms of

of the ease data, tne statistical processes employed, and the Clawson

method itself all bear on the question of how these and otne

marginal benefit estimates are to be used for water quality management

in the Trent River Basin.

 



FIGURE IV—21 (page 1)

TRENT FISHING MODEL : ESTIMATION OF CONSUMERS' SURPLUS
———________.________________~_______________.________________

by R. J. Anderson

Estimating the Eauation(s) The method was to aggregate the data from all

stretches. Trips per 100.000 to a given stretch were regressed on cost of

travel, length of stretch and represented by dummy variables. quality of

fishing and width of stretch. The only variables found to be significant

at the 5% level were cost of travel and quality of fishing. Here is the

equation. with standard errors in brackets :

. ‘ fiver», .
Trave; Cost Fair Good Good Mixed

-3.013 log C + 7.524 + 7.972 + 8.169 + 7.659

(0.178) (0.437) (0.445) (0.441) (0.424)

When we are considering separate grades of fishing, the equation decomposes

into 4 separate equations each with a different constant term, but sharing

the same coefficient on the log C term. Next, in order to allow the

pessibility that the slope of the demand curve is different for each grade

of fishing. data for each grade of fishing was treated separately, the

resulting four equations being:

Fair

log (T + l) - 2.077 log C

(0.4810

 



FIGUIE Iv—21 (page 2)

by R. J. Anderson

for The Trent Research Programme

Consumers‘ Surplus Arisine from Improved Cualitv in Fishing

Firstly calculate surplus for each quality of fishing on its own. How

is this to be done? The surplus calculation must be done at stretch level.

From the cost readings we hav 2 <tretch we have the lower bound of

an integral. We calculate the integral with these as lower limits and an

upper limit. which i in each case the cost at which no trips would occur.

The upper limit of integration is found as follOWS. Consider the equation

for fair fishing :

= - 3.01} 105 C e 7.52h

The upper limit-of integration is given by 3

~._
( - \

' — 3-03( l J
, ..C m3")T=O _ -—-———q~

107«524 '

Surplus from fair fishing at any stretch. assuming n cost readings in the

original data is

-2.01%
C C ’m:

L;

— 11

5 1 "i 2‘0"v

The surplus resulting from improving a stretch from fair to good is

n C

7: FT=°

i =1'f‘c1

x 107'972 -c :10 - 2 f‘ T=°

‘2 0013 _ i=1 Ci -2. 013

x 107'52‘+ -c (10

{ 0-2.0l3 n C 0-2.013

The coet at which no trips occur is calculated separately for each quality.

Results for the whole equation case are given below :
\

Value of imnrovements to fishinr gualitl 2§)4.a.

Good

. i . (T5 17 821 19,090
m“ (51 14:280 30,468

(T6

26.769G°°d (Tm
11,864

Results for the separatelx estimated eguations:

To —9
Good Verv Good

From‘\~

V

?. (T5
25.587 45.963‘3‘“ (51
17.793 31.673

(T6 . '
23.531G°°d (aw _ 10,166

 



CHAPTER V

TOWARD IMPROVED WATER QUALITY MANAGEMENT

IN THE TRENT RIVER BASIN

IT-COST ANALYSIS IN THE TRENT RESEARCH PROGRAHHE

8-1969 fishing benefit figures shown in Figure IV-i7 are

9 incorporated into the river mouel computer runs in

tne following way. As the program proceeds downstream from insialla»

tion to installation (within each reacn are llations, sucn

as sewage plants or factories, {or whicn the cheapest treatment Taciiity

wnicn will meet , the least-cos'the quality goals must be chosen)

coilection of facilities satisfying all constraint

the dynamic program nas reacnea is “remembered”

the tishing benefits ‘or the reacn

cOsts shown by the program so far, T

means that if enOugh benefits existed anc were quantified, net costs

for constructing a series oF new treatment facilities would Come out

negative by tne end 0? the computer run, indicating that acne-

QXCCC’ 053.5.

in current computer runs, however, benefits come nownere

the order of magnitude of costs. For example, in River

tor attaining quality state S in

anc associates ualities in the upstream reaches (rcp'csenting

improvement from present quality in the rivwrlg.

otal benefits were t2§5,l00, and total costs were

The problem is that benefit figures for the existing set

68-69 qualities--the only benefit figures available--were subtractec

com uteu costs for an improved set of Qualities.,1

are simply not comparable. What

ticnai uenefits for the improved qualities, these mignt 0e

campared with additional costs of attaining those qualitic>.

 



is still proceeding on the statistical method described

orrelate fisning benefits and water quality.

tly trustworthy “marginal” benefit figures could be derived,

be used in connection with river model to make incre-

mental benefit—cost comparisons which will assist planning for specific

The procedure by wnicn the program automatically subtracts

reach would first have to be

Tne program could " run with no constraints except

iity improvement . from fair coarse to goou

in an individual reach.

cilities unicn must ae bull " ' 1 _ t . in question

tnat improvement. (0: course, it would not be necessary to

run the program beyond the "each in question.) This figure could ’hen DC

npared with the benefit figures for that same quality imprOVu ent in

en, plus the Benefits From whatever quality improvements in

uostrean reacnes arise fro: the new facilities. In audition,

07 any individual discnarge on river coality in all downstream

.

.irst running :he moaei with the discharge included, anc

withOut. If the uiscnarge has significant enchn effects on quality

9e a quality state (from. say, good coarse to fair coarse), then

marginal damages of the discnarge can be calculated. The Trent Researcn

thus prooucee some very sophisticated tools 2‘or COst-nenefit

analysis of individual decision-makers‘ options in an interoependent river

pollution system. Such analysis would be more useful tor planning speci-

Fic improvements than tne comparisons of ovurall costs and oenefi ‘or

entire river system wnicn nave so far been made. The major uncert<inty

policy-maker, of c0urse. w0ulo still be the trustwortnincss of the

The sophistication of the calculation methods, ingenIOus

not necessarily ensure that the results are

Furtnermore, fishing Dene

An alterna-

similar to that used in the

Delaware Study, should be SFOVchC : r planning purposes.

 



B. oCNEFlT-COST ANALYSIS IN THE DELAWARE ESTUARY

COMPREHENSIVE STUDY

inc “clamorc Study, in which the ucrivalion or a moincmaLicai river

tasks, cslaDiiShcd four groups of improved

Fiturcs V-] and V-Z). The

. ndinqs ucscrlucs those Gogchch 8015 in__________.___‘..______.._____L_

rcprcncnis Inc fiYCGLCSl increasc ih wuzcr

u>u no“ ' '. “y i‘ ‘ ‘ inc oojcctivc sets. Wuzcr COHLUCI

VCCTtuLin ' "uglcutcn in inc nppur dHG lower rcocnus 0! :nc chluary.

bnur; r‘ ~ 2 "~' ’ :Ibnihg “as so; a: rulazlvoly high ichis consi>1chz. . V . . .i , . r -n.13 inc MuAU‘U . Lnu rcgion. n H.himuw nanny avcrugc DO 90”] 01 o.u ng/i

I) Ing.uvcn ’0: nwuurnmous :isn passage onrinr Lac pasaagc pcrioas. Thus

gnac‘ , 5' “ ; _ ‘, is iniiuuflfi u» d «clinitivc port of

ghuiizy m “"'f ”' grogrom. Fresh water infiow Control wi

10 rgiUISc thn CH.uFimC Concentraziors Lo Cucsicr, Pa.,

u puLcflLiui uhhicipu. ann industrkui WchF suppiy use.

d; u;:: \ .nu “Fen u? Hazy? cthdCL rccruu1ion l3 CUUCCU

>umcnu11 from in“; u? Ouicctivc ScL | (OS-i}. A ruuucLion In uissoivcn

uxygcn 133} i) Cunsiuurcu :0 result in a concomiionL FCUUCLiUH in >30 1

aid cenmcrciai fishing. DO gouis for aneuromous fish pauxagu remain U» in

05-1. Chioricc con1roi hOuiG DC necessary to prcvan salt water intrusion

'1} River.

This Sc: i5 Bihiiur In ' r Jnvczn :0 OS~E
... , i . r “Lhrcc Changes. rirsz, ' ' ic JO cr.Luria Lu»)

gassogc is no: iHJOSCG. *\~ bszanziai increases
V

itisn passage ~"' rosy

to ConLrol DO Gurin >

arrlcu Ou: auri anaoronous tasn run pcriocs. Second, a

L from the I rccuircnctz>

umcr assuming that ‘ ‘uSLC ioou TCGuC‘

c in 1hc 5p and co :crcia] tisning potentiai is i: 05cc
c

rrougn a Ioacring o ‘, ‘ reguircmcnts. Third, Lhc quality 01 poin1>

of muricipai wazcr ‘ -- were recucca.

Ln'uczivu Sc: . "u rat represents a slighz increase ovcr prcbcni

icvels in note" "' ‘fillofl and ilbnlfig in ‘ ion " rcacncs or

‘ exiuary. ' " ' ity rcquircncnzs are in rcoscu biignliy ovcr
. . i. ‘ . . . , .

COCOiCIO-‘WS , CSL‘H'LL'K} a Vilnl'naliy Cf‘i‘laiiCC‘U CnVIrormicnt.

This 50; rcprcscnzs a main cnancc of i964 conuiti0hb.

furzncr ndL‘F quality 6 c ioratlon.
prevention

The ncx: >ch was :0 compare the costs of moving from

tivu Set (current quaiiiy) :0 each of (no oLhcrs, using a

‘ . _V r. _ .. 7 i, . . . .
r05. Ahaiy>ls wa> Con-unco to «a inGuSirics ana mnhic

3c aibcmargus acc0un1ua for cheat 57A of Luv 136» curuon-

OCCOVS oxygen dcmuno uo51c IOQG in the Estuary. Lou-:Iua Cwnuiliofis v5

Dur \UCOFG (1620 miilion gallon: per day) 9 - “wan cu

“sures considered (Figure V-3) were all vgriahi:

cc: regulaiory approacn. These lflCiudc a uniform :rcazmcnt

 



FIGURE V-l
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‘FIGURE v-2 '
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FIGURE V-3

ESTIMATED TOTAL COSTS OF OBJECTIVE SETS OfilLLIONS 0F DOLLARS)
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Source: Delaware Estuary Comprehensive Study:

Preliminary Report and Findings, p. 66, Table 16.
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Source: Delaware Estuary Comprehensive Study:

Preliminary Report and Findings, p. 77,Table 20.
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requirement (an across-the-board percentage reduction in all waste loads

by all dischargers), two variants of a zoned uniform treatment approach,

a system setting one uniform treatment requirement for municipalities

and another for industries, and the cost minimization scheme (using the

linear programming primal model). (The study of alternative effluent

charging schemes as means of attaining the same Objective Sets, described

in Chapterll, was a separate project.) The total costs shown in Figure

V-3 are composed of capital costs plus the present value of operating and

. . . . , . 2
maintenance costs at a 3% discount rate and twenty-year time norizon.

Researchers then estimated

the net dollar benefits that would accrue in the l97S-80

period from increased recreational possibilities for each

of the Objective Sets over present conditions. This was

accomplished in general by (l) estimating the total recrea-

tion demand in the Delaware Estuary region by applying

average national participation rates to the region‘s

present and projected population, (2) estimating the maxi-

mum capacity of the estuary under each of the objective

sets, (3) estimating the Dart of the total demand expected

to be fulfilled by the estuary, and (h) applying monetary

unit values to the estimated totai participation demand

in the estuary to arrive a: total estimated recreation

benefits.

The unit in which “recreation demand“ is measured is the “activity day,“

representing the visit of a single person to the recreational site for

any substantial part of a day. The value assigned to each activity day

followed recommendations of the Ad Hoc Water Resources Council, "Evaiua-

14

tion Standards for Primary Outdoor Recreation Benetits:”

Maximum -- 25% of usage $5.00 activity day

75/ of usage $1.25 activity day

Minimum -— 25% of usage $3.00 per activity day

75% of usage ' $0.75 per activity day

The number of activity days demanded (apparently assuming a zero entrance

fee) by the basin popuiation--including a huge “latent” dcmanC--was esti-

mated on the basis of surveys, and projected to double between 1960 and

l970, and again between l970 and l980, reaching 80 million activity days

by 1980. Benefits were calculated through l980, and discounted to a l96b

Dresent value, assuming an interest rate of 32 and a time horizon of 20 years.

2

Delaware Study, Preliminary Report, pp. 62-63.

3Delaware Study, Preliminary Report, p. 75.

lg

Delaware Study, Preliminary Report, p. 76.

 



Benefits for the present quality state, objective set V, were then sub-

tracted from benefits accruing to improved quality states I-IV, to give

net benefit figures as shown in Figure V-h.

This data is not suitable for drawing continuous curves showing

marginal cost per unit pollutant removed, mainly because the additional

blocs of various pollutants which would be removed in escalating from

one objective set to another are not identical. But the rough compari-

sons between marginal costs and benefits which these figures allowed

(Figures V-3, V-b, and V-S) formed the basis of unique policy dis-

cussions among the various groups in the Delaware Basin who take a

direct interest in water quality. The most widely acceptable goal was

Objective Set 3, with conservation groups generally committed to Objec-

tive Set 2, though the study indicated that the marginal costs of moving

from 0.5.3 to 0.5.2 exceeded the marginal benefits by a wide margin.

Such a position is by no means irrational, however. Conservationists

might feel that higher values should be placed on activity days, or that

since costs of attaining quality goals are to be spread over all taxpayers,

the additional benefits of G.S.’ '. to the individual conservation—

ist exceed his share of the additional cost. After the extensive public

consultation process, the Basin Commission adopted slightly higher quality

goals than those represented by 0.5.3; marginal benefits and costs are

roughly equal at these goals.

The figures, of course, are all painfully inexact The obvious

criticism is that the values assigned to “activity days“ are arnitrary.

The researchers' presentation of alternative maximum and minimum values

mitigates criticism of the research method, but does not help the policy-

makers to whom the report is presented to know which of the wide range of

possible benefit figures is most appropriate. No sensitivity analysis

seems to have been done for alternative interest rates and time horizons.

The 3% rate used is well below the l96h Opportunity cost of funds in

private markets, and the 20-year time horizon is much shorter than the

usual 50-year period used for recreational projects in federal government

benefit-cost analysis.

 



The activity day itself is not a homogeneous unit. Estimates of

“latent demand” were based on simple sampling techniques, using question—

naires, and projections of “activity days demanded” seem to have been

based on a linear trend line, at least through l980. No claim was made

in the Study that the calculated total present value of recreational

benefits is a measure of consumer's surplus, the maximum amount that people

of the basin would be willing to pay to have the recreational facility

(the river inlme or another of the five quality states). The values

recommended by the Ad Hoc Water Resources C0uncil were based on previous

Clawson-method studies of particular recreation sites, but were arbitrarily

generalized and have not been adjusted for inflation.

To call the goals which the Basin Commission adopted “optimal

pollution levels” is thus stretching the theoretical concept, even if the

calculated costs and benefits are perfectly accurate. The goals were not

derived from the intersection of two continuous curves with the requisite

slopes, but rather from the comparison of four sets of ranges of marginal

costs and benefits, selecting the set in which the ranges are most nearly

identical. Second-order conditions for an optimum were thus completely

ignored. But the widespread public support for Objective Set 3, tnOugh

certainly influenced by the presentation of calculated marginal costs and

benefits in such a way that Objective Set 3 seems the obvious choice,

indicates that the associated costs probably do not exceed aggregate

willingness to pay. In any event, the Delaware Basin Commission‘s choice

of water quality goals has for the first time been based upon an expiicit

5
consideration of marginal concepts.

THE ROLE OF POLLUTION CHARGES

IN THE TRENT RIVER SASlN

Charges levied by the Upper Tame Main Drainage Authority, :5

described in Chapter 1, are essentially SECH's for each pollutant. There

Whether the costs of such research studies exceed their benefits is

an intriguing question. The Delaware Estuary Comprehensive Study cost

U. S. taxpayers $l,200,000. The Trent Research Programme reguired a

remarkably similar sum from the taxpaying public in the United Kingdom:

more than ESO0,000,

 



is no differentiation of charges according to location on the river.

All polluters discharging the same loads pay the same charges. Whether

the charges are often the binding constraint on pollution discharges is

a moot point; where pretreatment requirements are imposed, the charges

may be only a small part of the total Outlays on pollution removal which

the polluter is required to make. Charge receipts totalled E397,198,

more than IOK of the UTMDA‘s income oft3,562,230, in the l969-l970 fiscal

year. (Remember that the UTMDA does not collect charges for the City of

Birmingham.) The burden of charges on individual firms is evident from

the histogram in Figure V-6, which shows, of the 335 firms in the UTMDA

area who pay more than t5 per six-month charging period, the number who

paid total charges for the six-month period l April l97l--30 September

197l in each of the nine ranges. Descriptions of the discharges of the

22 firms who paid more than tl,000 in that period are listed separately.

Note that one brewery paid tl2,h69.8h in the six-month period. An annual

effluent charge bill for one plant of about t25,000 is not inconsiderable.

and must certainly have some effect on production decisions.

lf the existing mixed regulatory system of quotas, pretreatment

requirements, and charges were replaced by a system of charges as the

single binding constraint on pollution discharges, however, it is not

clear from this or any other available data how high charges would have

to be just to keep industrial discharges at their present levels, A stili

\

more difficult question is wnat charges would have to be evied on direct

discharges to the river system, by both firms and municipal sewage plants

(who in turn levy charges on industrial dischargers to their sewers, and

presumably on households, in the form of user charges or simply sewage

lonerates), in order to maintain current quality levels through the

regulatory device of a charging scheme.

The Delaware Estuary simulation results, reproduced in Figures V-7,

8, and 9, provide some idea of the Uder of magnitude of charges required

for certain quality changes. Edwin L. Johnson comments on this last

table:

6

Edwin L. Johnson, “Study,” p. 300.
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FIGURE V-é (page two)
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[Dlecreasing marginal Improvements with increasing

charge are quite evident at a relatively low charge

for the waste discharge configuration considered.

Thus, one might elCCt a charge in the neighborhood

of l2c/lb as an initial estimate and be fairly con-

fident of achieving a significant Quality improve-

ment. Of course. more refined cost functions will

allow establishment of a charge that more closely

approaches the goal without overshooting it, but

this is not required as an initial cut [sic], parti-

cularly since the flexibility of Charge revision

should allow for more ready adjustment than schemes

depending upon hearings and court action.

Do the Delaware simulations have any relevance to the Trent Basin?

The average flow of the Delaware is three or four times as great as

that of the Trent. Its quality in the middle reaches, however, is cor-

siderably worse than that of the Trent after the Tame confluence, Under

low-flow summer conditions (low-flow conditions of 3000 cubic feet per

second, or l620 million gallons per day, were assumed for most analysis

in the Delaware Estuary Comprehensive Study), diSSOlVCU oxygen 15 almost

entirely absent from tne section from Torresdale, Pa. ' 7“.-0 ‘

line, and the river smells. This is not the case in the poorest-quality

reaches of the Trent, though low-flow dissolved oxygen concentrations

are so low that no fish can survive there. Clearly the tonnage of BOD

discharged to the Delaware is much higher than that to the Trent. The

daily BOD loading in the Delaware was estimated in l96b to be l,600,000

lbs/day. if we take the average flow of the Trent to be 1600 mgd, anc

the average BOD concentration to be 8 mg/l, and assumed four iitres to

the gallon, BOD loads :n the river must average about ll0,000 Ins/day,

meaning that perhaps lS0,000--200,000 lbs BOD are discnarged to the river

system daily. The Delaware pollution problem is thus rclativelv more

severe: although the river flow is only three or {our times that of the

Trent, the BOD loading is eight or ten times as great.

The relevance of the Delaware Study of single effluent charges to

the Trent Basin is further complicated by the likelihood of

in effluent treatment cost func.ions among the two basins. The tyDcs

of industries Droducing the BOD are somewhat different, and effluent

treatment costs are heavily dependent not only on the type of industry,

but also the location and technology of the individual firm. While the

technology of effluent treatment processes is very similar in the United

States and Great Britain, the relative prices of treatment equipment, 
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and land, and labor, will surely differ, and the in-plant alternatives

for reducing discharges may differ substantially as well. Furthermore,

the Delaware cost functions which were used to compute the charges

represent reduced profits, taking account of U. S. federal and local tax

breaks with respect to private pollution control facilities,none of which

would of course apply in the United Kingdom.

It was estimated that the sum of induced treatment costs plus

charge payments would amount to less than l.2% of value of output for

most firms--ng£ taking account of tax breaks-~in the Delaware Basin, for

a charge level of l0c/lb BOD, and a maximum of 2.l--S.0% for paperboard

mills and h.0% for organic chemical plants.7 The value of output of the

major polluting firms in the Delaware Basin was over $2 billion in

I96“. No estimate was given of costs plus payments as a percentage of

profits, a figure which would be more helpful in predicting whether some

firms would be forced to shut down. The “macro” conclusions of the

Delaware Study thus do not bear directly on the QUCStion of the proper

level of charges in the Trent River Basin. One must keep in mind, of

course, that however small a proportion of value of output is comprised

by pollution charges, the charges may greatly affect pollution levels in

the Basin and thus net social product.

A trial-and-error approach could be used in the Trent River Basin

to find that level of charges which would maintain present water quality,

in place of the mixed regulation system. But there are risks in [his

approach. Too low charges might result in a sudden influx of pollution

and perhaps a fish kill. Too high charges (to maintain present quality)

would impose an unintended burden on polluting firms (perhaps driving

some out of business) and their customers.

The safest approach in the face of this uncertainty would appear to

be a gradual transition to substantially complete reliance on charges to

CODStrain DOIlutiOn- Quotas and pretreatment requirements could be

7Johnson, “Study,” p. 303.

8Delaware Study, Preliminary Report, p. 21

 



eliminated for a few firms at a time, with across-the-board increases in

charges whenever such eliminations resulted in heavier discharges. The

net effect would be to spread over all polluting firms any costs of ad

hoc administrative regulation which have imposed diSproportionate burdens

on individual polluters. Recall that any SECH, optimal or not, is the

cheapest way for society as a whole to attain the standards which the

imposition of the SECH in fact produces. In the face of uncertainty

about the optimal level of pollution, a SECH still represents a more

efficient regulatory device than a quota system.

The Trent River Authority is probably already empowered by the

general regulation clauses of the Water Resources Act I963 to impose

pollution charges on all dischargers, including local authorities.

The government has stated its intention to empower the new Regional

Water Authorities to cover their costs of operation through the uSC of

charges, though this implies an upper limit to the flexibility of the

new Authorities in experimenting with alternative charging levels.

Since the new RWA‘s will apparently be taking over control of local

authority sewage plants, the charging scheme will be applicable to two

groups. By far the larger, in terms of volume of effluent discharged,

will be the RWA‘s own sewage plants, to which many industries discharge.

The other group will be industrial firms which discharge directly to

the river. It will be in the interest of any private discharger to

minimize the sum of treatment costs and charge payments. But this direct

financial incentive would not apply to the manager of a non-competitive

enterprise like a municipal sewage plant. A charging scheme would be

futile if sewage plant managers, without bothering to adjust discharges,

merely received an Exchequer grant with which to pay RNA charges. The

charges would be somewhat more effective if each sewage treatment facility

were placed on a break-even basis, levying its own charges on the house-

holds and industrial firms which use it, and paying its own costs,

including RNA charges. But the near-monopolistic position of most

sewage plants would still limit the incentive effects of charges on them.

 



CONCLUSIONS AND RECOMMENDATIONS

The chances of deriving marginal treatment cost and marginal damage

functions, optimal pollution levels, and an associated optimal charge per

unit pollutant discharged, which will be both accurate enough to satisfy

the demands of economic theory and plausible enough to gain sufficient

credence in policy—making circles to stand a fair chance of forming the

basis of a river quality management policy, are very slim indeed for the

foreseeable future. The theoretical and practical problems are formidable

if not overwhelming. Therefore we conclude that the Trent River Authority

should not attempt to derive marginal effluent treatment cost and margi—

nal damage functions for pollution in the basin. The techniques for

finding points on theCurves are simply not good enough to trust the extra—

polated results as a basis for “finely-tuned” policy decisions. Decisions

by those responsible for water duality management mu5t have more modest

aims, since they must be based on rougher concepts. But economic analy»

sis should help to shape those concepts. The maximization of net social

product is a common-sense as well as a theoretical ideal, and that it can

underlie and guide a river regulation policy has already been demonstrated

in the Delaware Estuary Comorehensive Study.

The Trent Researcn Programme has developed the tools for mucn more

refined benefit-cost analysis than was possible in the Delaware Estuary

Comprehensive Study. We recommend, first of all, the systematic applica-

tion of these tools, that is, the dynamic river model and the Anderson

model for correlating fishing benefits with pollution love 5 in

manner described in Section A of this chapter, to present one set of

benefit-cost comparisons for alternative water quality improvements in

specific reaches. But these comparisons should not be the exclusive

determinants of water quality goals. in addition, raugh oenefit estimates

like those made in the Delaware Study shOuld be provided as a check on

the sophisticated calculations, and to be compared with model-calculated

costs in their own right.

For example, total annual “activity days“ (for all recreational

pursuits such as angling, boating, or picnicking by the side of the river)

c ould be estimated for each reach, for different qualities of water. For

very high qualities, there would be a large number of activity days 



devoted to swimming and other water contact sports. It could well be

the case, therefore, that whereas the costs of moderate improvements

in water quality could not be justified by the benefits, the higher

costs of greater improvements, to swimming standards, would be justified.

Whatever the estimates for activity days, multiplication of the figures

by alternative arbitrary valuations, then comparison of the results

with model-calculated costs of attaining the relevant qualities in the

reach, would at least reveal how high a valuation would have to be placed

on the recreation benefits before incurring the necessary costs of quality

improvement would be justified.

It has been estimated that the l75,000 fishing license holders in

the Trent River Basin, together with anglers under the age of l6, make

more than 5,000,000 visits to the river system each year.9 '0 addition

to these 5,000,000 activity days arising from fishing, there are many

activity days devoted to boating,picnicking, and hiking along the river.

If the total number of recreational activity days in a year is, say,

7,000,000, and the value of an activity day is between t! and t2, then

the total current annual recreational benefits of the river system are

between t7 million and tlh,000,000. Whether the costs of quality improve-

ments should be incurred depends upon the magnitude of the increases in

benefits which would result from the improvements. For example, before

the quality improvements represented in cOmputer run IOB (examined

above) should be made, at an annual cost of about ten million pounds, it

should be shown that the annual number of recreational activity days

would approximately double, since annual benefits for an extra 7,000,000

activity days would be 7-lh million pounds. The activities whose levels

would be most sensitive to water quality would be fishing and swimming.

Increases in boating and picnicking would certainly result from improved

water quality, but these and other activities depending primarily on the

aesthetic appearance of the river rather than its chemical analysis

would not be as sensitive to water quality improvements after the elimina-

tion of septic conditions.

9W. F. Lester, “The River Trent and the Economic Model Research

Programme, |.W.P.C., Trent Research Pro ramme: Proceedin s of S m osium

(15-16 April, 1971). p. 15. '

 



Our second recommendation with respect to the determination of

quality goalsis that public officials, and the public at large, whose

views the officials presumably mirror in some fashion, abandon the

prevalent notion that water quality improvement is a good to be attained

at any cost. There is a substantial possibility that the costs of

further improvements in the quality of the Trent, which is already

cleaner than most rivers in the world which drain similarly industrialized

and heavily populated areas, simply cannot be justified on grounds of net

fishing benefits. If other aesthetic and recreational benefits were

thought not to make up the minimum estimated “cost deficit” for the

particular set of quality goals under scrutiny, then the construction

of the additional treatment facilities required to meet those goals

could not be justified at all.

This possibility was not even considered at the Symposium on the

Trent Research Programme, held at Nottingham on April IS and 16, l97l,

where it seemed to be generally accepted that “improvement” is a

“necessity”, and the extent of the improvement is and should be limited

only by the availability of government funds for building effluent

treatment facilities. The fishing benefits study was received with

considerable skepticism, partly because of the shortcomings of the

methodology, but partly also because of a widespread belief that the

benefits of poilution centrol are so obvious, and so large relative to

c05ts, that attempted measurement of the benefits is at best a superfluous

exercise. Participants at the Symposium were mainly representatives of

iocal authorities and sewage authorities, other local and national

government employees concerned with proteCting the environment, repre“

sentatives of angling associations, and representatives of varEOus

induStries. The representative of the general amenity—loving public was

Eldon Griffiths, MP, Under Secretary of State, Department of the Environ-

ment, who not only accepted that “improvement” is a “necessity”, but seemed

. . . .. . . . iC
to think that the function of benefit-cost studies iS to prove it:

10 t .. . . . .
Eldon Grlffltns, “Pollution In RCIBCiOn to the Problem of Water,“

SymposiumProceedings, p. 2h.

 



I am very glad that the Trent Study has included

a cost-benefit assessment of the effects on water-

based sport and angling of the various methods of

improving the quality of the river water. The

increasing leisure time and greater mobility

through car ownership of our society make the

development of water-based recreation an essential

part of policies for water conservation. Water-

based recreation is one of the great growth indus-

tries of this country. During an average summer

weekend there are more people in this country in

boats than there are on an average winter weekend

watching professional football matches. The great

contribution of the Midlands to industrial output

and to exports merits an increase in local oppor-

tunities for recreational activities such as

angling. i look forward to the day when the banks

of the Trent at Burton and at Tamworth are thronged

with fishermen and I hope that the computer will

tell us that this can be made possible in the not

too distant future.

In his role as representative of the general taxpaying public, Mr.

Griffiths admitted that the “programme of river improvement” would be

. . ll

“expenSIve to Implement“:

in the case of the Trent, the sum of money that

will be involved between now and the end of inc

century will be of the order of t80m. In addi—

tion, based on the capital value of the facilities

in the Trent area today, a new investment of some'

thing like tléOm will be required. Nationally,

of course, the sum will be very much greater.

Public expenditure on sewerage and sewage treatment

is rising continually and there is likely to be

an increase of about 50 per cent expenditure in

real terms in the next five years as compared with

the last five years, so that by the end of the

century we may be spending something of the order

of several thousano millions of pounds.

The higher the level of expenditure, the better, according to this view.

It would seem that economic analysis can make a major contribution

to public policy in this area by provuding c0nstant reminders of the

fact that water quality improvement is costly, and the simple common-

sense principle that an action should not be undertaken if the costs,

including non-monetized costs, are thought to excevv the benefits.

Our recommendation with respect to means of attaining whatever water

quality goals are chosen is that a gradual transition be made to a con-

trol system relying to a much greater extent uoon pollution charges to

constrain discharges. Experiments could be conducted with a peak—load

charging scheme, based upon flow conditions, so that, for example, one

IIGriffiths, “Pollution,” p. 2h.

 



charging scheme would apply during the six winter months, and a system

of higher charges would apply during the summer. Room will certainly

remain for certain types of direct administrative regulation, such as

the arbitrary prohibition of discharges of oily wastes into the river.

But an across-the-board charging scheme for ali municipal and industrial

dischargers to the river system, administered by the new Regional Water

Authorities, would be more efficient than the current mixed system in

attaining and maintaining any set of quality goals. It would also be

fairer than the current system, since pretreatment requirements and

quotas are not now imposed in any systematic way to all applicants for

discharge permits.
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APPENDIX FIGURE A(b) (page 1)

Source : Trent River Authority,

Annual Report for the Year

Ended 3131:. March, 1971

RIVER TRENT AT TRENT BRIDGE, NOTTINGHAM

Frequency distribution of Ammoniacal Nitrogen

PERIOD 1968 - 70

Average flow 1693 m.g.d.

3.0 4.0 5.0

milligrams per litre

PERIOD 1965 - 67,

Average flow 1926 m.g.d.

3.0.. 4.0 _. 5.0

milligrams per line

PERIOD 1962 - 64

Average flow 1209 m.g.d.

3.0 4.0 5.0

milligrams per line

 



APPENDIX FIGURE Mb) (page 2)

Figure Ill
RIVER TRENT AT TRENT BRIDGE, NOTTINGHAM

Frequency distribution of Biochemical Oxvgcn Demand

PERIOD 1968 -70

Average flow 1693 m.g.d.

milligrams per litre

PERIOD 1965 . 67

Average flow 1926 m.g.d,

12 16 20

milligrams per litre

PERIOD 1962 - 64

Average flow 1209 m.g.d.

8 l? 16 20 24

milligrams per litre

 



APPEyDIX FIIGURE A(<f)‘ (page 1) ‘

Sourbe: "Wagter Research Aséociatidn,

Trenk Econjomic Model, Seedion Lt, :

Water Treaty/{11231115416511 Report. '

SUMMARY 01-‘RAw WATER DATA 1968-7I '(AT COLWICQ

r, .17 r

,/

Suspended solids

Suspended solids

mg/litre

Turbidity (shaken)

O. D. 580 m

Turbidity (settled)

O. D. 580 m

Di asolved inorganice

pH

7. 51

7.47

7. 50

Electrical Conductivi ‘ 918. 0

lpmho/cm 953.0

971. 6

‘1025. 51

 

Total hardness;

mg,’1itre CaCO3

I Alkalinity

mg/litre CaCO3

. Calcium Hardness

nag/litre CaC03

 

‘ Ammoniacal Nitrogen

mg /1itrc N
I

|

n

a

 

Nitrite Nitrogen

mg/litre N

      



Nitrate Nitrogen

mg /1itre N

Chloride

mg/litre C1

Sulphate

mg/litre $04

Orthophoephate

mg/litre P

Reactive silica

mg/litre SiO2

Fluoride

mg/litre F

Sodium

mg/litro Na

Potassium

mg/litrc K

'Iron (total)

mg/litrc Fe

Iron (filt)

mg/litrc Fe

Manganese (total)

mg/litrc Mn

Manganese (filt)

mg/litre Mr.

I I ‘

APPIEND IX EIGURE A ( 4:) (page 2)

!TABLE 10 (éONTD)

        



5 ' l

APPENDIX FIGURE Ade) (p380 3)

1 1 I
TABLE10(CONTD) '

Year Mean Max.

Aluminium (total) ' 1968 I 0.050 0.25 ‘ . 0.066

rng/Htrc.Al 1969 I 0.143 0.52 0.108

1970 1 0.200 0.200 0.200

Cadnfiuni 1909 0.000 0.000 I 0.000

lug/lflre ca 1970 0.002 0.008 0.002

1971 0.003 0.012 0.002

Chromium 1969 0. 000 0.00 0.000

mg/litre C1: ' 1970 0.004 0.03 . 0.007

' 1971 0.010 0.02 0.004

Nickel 1969 0. 050 0. 02 ' 0. 032

mg/litre Ni 1970 0.051 0.15 E . 0.028

1971 0.057 0.09 ’ . 0.017

Copper 1969 0.039 0.08 . ‘ 0.0-20

mg/litre'Cu 1970 0.045 0.12 0.022

1971' 0.041 0.11 0.017

Lead 1909 0.001 0.030 0.003

:ng/1ure Pb 1970 1 0.008 0.040 0.011

1 0.019 0.050 ' 0.011

 

1971

Zinc 1969 0.119

mg/litre Zn 1970 0.138

0.112

 

Cyanide 1968 O. 005

mg/litre CN ' 1969 0. 002

1970 0. 001

l

1971 I 0.001

 

0. 002

0. 000

Arsenic

mg [litre As

Selenium , 0. 000

mg/litrc Se 0.000

 

Boron ' 0.404

mg/litre B ' 0.456

Dissolved oxygen

mg/litre O2

   

Free carbon dioxide

mfg/litre CO2

   



APPENDIX FIGURE Me) (page )4.)

TABLE 10 (CONTD)

0.022 139

0.014 52

0.011 52

' 3')

Colour

0. D. 400 m.

32

29

29

Total organic ‘

carbon mg/litre C

Pcrmanganate 40

value I

mg/litre OZ

Biochcmcial Oxygen

demand (BOD)

mg/litre O2

 

Anionic detergents

mg/litre Manoxol

 

Non-ionic

detergents

mg/litre Lia sapol

Phenol

mg/litre

  

Threshold odour

number

  

Organo chlorine

' pesticides

gg/litre

 

Carbon chloroform

extract mg/litre

 

Dissolved organics I

l

l
1

I
t

}
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APPENDIX FIGURE A(c)i (page 5)'

I

TABLE 10 (CONTD.)

Biological

Total £110.11 count, 2477. 917 I 14440. 000 120. 000 2953. 444

1 3247. 000 l21840.000 ‘ 0.000 4944. 717

' 2628. 636 l18680. 00 60. 000; 3528. 498'

8669. 333 1 69480.00

clumps/m1

0.00 114047.796=

0.024 0.093 0.000; 0.023

0.026 , 0.170 0.002 0.031.

0.019 I 0.062 0.003 0.012‘

1

Chlorophyll. mg/1itre 0. 026 i 0.150 g 0. 000: 0. 035

 

Conforme,103/100m1 240 413 1 3000.000 10.000 563.958

148.763 1 700.000 6.000 159.1651

176.422 : 840.000 6.000 191.975

168.605 1 1200.000 7.000, 237.591

“
a
r
e
,
w
:
r
w
e
?
“
r
n
v

w
-
.
—
-
.
~
w
—
V
.
:
m
,
~
q
v
1
'
v
l
'
h
’
2
v
r
r
’
f
-
y
n
—
n
fi
u
-
a
m
p
-
{
v
y
‘
w
‘
w

5
'

v
.
;
-
‘
-
,
w
-
v
<
-

.

. !

E.Con, 103/1007n1 , 14.595 I 210.000' 0.002! 40.224‘

' 4.446 ‘ 13.000 0.140' 3.370 '
l
‘
V
l
V
‘
y

7.716 48.000 0.100 8.581

7. 657

1
’
a
n
"
)
,
A
-
.
.

58.000 0.200 12.246;

 

1

85.916 850.000 1 0.100{ 175.729 '

142.025 2500.000 0.300 412.328

 

Temperature and

River Flow o

 

1968 6,144.

1969 5.31

 

103/nfl . ' 229.393 1300.000 2.500; 322.256

Temperature 0C

1970 r 5.50

, 1971 5 . , 5.28

1968 . 396.200 28.329 88.49

. 1969 . 438.650 1 45.280 87.58 .

i 1970 79.137 I 212.960 1 29.170} 57.485; =8

1971 67.735 ] 385.020 27.300‘ 71.969‘

 

1

l

11Natc Count(22°C) . 1054.003 117000.000 0.006; 2757.476

Average daily flow,

cumccs

   



APPENDIX FIGURE 8(a)

Capitol cost repoyed or 7% per onnum

(amortization and interest)

C
O
S
T
S

-
[
/
h
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d

T
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T
A
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A
N
N
U
A
L

12 I6

POPULATION SERVED - thousands

Total annual cost of acwngc ‘rcnlmcnl

APPENDIX FIGURE B ("0 j:

Pmuu‘rmm or 'l‘o‘rn. [\vau. Com;

Accovm up you m’ Dun" Cnumrs

Drl‘t Tnml Dchl

Papulnuon Oprrnllnfi durch mmml (mu-u

nun-d mn' u 7 p. r um mm: n p. r (en:

(lhouundl) ‘ (L hrlzl) hold) (1: had) 0! mill

0-2 ‘ 14.2 3-325 ‘ nus n7-4

0-25 I-SO 'IIS mhlS 07-)3

0-5 I10 I-MS J‘RO‘ 00-2

20'7 Pl} '520 lb!“ 09')

0'3 l‘lO ' 3-5517 o'I‘:

|~03 3-)“)

0-9)

0-88

0 80

0'75

0-72

0-69

01v?

0'05

053

‘Source of appendix figures 8(a) and B(b):

R. M. Bradley and Peter C. G. Isaac, "The Cost of

Sewage Treatment," Institute of Water Pollution Control,

Conference Paper No. u, October 25, 1968, Figure 35

and Table 12, p. 2?.

 



APPENDIX FIGURE B(c)

_______.__—
—————______

_.—_——

i . . ‘

Popuinlior. Annual cxpcndmnrc per head: shulhng‘

I Opcmhon cos: Loan clmrgcx l 01.11

41-9

26-5

. 200

1 17-5

I 155

110

10‘)

100

a

O O1.000 .

20.000

(ppm/w

1001‘4‘1‘

20M" ‘ D

500J1“)

] £00,000

1 ,5L‘J,C‘JO

2

1

1
1
,
1
1
“
)
;
r
m

m
O
O
v
-
m
o
o

Source: C. B. Townend, The Economics of

Waste—water Treatment," Proceedin s of the

Institute of Civil Envineogg, Vol. 19 (l9oO),

Table l, p. 21 . The flgures are for 1959

prices and a 6}fi interest rate.

APPENDIX FIGURE C

.-\3\l Mu) QlAlJlY or EH>LLIVIS AM: Tux‘ CONRIM'OVUINC MI’AN ('U‘J(‘}N1Il\ll(i.\“ Inn liu'n l‘AmMn‘m

'I‘hr {lrerH/Hl/UUH nf Muir:er mlmurnfor ul/ mrrmn/ (I'm/mu u/ rflluml. am] [In (urI(n.-Imlmm n’ munmumml mung”:

In! I',"/'.’I urn nhmmnlfrmn umnmnm 01.1mm (n/IrrIn/jmn. qunnulnmln‘f,‘ (In mam rrmrrulr..u'v..ru 1.": “Immth jrom

my!" at (my: I ulna, am] [In '15 fiffl’l‘llIl/I‘i from (mu-muman muumum v (Hus.

______—__._——______—.__——————_——
-——

Efihlrnx qunhl) um: Io

arr-\ctcr » r-r-—~~—-~- —— — »— -— —— ---———— —--

of ET]

«When! mum) »—»—- n h. . . l. ,V ,

Mun , M punnulr

I»

mu) , n 7 2n

shun-n EcJ mm. o, 17 _ .m

Anuuunutfl mlroucn . 20 ~ . 3.5

Owhud nurnxm . 5 2:

Hum: nr mun romuummn luv u. I. cumin“: of enluem

)'hu\ull , . .. l. 0 ~ 0475 A V A o — u‘zs

(,‘adnnmn V . . ., I) 0 "075 0 (M75 0 < 0 mu)

k’lmmuum .. o. H 0 0-11 0-12 0 — 002

Cnrl‘rr l, .. e. u 045 Ms v — 0:1

Ln.) ~—

Xulul , . . .. 0-] 0‘)

'/.mc ., . .l .. . 0 US

(Munulc .

Source: K. S. Porter and A. G. Boon, "Cost of Treatment of

Waste Water with Particular Reference to the River System

of the Trent Area,” in Institute of water Pollution Control,

The Trent Research Programme: Proceedings of Symposium

(15—16 April 1971), Table 3, p. 59.
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TOC

Ammonia

Suspended solids

Total hardness

pl-l

Total dissolved

Solids

Phenols

Cadmium

Chromium

Copper

Lead

Nickel

Zinc

Detergents

Sulphate

Pesticides

Colour

Turbidny

APPENDIX FIGURE D (page 2)

“1131

C a rbon.

WT 1 ~

77v (i
‘;.n,‘

40% removal

70% removal

1“ OR WAT I7. TREATMENT

O. 5 rug/litre by breakpoint chlorination

Biolo vical sedimentation — 75% removal
1:

WTl _

WTi

WTl -

Desalination —

(Electrodialysis)

Carbon

WTi

WT!

W’I‘l

um‘.

"Ll

WTl

WTl

Carbon

Desalination

Carbon

WTl

Carbon

VV'I‘l

99. 8% removal

200 to 3.00 mg/litre removal

pll correction

250 rug/litre removal

90% removal

50% removal

50% removal

50% removal

50% removal

80% removal

80% removal

90% removal

125 mg; /litre removal

90% removal

50% removal

70% removal

99. 8% removal

 



APPENDIX FIGURE E

TABLE C

STANDARDS FOR DRINKING WATER

mg/litre except where stated otherwise

WHO European US Public Health
1

Standards (6) serviccm I

‘Recommended’k ‘Rciect -

I

1
Lead 0.05

Arsenic 0. 05

Selenium O. Ol

Chromium (Hexavalent) V O. 05

Cadmium 0. 01

Cyanide . 0. 2

Polycyclic Aromatic Hydrocarbons

Fluoride

Nitrate Nitrogen (as N)

Sulphate l'

Carbon Chloroform Extract

Barium

Copper

Iron .

Phenols . 001

Manganese . 05

Zinc S. 0

30,if 504 >250

1125, if SQK<ZSO

Hydrogen Sulphide i 0. 05

Chloride I 200-600

I

Cons tituent

Magnesium

 

Total Dissolved Solids

Threshold Odour Number

0. 2

0. 05

100-500

Ammonia

Total Hardness (As CaCO3)

Silver

Turbidity

Colour

   

Anionic Detergents }

* Rejecthif above level.where alternatives are available.

Source: Water Research Association, Trent Economic Model,

Section 1;, Water Treatment, Final Report, December, 1971.

 



APPENDIX FIGURE F

TABLE E

COST OF WATER TREATMENT PLANTS THE TRENT AT

NOTTINGHAM p /m-’ gl9'7Z)

River intake

Storage reservoir

Biological sedimentation

Sedimentation , filtration,

disinfection, sludge treatment

Activated carbon adsorption

Total Fixed Charges

Operating Cost

 

Total Water Cost

Source 01‘ Appendix Figures 1“ through S:

Water Research Association, Trent Economic Model,

Section it, Water Treatment, Final Report, December, 1971.

 



APPENDIX FIGURE G

CAPITAL COSTS OF WATER TREATMENT £000's

Throughput (m3 /s)

River Intakes (1967)

Storage reservoirs (1967)

Conventional treatment plant (1962) '

Biological sedimentation (1972) 16

Activated carbon adsorption (1971) ' 196

Desalination-electrodialysis(1971) 1 300

  

._ , ._._H_..__.__ . ..._..___ 4

APPENDIX FIGURE

SUMMATION OF CAPITAgfiOSTS FOR ECONOME

MODEL PLANTS

”_—_——F‘—-—_—'—'~fi

River intake

Storage reservoir

ConggltmLLticatmcnt plant

WTI * Biological sedimentation

“"31 —.'~ Activated carbon adsorption

WTZ + Activated carbon adsorption

WTl x l. 25 + desalination

‘W'I‘6 ’ x 1. 25 T desalination

WT? WT3 x 1- 25 4- desalination

WT8 . WT": x l. 25 + desalination

  

*Assume reject ratio in electrodialysie : 20%

i. e. Product/Input : 0. 8
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APPENDIX FIGURE I

OPERATING COSTS OF ECONOMIC MODEL PLANTS o m

Throughput m3/s I O. 25

WT} 1. 429+o.oz4 {or 5 mg/litre‘1.45331.453

chlorine to breakpoint I _ '

O. 5 mg /litrc of ammonia ; I L5G i
. ‘

WTZ wruo. 024 as chlorine I 1.429

{or breakpoint not I

required I I

WT3 WTl + carbon operating I I

cost l f

 

WT4 WTZ 4- carbon operating ‘

cost 1 1. 879: 1.82.9

l .

3.453 335313.253 g3.153

I

I

I

I

I

 

WTS WTl + desalination

operating cost

WT6 WTZ + '= i' I 3.429 ‘ 3. 329$ 3. 229 I 3.129?
' ' I

wrv' WT3 + H 33.903 I 3.763: 3.643 1 3.5231

" 1 I r f

wre WT4 T H 9 I 3.879 ; 3.729} 3.619 { 3.499

n

Ir

I

|

I

  

c

APPENDIX FIGURE J

COST OF STORAGE RESERVOII SM

Plant throughput, m3/8 .' I 0. so I 1. 00 I 2. so
3

i

Storage volume m . 0 I 02 000 :604 000 I 1.510 000

3 ICapital Cost 2 (1967) 310 000 430 000 i 700 000

 



APPENDIX FIGURE K

BIOLOGICAL FILTRATI ON COSTS

‘ Throughput m3/ 3

Filter volume m

Media. Cost i

Cost of filter + Media 3: (1967): 12 7O 22 350 39 I200 ‘

1
1
l

I

l

!

I Cos-t of pump 4*. driver - 630 ‘ 865 ,
> . ,

r W‘ I
‘ Total cost 2 (1967) ' 13150 22 980 140 265

3

Operating cost: 0.014p/m (1971)

APPENDIX Flam? L

EQLLQQCAL SI'ZY)I_.‘.{E:‘.I\I'Z‘A'I‘ION COSTS

,..._..
.‘

m' ‘ J ,

1 rougnput m /s

Size and no. of :anks ‘_

3

i
E__

!
'1‘7nk volume m

, Cpflow rate m/h

; Rosuiancr: Time min.

APPEND IX FIGURE M

CONVENTIONAL TREA'I‘MFJNT PLANT COSTS

3
I Throughputm ls 0.25 0.50

_ l
I Capltal Cost i (av. 196?.) 280 000 480 000 r

(Fig. (>0 TP. 60)

800 000 11 700 000
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APPEND IX FIGURE P

CAPITAL COSTS OF ACTIVATED CARBON SYSTEMS 5.

Flow m3/s - ‘ . 2. 50

Equipment cost 145 300 325 550

Erection cost
E 10?. 000 230 000

l '. I

Direct cost 87 600 141 670 2-17 300 - 550

Bare price 109 500 177 000 309 000' I ' ‘ 000

V

Total without Carbon 120 1100 19": 800 3‘10 000

Carbon ‘ 152 000 j 3042 000

‘ \ Total ' ‘ 346 300

APPENDIX FIGURE Q

i
l
I

f
I

 

OPERATING COSTS OF ACTIVATED CARBON SYSTEMS E/mj §1971)

I 3 . 0. so
Flowm ls

Maintenance

Fuel

Steam

Electricity

 

Total

 



APPEND IX F IGURE R

DES/\LINATION COSTS ELECTRODIALYSIS!

I

l Throughput m3/s 0.25 { 0.50 1.00 2.50

I

i

} Total capital cost !

L
I

1100 000} 2500 000including building a (1971) ‘ 300 000 570 000

i_____._ ! i

i Operating costs p/m3(1971) 2.0 1.9 1.8 1.7 l

APPENDIX FIGURE 5

QOSTS OF RIVER INTAKES

u

Throughput; mgle 0. 25 0. 50 l. 00

Capital cost :5 1967 55 000 105 000 - 200 000;

(from Fig. 37, TP ()0)
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APPENDIX FIGURE U

Graph of monthly averages ofdiesoivcd oxygen at Len Murston

APPENDIX FIGURE V

S
J
»

a
o
a

m
y
;

fi
‘
r
g
l

Graph of monthly nvcrngcs of BOX) m1.ch Ainrslon

Source of Appendix Figures U, V,

w. P. Lester at al., "The Effect an‘

River Purificfizion‘Lakes,” in Inst:

Water Pollution Control, :he Trent

Proyrammo: Proceedinqg of Svmoosium

April, 97;), Flgures "

13, pp. 79-81, 86.

 



 

Graph of munlhiy averages of suspended solids :1! Lcn Mnruon
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Graph of nmmhly averages of nmmnnizlcul nilrnucn :u Lon Munwn
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UPPER TAME M51“ DRAINAGE AUTHORIT

Tr de Effluent Ch r 0— 1

Cost of sewage treatment per 1,000 gallons 18.00d (7.50p)

Volume 47.6% 8.57:1 (3.57p)

Oxidation 28.1% 5.06d (2.11p)

Sludge 24.3% 4-37d (1.82p)

Egggnaion of the eeugge tregtmgng c033 of trgdg effluent

Congen§ Limit;

Maximum charge

p/1000 p/1000

Volume 3.57

Oxidation 2.11 x éQQ 3-03

8

Sludge 1.82 x 599 2.12 g

344

fietale 2.11 x j_ 1-05

10

a
)

a

E

Uggt Cbggggg

 



UPPER TAKE MAIN DRAINAGE AUTHORITY

Trgde Effluent Charnes 1271—72

Precept £4,333,838

Estimated Trade Effluent Income 400,0QQ_

£4,733,338

\

Average Daily Flow 146 million gallons per da;\\\

Cost of sewage treatment per 1,000 gallons

473383800

~14sooo x 3e§

8.858p

p/1ooo

Volume 47.6% 4.216

Oxidation 28.1% 2.489

Sludge 24.3% 2.1 2

r 8.85? 8.86 *

Extengion of the Sewuae tregtment cost to trade effluent

Congent Limi tr,

charge p/1000

5(«no

1.0.29 7“ 1"

‘
~
/
V
V
V
V
V
V
V
\
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1969 to 1971

PROGRESS REPORT ()N THE CONTROL OF

TRADE REFLUICN'I‘S

The Authority acts as an agent in the control ot~ trade discharges to

the sewers ot constituent local authorities in the case of all areas except

Birmingham and Wolverhampton.

The agency agreements negotiated With these authorities provide for:

(a)

(b)

(c)

(d)

(c)

(t)

(‘ontrol ol‘ the quality. nature and composition ot‘ all discharges

made under a form of consent or direction or Within the terms

ot~ agreements.

Bringing under control all unauthorised discharges and any

which were formerly exempt under Section J ot' the Public

Health (Drainage ot‘ 'l‘rade Premises) Act l‘)37.

The investigation ot~ sources ot‘ pollution reported by the local

authority or River Authority in surface water sewers. canals,

rivers and streams.

()hservmg the requirements of the constituent authorities

interested bodies and obtaining approval ol‘ other interested

bodies

Producing evidence for appeals and pl’t).\C\.‘llll0lIS.

Charging traders for reception and disposal of wastes under the

charging scheme.

Progress has been maintained in the inspection and control ot~ trade

wastes by visits to premises. taking and analysing samples and C.\.llllll|a~

tion of discharge points, pretreatment plants, metering and monitoring

equipment. Premises where no notilieation of discharge has been made

are being progressively visited and surveyed, The work is summarised

in the following table:—

Conxlllurnl ‘

Numbw 0/ 'I'oml .N'u/nber Numln‘r of Numhz'r 0/

Prrmin'x l’iu'ml o/ Vuils Stun/Ila: ()hlmm'i/ I’ll‘llllAt‘J' Sunter
Authority 77» m. .._ 7 V HV , "-ms. _.,, ,,

68/69 69,70 , 70,7l .68,‘69 69,70 70/71 63w 59,70 70,71 68,69 who 7017l

 

Aldridgc/ .

llrownhills

Meridcn

Solihull

Sutton

(‘oldlield

Walxall

Waxlcy l

\Vcst i

Hromwich l

Dunlle

Wolxcr- l

hnmpton ‘

[)itccl ‘

OthcrAreas‘

Tom: l

03

27

38

47

21

56 1

541

18

39‘

28‘)

07

ll]

l

lJS l

l.542

347

347

57

25l

58-3
73

308 ‘

315

Ml

26

93

ll}

l5 ‘

I42

87

794

4‘19

300 32

it) 17

lb’S 9

l5

l4

37 l i

306 222 ‘ ‘

l6] i 272

St) 235

l,5(i5 2,327

l.2l3 1.5M

‘i.299 1,721‘

240 I 300 i

5‘)

755

LOSJ

437 t

47

10-1

l,l‘)9

LIZ‘)

m ‘

1(1)

70

2t)

noi l95

28‘ 16
Mt)

l3} 1

73‘

i 2|

3‘ l
5} 1

14: 7

74‘

5|

8:

l

3 l

4

i

852i ,5_2:zb.l7.223 2.622 2.4716 4.013 417

27‘

03‘

2‘)

9

It)

9
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In the following table the previous total cohscnteq and discharged volumes are subdivided into
volumes attributable to classes l—Z In the 3 successwe penods. The total humber of discharges giving rise 1

the flows are shown together wnh the number of dlschargcs excccdmg volumetric limits on average.
_1___.—i 'wv3A,
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I Clay: 1 1‘ Class 2 I C101: 3 C105: 4 ’ Clan 5 1 Clay: 6 J

Stung: ? Per Ptr. Per l Per. Per. Per: Per. Per. Per, I Per. Per Perl: Per. Per. fier.‘ Per. Pei. Per ‘ Per

'mmltzalzsll23’123Ix2. 2
A#——‘*
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. .

1110052 ‘ ' ooolD

A —- Trude lilllucnl~Acqul Average Daily Dlsc'nurgc 1.000 3.11:.

B —— dec Elllucnl-—Conscnlcd LOOO galls

C — 'l‘ouul Nos‘ of Dischuuzcx

D — Nox, acceding Conscm.

CLASS KEY 1. Organic discharges of lowcr strength than average scwagcl as. food, milk and bncwcry wastm.

2 Non-ferrous mclal wanes. cg. Acid Pickling. Anodiaing, mcml prclmalmcnl.

3 Non-ferrous metals and cyanidm. c.gl Elmlropluling,

4, Cyanide waslcs. :Vg. Cyanldo hardening. chcnncal industry.

5 Ferrous Pickling.

6 Galvaniznng.

7. Wnsic where special limits are applwd. :12 Suong organic mum, toxic chemicalx‘
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