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Foreword

This report is based upon research conducted by Mr. Steven Erickson
and reported in his Master of Science thesis. The research involves the
comparison of alternative system designs to dispose of runoff from rainfall
in urban and suburban areas. The systems were compate& on the basis of sys-—
tem cost and water quality parameters. This type of comparison provides
communities with infoermation about the relationship between cost and water
quality. With that information a community can choose that system design
which provides the combination of cost and water quality which it selects as
most appropriate to its needs.

The model developed to compare alternative systems for storm water re-
moval was applied to a watershed in West Lafayette, Indiana. Based on analysis
of this watershed implications were drawn about the drainage system cost and
water quality associated with alternative land use in Tippecance County,
Indiana in the year 2020,

The authors are indebted to the members of the interdisciplinary research
committee for their help in obtaining data for the analysis and suggesting
additional system designs that should be considered ir the analysis. Dr.
Delleur and Dr. Bell were particularly helpful with the hydrology and water
quality aspects of the research, respectively. In addition, we appreciate
the financial assistance of the Office of Water Resources Research, DeptL
of Interior, Washington, D.C. and the Department of Agricultural Economics,

School of Agriculture, Purdue University, West Lafayette, Indiana.
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CHAPTER L

INTRODUCTION

The Water Resource Planning Problem

The public is presently concerned about water quality and it is appar-
ent that this issue will be of concern in the future. This concern 1is
intimately related to acknowledged increases in the quantity.demanded of
aesthetic enhancement, recreational facilities, and waterfronts for public
uses. [39, p.2] Due to the realization that multiple objectives should be
. considered in any project formulation, the Water Resources Council introduced
new procedures for project evaluation. These procedures require analysis of
both the economic and the envirommental impact of investments in water and
related land resocurce development.

Work on multiple objective planning models relevant to the water qual-
ity area has recently been published by Miller and Byers. [41] The objectives
of this research were to develop a multiple objective planning model, apply
the model to a water development project, and demonstrate how to display
multiple objective project designs. The two social objectives of natiomal
economic development and water quality were selected for analysis. Display

of results was in the form of trade-off functions which depicted how enhance-

ment of water quality would require a sacrifice of net national benefits in small

watershed projects.
There has been little research relating the multiple objective planning

framework to the problem of storm water drainage system design in urban and




semi~urban areas. Although considerable attention has been given to the
water quality problem related to sanitary sewer disposal of houséhold
wastes, similar attention has not been given to rainfall runoff which also
carries waste products and pollutants. {39, p. 4] Rainfall runoff is not
only a problem in urban areas, but it must be comsidered to be a major
source of stream water poliution in areas of low population demsity. Storm
water drainage system design should incorporate the same objectives of an-
hancing envirommental quality and improving the level of economic efficiency
that are being applied to other public water resources investments.

Some research related to the storm water quality problem has been com-
pleted recently, although it does not approach the problem using the multiple
objective planning framework. Research on the effects of urbanization on
stormwater runoff quality has been completed by Angino, et al. [1, p. 133]
The authors suggest that in some areas use of stormwater may be economically
justified in the near future. However, they assert that large amounts of con~
taminants from many sources are being added to storm water. The increased
pollution loading increases the social cost of environmental quality control
since, in some areas, storm water runoff actually requires treatment.

The effects of urbanization on system costs has been studied by Hammer.
[20, p..1530] Stream channel enlargement occurs in response to the change
in streaﬁflow which accompanies urbanization. The most critical féctor in
determination of the amount of channel improvement from a given level of
urbanization appeared to be the basin slope.

The overall urban water system design problem is discussed thoroughly

by Costello. [68, p.116] He indicates that it may be desirable to include




the impact of designs not only upon the monetary cost of the system, but
also upon the environmental quality, social well-being and regional and
national impact} He stresses the need for more regearch which evaluates

these impacts.

The Tippecance County Drainage System

An excellent location to improve the methodology for drainage system
design is Tippecanoe Ccunty, Indiana. It is a county with a population of

about 109,000. The scle metropolitan area in this county is that of Lafayette-
West Lafayette. This urban area exhibits séveral methods of rainfall runoff
disposal, such as, pipeline transmission systems in the cities and open
ditches on the rural-urban fringe of the Lafayette area. The county
is expectéd‘td continue to urbanize with a population by 2020 double its
present size. As rural areas develop into ﬁrban residential or urban
commerical areas, presentiy operating rainfall runoff removal systems will
be modified and new ones will be installed. The problem for Tippecanoce
Couﬁty, is to select among alternative designs for rainfall runoff removal
systems. Fach system design will have differing impacts upon the water
quality in the community and will have different economic costs of installation
and operation.

A recent study by Stanley Consultants indicates that extensive develop-
ment of sanitary sewer, stormwater sewers and water supply systems will be
required to meet the needs.of thé growing Tippecanoe County population. {69,

pp. XI-3 ~ XI-8]. They indicated that there is a "need for more detailled

design studies as to specific locations, sizes, and types of facilities




generally recommended.” [6%, p. II-2] Although their research provides
substantial information about the general cost for specific systems, they
did not attempt in the prefeasability study to compare alternative system
designs or to examine the impact on environmental quality of those systems
which were presented in the report. In addition due to the source of
financial resources for the study, they concentrated primarily on the small

towns in the county.

Regearch Objectives

This study will examine initially alternative designs for a watershed
in Tippecanoe County, Indiana. The initlal part of the study will be e#panded
to examine the impact of continued urbanization in the Tippecance County
area to the year 2020. Presentation of the economic and water quality impact
of alternative system designs will aid citizens and planners in selection
of the plan they desire. 1In addition, it will illustrate a methodological
framework they can use to compare other designs not considered in this study.

The economic impact of the project design will be closely tied, through
model constraints, to the water quality effects of project implementation.
This procedure will allow illustratién of_tradeoffs betwéen system costé and
level of water quality. The assumption made for this study is that the public
is concerned not only with the costs of a given_drgigage gystem, but aiso
with the impacts that system has upon the water quality Qf the area. The
following specific objectives will be examined in detail in this research.

1. To illustrate a design comparison model which will aid city

planners and engineers in choosing among differing rainfall
runoff transport systems. o




CHAPTER Il

THEORETICAL CONSIDERATTIONS AND

THE PROGRAMMING FRAMEWORK

The purpese of this chapter is to develop theoretical considerations
relevant to the problems under study. This chapter has two major parts,
i.e., theoretical implications relevant to this study, and én outline of
the programming framework. |

System costs are particularly relevant to this case étudy since they
measure the dollar sacrifice séciety must make to.derive an improved level
of water quality. This study wiil nét attempt to establish a specific wvalue
on the "output” of a selected system. It will be assumed that society
maximizes a social "well-being' (welfare) function and hence will choose
some combiﬁation of system cost and some level of water quality.

It is fﬁrther assumed that socilety attempts to achieve a maximum amount
of satisfaction from a givgn level of income. From this assumption, it
follows that consumers will_allocate their expenditures to the point where
the las; doilar spent for any specific item will yield the same amount of
satisfaction for all items. Kneese [29] outlined a similar assumption and
further stated:

"When this condition exists, it follows that the

market price of a particular commodity reflects
its worth, or goodness, or want-satisfying power."




Therefore, system costs were utilized in this study to illustrate the choice
society mekes in selection of a specific runoff disposal system,‘ Related to
system costs will be water quality. Both cost and water quality were used

to develop a trade-off between the two social objectives of economic efficiency

and envirommental quality.

The Production Fuynction and System Design

Sevéral production functions were examined to provide analysis of a
wide range of system desigﬁs. The production function relates amounté
of the variable imput{s) to the total output of a prdduct.
There are four types of possible responses of tétal product to the
addition of the variable factors of_production 132, pp. 119-130]. First,
the production function may exhibit increasing total product. This simply
means that each extra unit of a variable resourcé adds more to total '
output than the previous unit. Secondiy, a point may be reached where
each incremental unit of input results in thé same addition to total
product as the previous unit. This exemplifies constant total product.
The third response of total product occurs when additional units of the
input increase total product by less than the last unit of the input
added. Finally, decreasing total product may occur when the additions
to total product of an added unit of the variable resources are negative.

Kach of these types of response is combined into one graphical pre-
sentation of the theoretical production function outlined in Figure 2.1.
This function illustrates the improvement in water quality that could
result as the factors of labor and capital are increased in fixed pro-

portions while other factors are held constant.




2. To develop trade-off relationships between economic costs
and water quality for alternative stormwater systems.

3. To examine the impact of alternative urban development in
Tippecance County on the cost and water quality of stormwater
removal systems.

The research is presented in several chapters which will include the
following topics. Chapter II will provide an overview of thé theoretical
considerations involved in tﬁis case study. The concept of developing a
trade-off relationship to depict numerically the change in water quality due
to a specific increase in spending will be reviewed in this éhapter. It
will provide a review of the theory and usefulness of interger programming
as a decision making tool and gspecification of the empirical model used
in this study. Chapter I1I will be devoted to an in-depth discussion of
the metheodelogy and data bage used to develop alternative degi
this is a case study problem, a detailed outline of the watershed area
will be provided to aid city plamners and engineers in employing a similar
type methodology for watersheds in their particular area. Chapter IV
will present the empirical analysis and will discuss these results.
Chapter V, the final chapter, will state the conclusions of this research,
indicate the limitations of the study, and provide suggestions for future

regearch.
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Figure 2,1 The Theoretical Production Function.

The Belationship Between the Production Function and Cost

In the short run, economists categorize resources as fixed and vari-
akle, This enables one to classify costs as fixed and variable. Total
variable costs are those costs which fluctuate directly with the level of
production. However, total fixed costs differ from variable costs in that
they are constant regardless of the level of production.

Since variable costs can be linked directly with the level of output,
the total wvariable cost curve and the production function are directly related.

When a constant price is paid for each additional unit of the wvariable

inpute that are employed, the total variable cost curve is a mirror image

of the production function as' shown in Figure 2.2 [32, p. 97].




-OQUTPUT

Total - Total
Variabl (water
ariable quality) Product

Cost

O

Inputs Inputs
(dollars of input cost) (units of labor
and capital)

Pigure 2.2. Relationm of Costs to the Producticn Function

The Trade-0ff Relationship

The trade-off relationship which is helpful in comparing alternative
systems designs to achieve improved water quality involﬁas.comparison of
the total cost functions for several systems. In this research several
production functions were developed to represent alternative system
designs. Each function was mssociated with a particular combination of
labor and capital in fixed proportions. As the unit combination of
labor and capital were increased while other factors were held constant,
total product and associated total variable cost fumctions were developed
as illustrated in Figure 2.2. Another total variable cost function was
then developed for a different system design, i.e., a different ratio
of labor to capital variable factors of production. Then the fixed cost
of production was added to the total variable cost functions to develop
a total variable cost function for each system design. Since linear
production functions were assumed for each system design, the total cost

functions for alternative systems can be illustrated as presented in

Figure 2.3.




Water Quality

Figure 2.3. Total Cost Functions for Alternative System Design

In comparing these.system designs it is apparent that system design
3 is prefervable to either design 2 or 1 because it is possible to achieve
a given level of water quality for a lower cost with design three than
with sither of the other two designs. However, design 3 can only achieve
an initial improvement in water quality. To achieve higher levels of
water quality it is necessary to shift to more costly technology. There-
fore the relevant trade-off involves discovering through empirical
measurement which alternative system designs will achieve a given level
of water quality at the least cost. The optimal (least cost) design to
achieve each level of water quality is the trade-off comparison which is
useful to policy makers as they decide which system design to install

in their community.

Amortization Versus Discounting

This study provides decision-makers with some crirerta for selection

among alternative system designs. In water resource studies, typically the

0
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research must take into account the life of the system. This has great im-
plications pertaining to what costs to use for each alternative system and
the magnitude of these costs. Amortization, which shifts fixed costs to a
flow basis or discounting which shifts fixed and Qariable costs o a present
value are twe ways of relating fixed and variable costs of a project. BRoth
procedures are essentially an accounting concept to permit comparison of in-
come streams in different time périods.

The function of amortization is to allocate systematically the cost
of fixed assets over thelr estimated service lives as a "prepaid expense
of operation.” ([13] Amortization of the fixed costs in this study was com-

puted using the installment payment formula:

a =101 + 1" .V - | (2.1)
@+t -1
where:
a = amount of an annual payment or annuity that will pay off
a specified sum in 'n' equal annual installments.

1 = interest rate

n = number of years
VO = capital sum Lo be paid off

An alternative approach to the proper relating of costs is the discount-
ing procedure. Discounting calculations are completed on all costs, i.e.
fixed capital costs and variable costs of system operation and maintenance.
Discountiﬁg looks at the present value of costs over the system life through

the formula:
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n A
P-Ve‘ o ) (2.2)
t=0 (1+i)E

where:

PV = present value
= number of years
= time

interest rate

o o o
i

= annual cost

Theoretically, whether one uses amortization or discounting, the economic
ranking among alternative systems should be identical., TIn this study fized
costs were amortized to determine the appropriate annual charge to pay-off
installation costs;then annual variable costs were added to give the cost

coefficients for the six activities to be included in the computer model.

Specification of the Empifical Model

The determination of the cost of alternative system deéigns, and the
sensitivity of the optimal solution to varying levels of water pollution were
accomplished through the use of a ﬁufa linear integer programming model. This
program was used to examine the effect of varying levels of acceptable environ-
mental pollution parameters on the total system costs of rainfall runoff
removal in the case‘study watershed. This type of program allows only dig—
ecrete activity levels in the objective function and further stipulates that
only one activity is consideréd.per solution.

The general form of the model is as follows:

(1) Minimize Z = chxi i=1l, ..., n

{2) Subject to aijxj 5-bi i=1, ..., n

(3) and Xj > 0 ‘ X ..o xp (p=n)

{4) and z% = 0,1 for Byooo o xp {p=n)

with the notation as follows:
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Z = annual system costs amortized over a 50-~year period.
x, = the activities included in the objective function.
a,, = the physical transformation coefficients for each environ-
mental activity.
¢, = the amortized cost of each activity.
p = number of discrete activities,

n = number of all activities.

Allowing activities to be, in essence, zero-one variables was required
due to the nature of the cost functions and cost data avallable for sach
alternative system. Parametrically ranging the right-hand-gide (RHS)
values for the environmental constraints allowed an analysis of the respon-
siveness of water quality to different system costs. Consequently, trade-
off relationshipes between sgystem costsg and the level of water qﬁality could
be generated and studied.

The discrete activities contained in the model were various combinations
of open channel drainage systems, primary and secondary treatment facilities,
and pipelines. Fach of the discrete activities identified a different
alternative system for rainfall runoff removal. The model objective function
was minimized subject to a set of environmental quality conmstraints. Water
quality constraints included in the model were: total solids, suspended
golids, chemical oxygen demand, chlorides, and an index which combined these

four water quality parameters.

Relation of Model to Theory

With use of the pure integer programming algorithm, continuous cost

functions are not taken into account in the model. The model works with only
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one point for each system cost function, thus the.continuity of the produc~
tion function is not taken into account. Assuming no discountsAfor larger

pipe purchases, the cost function would exhibit constant costs per acre
regardless of the size of the watershed. However, the treatment plant vari-
able cost functions exhibit decreasing costs as average flow increases.
Therefore, a point on the decreasing portion of this cost function was selected
which was comsistent with the size of watershed under study.

The interpretation of the trade-off relationship ig limited by the use
of the integer programming model since continuous functions are not developed.
Points are estimated by use of the empirical model to provide a relation be-
tween gystem costs and water quality. A point may be derived on a cost
function for each system solution. With several different systems included
in the analysis, it is possible to derive several points to compare for each

system which enters solution over some range of water quality.
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CHAPTER IIY

PROCEDURES AND DATA BASE

This chapter involves three major topics. The first topic is a
brief deséription of the watershed which was utilized as a case study.
The second toplc describes the cost coefficients developed for the alterna-
tive runcff disposal designs. The third topic involves the description

and discussion of the water quality coefficients used in the study.

The Watershed: Case Study [64]

The Ross-Ade Upper Watershed, located north of the Purdue University
campus in West Lafayette, Tippecanoe County, Indiana, was selected as
the case study area. The climate of Tippecance County is continental,
humid, and temperate. Warm humid summers and moderately cold winters
are characterized by frequent, sudden changes of temperature. Although
the range between the average winter temperature of 28.5°F and the
average summer temperature of 73.4°F is not extreme, wide variation may
occur within a season.

Nearly 60 percent of the average annual precipitation of 38.26
inches falls during the growing season. The average frost-free season
at Lafayette ig 165 days, from April 27 to October_Q. All of the county
ig within the drainage basin of the Wabash River. The uplands of the
county are on the glacial till plain. Except along major drainage ways,

‘the topography of the county has not been greatly changed by stream
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development szince glaciation. The till plain is about 700 feet above
sea level while the flood plain of the Wabash River reaches an elevation
of about 520 feet.

The watershed area conglsts exclusively of residential housing.
The area has & mean basin slope of 2 percent over a stream length of .6
miles. The watershed encompasses an area of 29.12 acres with an impervious
area of approximately 38 percent. The predominant soil type in the area
ig Warsaw silt loam which has underlying material of water, assorted
gravel,.and sand. Internal drainage is relatively rapid through this
gravel substratum. The upper subsoll is silty clay loam which slows

surface drainage in relatively level areas.

Pipeline Svyvstem ¥Fixed Costs

Total pipe length installed in the Ross-Ade Upper Watershed was
obtained by measurement of maps at the West Lafayette City Engineer's

Office. The maps show the entire pipe drainage system in the watershed

Table 3.1. Pipe Diameter and Lengtg in Ross-Ade Upper Watershed in
West Lafayette, Indiana

Mari -

Ytreet/Pipe Diam. 8% 1o 12% 15" 18" 244 Holes
Maywood 375° 0
Garden 876° 3
Elmwood ' 2
Ravinia 105° 578" 1
Woodland 568" 320" 312! 306" 750! 9
Carrolton 3507 4407 3
Hiilecrest 270°¢ 2301 220" 2
Ridgewood 370° 1
Riley Lane 285" 1
TOTAL 2579  1198! 990 ' 5321 306 7507 22

% of Total 40.6 18.8 15.6 8.4 4.8 11.8

8  Measurements from West Lafayette City Engineer's Office
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area and break down pipe size into several different diameters. Refer to
Table 3.1 for these measurements.

Pipe cost data obtained from a local supplier are presented in Table
3.2. Costs are illustrated for the three classes of pipe. The higher
the class, the more pressure, in pounds per square inch, the pipe can
withstand. After consultation with the city engineers office and the pipe
supplier, it was decided that class four pipe would be sufficient for
the watershed area under study.

Given the length of all diameters of pipe used and the costs of
each diameter, the first step toward calculation of total system costs was
completed. The other costs needed to estimate system expenses are manhole
costs and costs.of installation. The cost of purchasing and installing
a manhole is approximately $500, while installation costs can be estimated
by multiplying pipeline costs by two and one-~ha1£.1

Table 3.2. Pipeline.Cost Data for Concrete Sewer Pipe with Rubber
a
Gasket, 1970

Pipe Diameter : Class 4 Class 3 Class 2

8" $1.90

Lo" $2.00

12 $2.25

15" $3.65 $3.25

18" $4.75 $4.20

247" $§7.55 $6.70

36" §15.45 $13.75 $13.50

& Quoted prices from Lafayette Pipe

L Professional opinion of engineer for the City of West Lafayette




Total system costs for the pipeline systém ingstalied in the Ross-
Ade Upper Watcrshed were estimated to be $102,647.11 or $16.15 pér linear
foot {see Table 3.3). After amortization of these fixed costs, the cost
coefficienﬁ, st for the urban residential pipeline drainage system will

be determined for use in the integer programming algorithm.

Table 3.3. Estimated Pipeline Installation Costs for Ross-Ade Upper
Watershed, West Lafayette, Indiana

Item - No. Per Unit Cost. Total Cost

Manholesg 22 $500 $11,000.00
8" pipe 25797 $1.90/ft. 4,900.10
10" pipe 1198°¢ $2.00 2,396.00
12" pipe 4oQ°* $2.25 2,227.50
15" pipe 532° $3.65 1,941.80
18" pipe 306" $4.75 1,453.50
24" pipe 7507 $7.55 5,662.50
TOTAL MATERTAL COST 529,58L.40
INSTALLATION CAST b 49,453.50
ENGINEERING, LEGAL FEES, EIC. 26,612.21
TOTAL SYSTEM COST $102,647.11

& an1 pipe is clags IV, pipe diameters of 15, 18 and 24 inches may

be purchased under class III specification at about a 10% discount
to class IV costs.

See Robert Smith, Costs of Conventional and Advanced Treatment of
Wastewater", Water Pollution Control Federation, Vol. 40, No. 9,
p. 1360 for a further discussion of these costs.

Open Channel System Fixed Costs

Construction Costs
Open channel design can vary greatly depending primarily on the
amount of outflow from the watershed and the area of location. Open

channel system coste for an urban area would typiecally include costs
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of grading, sodding, seeding, tree removal, and the concrete Tehannel” in
the waterway. Two recent studies have been conducted to estimaté the costs
per lineal foot of an open channel waterway. However, both studies failed
to include costs of land acquisition in the cost formulations.

The Engineering News Record [13, p. 69] cited an'example of open

channel waterway costs which included charges for sodding, seeding, tree
removal, grading, and a concrete riprapped-flét bottom channel. Construct-
ion costs were estimated to be approximately $83.00 per lineal foot for
the project. This included the channel with 2:1 side slope and a minimum
depth of eight feet. Unfortunately, no reference was made to the comparable
costs of a pipeline system for the same area.

However, a study conducted by Prawdzik [45] in Milwaukee compared
costs of open channel and pipeline systems for a gimilar area. Open
channel costs were found to be much cheaper than a comparable pipeline
system which would handle the same amount of runoff, The authors points
out reasons for this difference:

ithile cost figures appear overwhelmingly in favor of open

channel construction, right of way and other costs could

easily reduce the overall advantage and therefore must be

taken into consideration.," [45, p. 36]

Prawdzik estimated the cost of an open channel 2,500 feet long with
a 70 foot wide right of way to be $65.00 per lineal foot. This cost
figure included grading, concrete cunnette, sodding, seeding, tree
removal, and a minor amount of slope paving. The estimated costs for
a comparable pipeline system was $245.00 per lineal foot.

With the comparisons of the two systems referenced in the above

study, the estimation of open channel installation costs was possible.




Installation costs were estimated for the pipeline system in the previous
sectiog, Assuming a constant ratio between the costs of open chénnel and
pipeline as derived from Prawdzik study, raw costs of installation for the
open channel were estimated to be $4.29 per linéar foot. This cost was
used for derivation of the open channel cost coefficients.

The cost figure utilized in this study is much lower than the

figures cited from Engineering News Record and Prawdzik because the Ross-

Ade Upper Watershed is much smaller than the other two. Size of the water-
shed area can be directly related to the runoff. Larger watersheds re-
quire wide and deeper chamnels to drain the runoff in the same amount of
time as in a small watershed. The difference in channel width, side
slopes, and depth of channel contribute to the difference in the three

costg previously mentioned.

Land Costs

Open channel systems differ from pipeline systems in relation to
costs because installation costs of an open channel can include land ac-
quisition costs. Pipelines can be installed underground after an easement,
at little or no cost, is obtained. Hence, it is probable thatmunicipal
authorities might easily encounter extra costs of land acquisition if
an open channel system design is adopted.

Prawdzik [45, pp. 21-23] discusses three ways of obtaining legal
rights to the right of way desired for the open channel system:

1, Obtaining an easement--where limited right to land for

open channel systems are planned and granted by the
contractor before a project is developed.

2. Accepting a quitclaim deed--an outright dedication of the
land to the city by the owner.




3. BV process of condemnation——involves public hearings, court
rulings, and can be quite costly to the city.

The first énd third of the above alternatives were considered in the
research. First, cost coefficients were amortized excluding all land costs.
The optimal system solutlon derived from that procedure will be welevant
for city planners and engineers involved with planning:an area for future
development which requires easements or deeds of drainage areas be made
before land development. There 1s no charge to the public sector for obtain-
ing an easement for this purpose.

The second alternative involved calculation of land costs plus condemn-
ation suit costs to be added to the construction costs and amortized. The
optimal solutions obtained in analyzing these type cost coefficilents will
provide information to public officials contemplating installation of one

of these gystems in an already-developed area.

Tnstallation of an open channel in the Ross~Ade Upper Watershed would
require condemnation of approximately two acres of privately owned land.
Land values in the West Lafayette area were found to range from $20,950
to 522,805 per acrea2 To these market values must be added court costs
and condemnation suit awards. These latter costs would include court costs
and any possible damage awards by the court. However, it has been estimated
that between 75 and 80 percent of private land owners do, in fact, accept
the appraised state market value. If damage suit judgments were made,
the results of these suits were estimted to be zero for this particular

3 ‘o . ,
study. Hence, total land acquisition costs will assume that private

Purdue Research Foundation estimate of land values exclusive of improve-
ments in & West Lafavette area deflated to 1970 prices.

After comsultation with an attorney in the area it was decided that
damage suit awards would not be included in the model since these
awards are quite arbitrary and vary so greatly.
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land owners accept the appraised market value pf the land condemned.
Acquisition costs were estimated to be 521,900 per acre. Converting
this figure to a linear foot basis yields a charge of $7.30 per linear
foot of channel for land costs.

The total system costs include both the installation and estimated
annual variable costs. System operation and maintenanée costs will

be discussed in the next section.

Costs of Operation and Maintenance of Pipeline and Open Channel Systems

After consultation with the West Lafayette city engineer and the Allen
County surveyor's office, it was determined that the variable costs, i.e.
costs of operation and maintenance, associated with open channel systems
average about 5 percent of installation costs over the life of the project
excluding land acquisition costs. Furthermore, it was estimated that
variable costs of a pipeline system are approximately 25 percent of the
variable costs associated with an open channel waterway.

These assumptions were made in cost calculations for the case study
watershed. Little work has been conducted in the area of determination
of variable costs associated with either type of drainage system. There-
fore, professicnal opinion by people with years of practical experience

in the area was the main source of these data.

Waste Water Treatment PlanE\O?eration and Maintenance Costs

Prior to the construction of water treatment plants, often insufficient
or at least inadequate attention is given to the estimation of costs of
operation and maintenance. There is little to be gained, at least economic-—

ally, through careful planning and design unless these new treatment plants




are satisfactorily operated. The reasons for the above statement are
two-fold: (1) it is economically unsound to make heavy investménts

in plants and fail to implement sound programs of operation and mainten-
ance énd furthermore, (2) the resulting effluents from poorly managed
plants could prove to be more hazardous to public health than untreated
‘water." [49, p. 111]

Thigs section continues a brief review of some of the cost estimation
techniques for Waﬁer treatment plants. The Water Pollution Control Act
of 1956 (P.L. 660) allowed federal financial assistance for communities
in the.construction of water treatment facilities. In this Act, however,
there was the stiﬁulation that before financial assistance could be given
the comﬁdnity must provide the desired information about operating and
maintenance costs. A study conducted by Rowan,Jenkins, and Howells
utilized datsa oﬁtaiued from the Public Health Service survey to provide
estimating equations for treatment plant operating and maintenance costs.
{49, pp. 111-121]

Upon completion of the analysis of data it was determined that the

. . 4
inverse function:

log ¥ = 1 | _ (3.1)
a+hb log x
where:
Y = annual cost per mgd (million gallon per day) x .001,
x = average daily flow in mgd x 100

would fit the data. This estimation equation gave the smallest standard

error of estimate among the several equations tested.

4

Where 'a' and 'b' are known constants with respective magnitudes of
0.49273 and 0.23867 for estimates of annual operating and maintenance
cost of primary plants.




The present facilities in West Lafayette had a flow of 5 mgd with
a design capacity of 12.5 mgd. The flow of five mgd was used as rhe
entyy point for the equation 3.1 above to determine operation and mainten-

ance cost. The calculated costs include both lower and upper limits.

Primary Treatment

The method of primary treatment is to use settling tanks with separate
units for the digestion of solids. The primary treatment annual variable
costs for the Ross—Ade Upper Watershed were estimated at $352.93., This
cost figure was obtained by dividing the total expected cost for primary
treatment at a flow rate of 5 mgd derived from equation 3.1 by the acreage
served by the West Lafayette treatment plant. This figure was then multi-
plied by the total acreage in the case study watershed. Cost estimation
data in terms of dollars per million gallons per day are presented below

in Table 8.%4. Note the economies of scale that occur as average flow

increases,

Table 3.4, Estimated Operation and Maintenance Cost for Primary Plants®

Estimated Annual Cost ($/mgd)b

Average Flow

{mgd) lLower Limit Expected Value Upper Limit

0.1 $12,602 $23,294 $43,094

1.0 5,808 10,736 19,862
16.0 3,635 6,719 12,430
100.0 2,655 4,908 9,080

[49, p. 113
Valid fiow range, 0.1 to 100.0 mgd.




Activated Sludge

"This category included the conventional activated sludge processes
plus other types of aerated biological treatment.” {49, p. 117] The
cost estimation equation for activated éludge was of the form:
49, p. 115]

log ¥ = 1 (3.2)
0.40662 + 0.17223 log x

where: Y = annual cost per mgd x 0.001
x = average daily flow in mgd % 100
The above equation provided an estimate of $653.74 as the annual variable

costs for activated sludge treatment on the case study watershed.

High-Rate Trickling Filter

"prickling filter plants included in this category employ recircula-
tion along with a filter loading rate in excess of 4 mgd/acre, the maxi-
mum allowable load for the standard rate filter plants." [49, p. 1187
The cost estimation equation for high rate trickling filter plants was

found to be of the following form: [49, p. 1167

log ¥ = 1 _ (3.3)
0.36435 + 0.25968 log x

where: Y = annual cost per mgd x 0.001

I

it

x = average daily flow in mgd x 100
This estimating equation gave a value of $404.77 as the annual
variable costs for the high rate trickling filter attributable to the

Ross~Ade Upper Watershed. -

235
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Fiwed Costs of Treatment Plants

A study conducted by Shah and Reid [56] was used as the basis for
caleculation of construction costs for primﬁry and secondary tregtment
plant facilities. 7The cost-estimating equations for the Shah and Reid
study gave an approximation of the fixed costs (comstruction costs)
associated with various typeg of watér treatment facilities. The previous
section's veview of the study by Rowan, et.al. gave.estimates of the
variable costs agsoclated with water pollution, i.e. costs of operation

and maintenance.

Primary Treatment
Costs of primary treatment plants can be estimated according to
their hydraulic loading. [56, p. 780] The data from a sample size of
103 primary treatment plants was fitted with the highest R value and
least error to the following equation: [56]]
InY = bO + b2 In X, (3.4)

where:

Y = construction cost per mgd design, in 1957-59 dollars

bo = 12.42
bz = -0,3852
X, = design flow in mgd

Applying this equation to the treatment facilities in West Lafayette,
Indiana provides an approximate estimate of the construction costs of
a primary plant with a 12.5 mgd design capacity. The estimated cost
wag $93,000 per mgd design capacity. To obtain the total expected cost

in 1970 dollars involved utilizing the WPC~STP Construction Cost Index
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which has a base year of 1957-59 dollars.

138.15

93,000 (12.5) 100

= 81,621,535 (3.5)
which represents the total expected cost of constructing a primary treat-
ment plant with 12.5 mgd design capacity.s

A more inclusive total cost figure would include facilities such
as outfall sewers, administration, engineering and legal services.
This may be computed by increasing the above figure by 20 percent. Hence,

an estimated cost figure of $1,945,842 (in 1970 dollars) would include

all costs except land acquisition.

Activated Sludge
Utilizing the same regression technique discussed earlier in this
section the best6 estimating equation for activated siudge treatment

plant construction costs was found to include two variables: [56]]

In Y = bO + by lnxl + bz lnX2 (3.6)
where:
¥ = construction cost per design mgd, in 1957-59 dollars
bO = 8,53
b1 = 0.4610
X1 = design PE
b2 = «0.7375
> The 138.15 is the mational average index value which represents the
national average increase in construction costs from the base period
of 1957~59 to the year 1970. The index was obtained from a cost index
‘table from the Federal Water Quality Administration.
6 The term "best” in this context means this equation had the highest

R-value, was accepted as a result of the sequential F-test, using a
5% significance level, and no evidence of correlation between residuals
was found.
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XZ = design flow in mgd.

To present the relationship between organic loadings to be included in
estimation equations for secondary facilities, the variable population
equivalent, PE, was included in the regression analysis. PE takes into
account averadge waste inflow and average 5-day BOD of waste.7 Popula-~
tion equivalent (PE) must be calculated for the West Lafayette design
treatment plant in order to utilize any of the secondary treatment plant
cost estimating'eqﬁations. Utilizing the PE equation in footnote 7 the
population equivalent is calculated as 44,590. TInserting this coefficient
in equation 3.6 yields a cost of construction of $109,370.

The total estimated construction cost in terms of 1970 doilars

would be:

138.15

$109,370 (12.5) 100

= $1,888,683 . (3.7)

This figure represents the rtotal expected constTuwtion cost of an acti-
vated sludge treatment plant. A figure which would include engineering,
administrative, and legal fees would be approximately $2,266,419. This

figure excludes the cost of land.

High Rate Trickling Filter
The final estimating equation needed from the Shah and Reid study
for inclusion of costs into the model was that of the high rate trickling

filter plant. The estimating equation has the same functional form as

op - 8:33 QL
b

where 8.33 is a conversgion constant, Q 1s average waste inflow to
treatment plant in mgd, L is the average 5-day BOD of waste in mg/1,
and b is assumed to be 0.17 1b (0.0771 kg.) which is a measure of BOD
per capita per day.




for the activated sludge secondary plant facilities.
Estimated raw costs per mgd design flow were $105,930. Expected total

costs in 1970 dollars would be:

138.15

$105,930 (12.5) =160

$1,829,278 (3.8)

The total cost including engineering, administrative, and legal fees

would be approximately 52,185,133, This excludes cost of land.

Subsystem Costs for Pipeline, Open Channel and Treatment Plants

Table 3.5 summarizes all costs for the case study watershed. This table
is a condensation of the costs developed in this chapter. The costs included
in this Table provide the basis for the Cj coefficilents utilized in the pro-
gramming model. The estimated fixed costs assoclated with all drainage ac~
tivities and treatment plants will be amortized over a 50-year period to
provide an estimate of annual payments to pay off the construction cost. Var-
{able costs will then be added to these amortized costs to derive the total
cost coefficients for the integer programming model.

Note the interesting relationship between the costs for secondary treat-
ment facilities indicated in Table 3.35. The activated siudge secondary treat-—
ment is more costly for the watershed under study than the high rate trickling
filter. However, in the United States, approxiﬁately 90% of the secondary
treatment facilities have activated sludge type treatments. Hence, both
activated sludge facilities and a high rate trickling filter system will be

1 included in the model as potential alternative system designs.

29
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Water Quality Data Sourcesg

Water quality data on open thannel and pipeline systems were available
from three sources, two of these were studles in the Lafayette area. Table
3.6 illustrates the type of data on water quality parameters that were avail-
able from each of these three studles. Work completed in 1969 by Schultz
[35] examined pollution differentials in urban, semiurban, and rural water-
sheds. Data pregented for the urban watefshed was for a pilpeline system,
while data given for the other two watershed types were for open ditch systems.
To develop a comparison, in the form of trade-off rélationships,of alternative
drainage systems 1in a watershed, it is necessary to have both open channel
and pipeline data for a particular land use, .e.g. urban residential area.
Therefore, Schultz's research did not provide the comparative data necessary

for this study.

Table 3.6 Data Sources for Water Quality Coefficients

Water Quality

Coefficient ) Land Use and System Type
Rural Semi-Urban Urban Commercial Urban Residential
Open Pipe~ Opem  Pipe- Open Pipe- Open Pipe~
Chanpal line Channel Line Channel Line Channel Line
TQTSOL a,b a,b a a a a.b
SUSS0L a,b a,b a a a a,b
CEOXDD a,b a,b,c a a a a,b,c
CHLIDE a,b a,b a a a a,b

8pata available from Economic System Corp. on Tulsa, Oklahoma.
bData available from Schultz on Lafayette, Indiana.

cData available from McElroy on Lafayette, Indiana.




Similar work completed in 1972 by McElroy [38] set up a sampling
methodology for urban and semiurban/rural watersheds. Methodoloéical
design was similar to the previous research, hence appropriate compari-
sons of pipeline and open channel systems could not be made based on
these data. The data in the above two studies differ due to the fact
that McElroy's study scrutinized the "first flush" effect while the
Schultz study did not analyze that effect. This ténded to give differ-
ent values for the sampled parameters.

A study completed by Economic Systems Corporation [12] examined
pollution in rural, urban commercial, and urban residential areas. For
the latter two categories both open channel and pipeline data were avail-
able. Hence, it was possible to compare the differences in water quality
between pipeline and open channel systems. The data from this system
were used as the environmental coefficients which were then applied to
the Ross~Ade Watershed.

The pollution parameters used from the Economic Systems Corporation
study were compared to the research by Schultz in the Lafayette area to
test for consistency. The parameters of total solids, suspended solids,
and chemical oxygen demand were consisteﬁt among the two studies. If
total solids were higher for the urban residential pipeline system than
the rural open ditch system in the Economic Systems Corporation study,
similar results were obtained from the Schultz study. The parameter of
chlorides differed slightly among the two studies. Table 3.7 presents
the data for the West Lafayette and Tulsa watersheds for comparative

purposes. The consistency between the Lafayette and Tulsa data suggest
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that it is appropriate to use the Tulsa environmental coefficients to

develop the trade-off relations for the lafayette watershed.

Table 3.7. Comparison of Lafayette and Tulsa Envirommental Coefficients

Given in Milligrams Per Liter.

Rural Urban Commerical Urban Residential

Pollution Tulsa  Lafavette Tulsa Lafayette Tulsa Lafavetie

Parameter b b b b
0C PP 0C P QC PP OC PP~ OC PP QC PP

Total

Solids 592 619 1429 351 1137 680 400 480
Suspended

Solids 445 244 1196 221 955 280 234 224
Chemical

Oxygen

Demand 53 32 107 81 93 65 95 140
Chlorides 13 25 131 10 15 13 13 50

a [t2], [55] OC = Open channel and PP = pipeline

b Neot available.
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CHAPTER 1V

ANALYSIS

This chapter is divided into three sections. The first section
develops trade-off relationghips between the system costs to convey
and treat runoff and the 1eﬁel of total solids in the runoff. The
second section compares system costs to an index of water quality which
includes four water quality parameters. The third section considers
the cost of selected alternative types of urban development in the year
2020 in Tippecanoe County, Indiana to achieve a given level of water
quality. Interpretation of these results will provide city planners
and engineers with a methodology for system selection at the present
time given a forseeable shift at some future point in time of watershed
density and use.

Figure 4.1 presents an outline of the alternative trade-offs devel-
oped in the analyses contained in this chapter. The first section of
analysis yielded trade-offs between system costs and the level of
water quality in an urban residential area. Initially only one pollution
parameter, l.e. total solids, was considered. A total of twelve trade-~
offs were derived from the available data. These trade-offs involved
different rates of amortization, inclusion and exclusion of land acq-
uisition costs for the open chamnel sgystem, and different secondary
treatment facilities. This analysis was conducted for the urban.residential

area only, illustrated as Section I, Column A & B in Figure 4.1,
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The second section of analysis outlined in Figure 4.1 as Section IT,
Colum A and C included the incorporation of an water quality index into
the model to replace the total solids quality index used initially. In
this section the pollution parameters of fotal solids, suspended solidé,
chemical oxygen demand, and chlorides were combined to give an index of
water quality. Trade-offs in this section were presented for Columns
A and C. 1In this case land acquisition costs were included for the open
channel system and the secondary treatment facllity was activated sludge.

The third section of this analysis examined costs of urban develop-
ment. Trade-offs were presented which depict systems costs at varying
levels of water quality in the urban residential, urban commercial and
rural areas. Results from previous sections regarding the urban resident-
ial area were used to develop a hypothetical example of future u;ban
development in Tippecanoe County to the year 2020. This part of the
analysis was illustrated as Section III in Figure 4.1, Three alternative
plans for fﬁture urban development were considered, i.e., (1) 100% apart-
ment type dwelling development, (2) 50% apartment and 507 single family
dwelling, and (3)'100% single family dwelling development. For a given
level of water gquality, syétem cost differentials were examined for the
three development alternatives.

To develoé trade-offs it was necessary to have data available in
one area, i.e. urban-residential, for both the open channel and pipeline
systems. Hence, it was impossible to predict trade-off possibilities
between system costs and water quality in the rural and semi-~urban
areas. Furthermore, the data available in both urban areas (commercial

and residential) appeared to be of approximately the same magnitude,




i.e. 1if total solids were higher in the urban residential open channel
system {U20C) than in the pipeline system (U2PP), total solids were also
higher in the urban commercial open channel system (U10C) versus the
urban commercial pipeline system (ULPP). Therefore, analysis of only
one of these two areas was performed since the trade-offs developed

for both areas would be similar.

The trade-offs developed illustrate the change in water quality due
to a change in system investment under varying characterisitcs. A total
of six systems (activities) were included in the integer programming
model. Systems were open chamnel, no treatment (OCNT), pipeline, no
treatment. (PPNT), open channel, primary treatment (OCTl), pipeline,
primary treatment (PPT1), open channel, primary and secondary treatment

(0CT2), pipeline, primary and secondary treatment (PPT2).

Urban Residential Trade-0ffg for Total Soiids Parameter

A totai of twelve trade-off possibilities were developed with the
use of West Lafayette economic and Tulsa water quality data for the
urban resideﬁtial area. FEach program differed in the treatment of
amortization, inclusion of land acquisition costs for thé open channel
gystem, the type of secondary treatmént facilities included in the
model, or a combination of the above. Thie analysis is presented in the

four sections below.

Land Cost Included with Activated Sludge
This analysis was conducted to determine how inclusion of land
acquisition costs might affect optimal system selection., Activated

sludge was included as the secondary treatment facility. The model
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coefficients are presented in Table 4.1. At the 3 percent amortization

Table 4.1 Urban Residential Total Annual Cost Coeffiéients with Activated
Sludge and Inclusion of Land Costs, Ross-Ade Watershed, 1970.

Amortized Rate
and Water Quality

Parameter System
U20CKNT U2PPNT U20CT1  U2PPT1L U20CT2 UZPPE2
3% $5367.26 $4624.63 $6424.89 $5682.26 $7884.92 $7142.29
5% $6524.51 $6257.75 $7870.62 $7603.85 $9660.72 $9393,95
8% $8484.84 $9025.21 $10319.81.$10860.18 $12669.25 $13209.62
TOTSOL(g/s) 931.46 547‘92_ 372.59 219.16 46.56 27.40

rate no open channel system entered solution. Pipeline systems were

the more efficiént and least costly system over the range of total solids
provided by the sampling data. At high levels of total solids the UZPENT
. system design was optionalu. Then U2PPTL and finally U2PPI2 became the
least cost systems to achieve lower levels of total solids.

Costs of TOTSOL removal were found to increase as higher levels of
treatment were needed to obtain the desired level of TOTSOL. Shifting
from U2?PPNT to U2PPTL resulted in a reduction in TOTSOL level of 329 units
at a cost of $3.22 per unit. Further reduction in the acceptable level
of TOTSOL was possible at a cost of $7.61 per unit. The higher cost
associated with the latter reduction in TOTSOL is due to the higher costs
of secondary versus primary treatment.

Amortizing at the rate of 5 percent resulted in essentially a
trade-off similar to the one which utilized the 3 percent amortization

rate. Again, pipeline systems were the only alternatives which entered
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as the least cost system design. Costs per unit of removal were somewhat
higher_due.to the increased interest rate. Reduction in TOISOL &ue to
changing from U2PPNT to U2PPTL was found to cost $4.09 per unit. The
switch from UZPPTI to U2PPT2 reduced TOTSOL by 192 units at a cost of
$9n34 per unit.

Significant solution changes occurred by increasing the rate of
amortization to 8 percent. Using the higher amortization rate resulted
in tﬁe open channel systems entering éolutibn. Comparison of the two no
treatment activities, U20CNT and U2PPNT, illustrated this difference. With
the 8 percent amortization rate used, UZ0CNT became the least cost
activity. Hence, all six activities entered solution at some given
TOTS0L level. With use of the lower interest rates, only pipeline
system¢ entered solution since they were the least cost and least polluting
alternatives. At the 8 percent level, open channel gystems, although
remaining environmentally inferior to the pipeline systems, represented
least cost systems at some level of TOTSOL. Further analysis of the
rate of amortization.showed that a rate of approximately 6.8 percent
would result in costs of both open channel and pipeline gystems being
equal to achieve a given level of total solids.

The trade-offs presented gsbove can be depicted in tabular form.
Table 4.3 illustrates the systems ordering when the level of TOTSOL is

reduced in 50 g/s increments from 1000 to zero.
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Table 4.2 System Design Ordering with Inclusion of Land Costs and
Activated Sludge, Ross-Ade Watershed, 1970.

Level of TOTSOL Rate of Amortization

Grams per Second 3% 5% "  8%
950 U2PPNT U2PPNT U20CNT

900 U2PPNT

500 U2PPTL U28PTl U20CTL

350 U2PPTL

200 U2epPr2 U2PPT2 720012

40 . ' . U2PPT2

Land Costs Tmcluded with Trickling Filter

This program yielded systems ordering results for high rate trick-
ling filter as the secondary treatment facility. All other allowed
variants in this analysis were the same as Program 3. Model coefficients
are presented in Table 4.3,

Results of this analysis were quite similar, as was expected, to the
previous analysis with inclusion of land costs of the open channel systems.
Table 4.4 depicts the system design ordering when costs were amortized at
3, 5, and 8 percent. The pipeline systems were the only zctivities that
entered solution over the range of total solids available for the analysis
at the 3 percent level. The cost of removal per unit of TOTSOL as the
feasible solution changed from U2PPTL to U2PPT2 was found to be slightly
lower than the previous analysis using activated sludge as the secondary
treatment facility. This cost was $6.26 per unit of TOTSOL removed.

Results of amortization at the 5 percent level were similar Eo the

3 percent level and consistent with the activated sludge analysis.
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The pipeline systems proved to be the least cost and envirommentally

"best' system solution alternative,

Table 4.3 Urban Residential Total Annual Cost Coefficients with High
Rate Trickling Filter amnd Tnclusion of Land Costs, Ross-
Ade Watershed, 1970.

Amoritized

Rate and

Water Quality

Parametery System '

U20CNT U2PPNT U2ZOCTL U2PPT1 U20CT2 U2PPT2

3% $5367.26 84624.63 $6424 .89 $5682.26 §7624 .64 $6882.01
57 6524.51 6257.74 7870.62 7503.85 §395.81 8129.04
g% 8484 .84 9025.21 10319.81 10860.18 12396 .48 12936.86

TOTS0L (g/s) 931.46 547.92 372.5% 219.16 46 .56 27 .40

The higher rate of amortization of 8 percent resulted in all six
activities entering solution at some point in the range of TOTSOL level.
The initial level of TOTSOL was unconstrained, hence allowing U20CNT to
enter the initial solution. The first system to become feasible when the
RIS for TOTSOL was ranged downward to become constraining was the U2PPNT.
This was the first value of sdgnificance in the system ordering presented
in Table 4.4. One can draw no conclusions about the initial entry of
the open channel system at the unconstrained level since any constraints
in the computer routine which were unbinding could be dropped from the
analysis and the problem would be that of simply minimization of costs

without respect to water quality,
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Table 4.4 System Design Ordering with Inclusion of Land Costs and
High Rate Filter, Ross-Ade Watershed, 1970.

Level of TOTSOL Rate of Amortization
Grams per Second 3% 5% 8%
950 '  U2PPNT U2PENT U20CNT
900 ' . : ' U2PPNT
500 U2PPT1 _ U2PPTL U20CTL
350  u2pPTl
200 - UZPPT2 : U2PPTL2 U20C12

40 | ‘ U2PPT2

As thg value of total solids permitted in the runoff was reduced,
U20CT1 entered solution at 500 units of TOTSOL. Open channel gystems
could enter sqlution in this particular computer run due to the high
rate of amortization and thus the higher costs associated with the pipe-
line system. However, the open channel systems did not stay in solution
over a very wide range of TOTSOL. This is ekemplified by the Ffact that
U2PPT]l entered as the least cost system design ét a TOTSOL level of 350
units. The results were very similaf for the secondary treatment plant

system that entered solution.

Land Costs Excluded with Activated Sludge

This analysis was used to derive three different sets of system orderings
based on three amortization rates; 3, 5 and 8 percent. No land acquisition
costs were included‘for the open channel system.

Table 4.6 illustrates tﬁe systems ordering between system costs and

total solid level. Referring to Table 4.5 it can easily be seen that when




the right hand side (RHS) value is set at an unconstrained level for total
solids, the least cost system in the total solid row will enter solution.
The least cost system with costs amortized at 3 percent was U20CNT.

Hence, the first point of interest on the systems ordering presented

in Table 4.6 for the 3 percent rate was the point where total solids
(TOTS0L) equal 950 and system costs were $3664.98.

To develop the ordering for TOTSOL and system costs the RHS was
ranged downward in increments of 530 units. Points of interest were
points whére sysﬁem design changed, e.g. the second point inITable 4,
for the 3 percent rate is where TOTSOL equal 900 and system costs equal
84624 .63, A system change occurred with the optimal system now U2PPNT.
The change from U20CNT to U2PPNT involved an increased system invest-
ment of $959.65 which reduced TOTSOL level by 384 units for a cost of

- $2.50 per unit.

Table 4.6 TUrban Residential Tdt&l Annual Cost Coefficients with Activated
Sludge and Exclusion of Land Costs, Ross-Ade Watershed, 1970,

Amortization

Rate and System

Water Quality i e

Parameter U20CNT U2PPNT U20cTl UZPPTL U20CT?2 U2PPT2
3% $3664.98 $4624.63 $4722.61 $5682.26 $6182.64 $7142.29
5% 4125.09  6257.74 5471.20 7603.85 7261.30  9393.95
8% 4904.81. 2025, 21 6739.78 10860,18 9089.22 13209.62

TOTSOL(g/ s) 931.46 547.92 372.59 219.16 46.56 27.40
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Further ranging of the RHS for TOTSOL resulted in additional changes
in least cost system design. U20CI1 entered solution at a TOTSOL level
of 500 and a cost of $4722.6l. This resulted in a reduction in TOTSOL
of 175 units at a cost of $0.56 per unit. At the TOTSOL level of 350
units, U2PPT]1 entered solution reducing the water quality parameter by
153 units at a cost of $6.25 per unit.

The last two systems to enter the optimum design involved the higher
cost systems which included the secondary treatment activity of aétivated
sludge. The optimal golution changed to U20CI2 at a TOTSOL level of 200
units and cost of $6182.64., This resulted in a decrease in TOTSOL of
173 units at a cost of $2.90 per unit. The final optimal solution was
that of the U2PPT2 system. The reduction in TOTSOL level was 19 units
with a cost per unit of reduction of $50.09.

Table 4.6 System Design Ordering with Exclusion of Land Costs and
Activated Sludge, Ross-Ade Watershed, 1970.

Level of TOTSOL Rate of Amortization
Grams per Second 37 5% 8%
950 - U20CNT U20CNT U20CNT
900 U2PPNT 020CT U20CT1
500 U20CT1
350 U2PPTL U20CT2 U20CT2
200 : U20CT2

40 U2PPT2 U2PPT2 UZPPT2

Al




Review of the systems ordering presented in Table 4.6 for the 3
percent rate analysis presented above illustrates shifts in'leasf cost
gystem degign from open channel to pipeline were more coestly per unit
of TOTSOL removed than shifts from pipeline to open channel sysiems.

This was due to the magnitude of TOTSOL removed in each design change.
Although, as Table 4.5 illustrates, the open channel systems are lower
cost systems, the TOISOL levels linked with each system is higher than
that of the pipeline system. Hence, though open channel systems do enter
gsolution, the pipeline systems--the higher cost systems--stay in solution
over a wider range of TOTSOL levels due to their greater efficiency in
handling this type of pollution loading.

For the ordering at the 5 percent rate, pipeline systems failed
to enter solution until the TOTSOL level was infeasible for every open
channel system, i.e. below 46.56 units. This was due to the wide differ-
ence in magnitude of fixed costs associated with each system. Since the
fixed costs of the pipeline system were three to four times as great as
the fixed costs of the open chgnnel systems, the higher rates of amortiz-
ation resulted in increasingly greater cost differentials among the two
systems. Therefore, the systems ordering presented for the 5 percent and
8 percent amortization rates in Table 4.6 excluded pipeline systems until
all open channel systems became infeasible with regard to amount of TOTSOL

acceptable. A further reason for the infeasibility of pipeline systems
in this particular analysis was the exclusion of all land acquisition

costs for the open chamnnel systems.
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Land Costs Excluded with Trickling Filter

This set of system orderings was the result pf a similar type analysis
as in the previous section with the exception of the method of éecondary
treatment. This analysis was for an urban residential area with no land
acquisition costs included for the open channel systems. Costs were amor-—
tized at 3, 5 and 8 percent. The final two activities in the analysis
U20CT2 and U2PPT2, were systems which used high rate tfickling filter as
the secondary treatment facility. Table 4.7 depicts the programming co-
efficiegts used and Table4.8 indicatg system ordering for this particular
analysis.

The only difference between this analysis and the analysis presented pre-
viously was the change in the cost coefficients, cj's, for the secondary
treatment activities. Therefore, the orderings were similar in the analysis
to the point where the no treatment and primary treatment activities represented
infeasible system solutions.

Table 4.7 Urban Residential Total Annual Cost Coefficients with High

Trickling Filter and Exclusion of Land Costs, Ross-Ade
Watershed, 1970.

Amortized

Rate and System

Water Quality - o S —— —_—

Parameters U20CNT U2PPNT U20CTL U2PPT1 U20CT2 U2PPT2
3% $3664.98 $4624.63 $4722.61 $5682.26 $5922.36 $6882.01
5% 4125.09 6257.74 5471 .20 7603 .85 6996.39 9129.04
8% 4904 .81 9025.2%  6379.78 10860,18 8816.45 12936.86

TOTSOL (g/s)  931.46  547.92  372.59  219.16 46 .56 27.40




The cost coefficients associated with the high rate trickling filter

secondary treatment facility in this analysis exhibited a slight cost
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advantage when compared to the activated sludge secondary treatment facility

in the.previous analysis. However, other characteristics, not considered
in this aﬁalysis but suggestad by engineérs indicate that the activated
sludge system may be the preferred treatment. The high rate filter analy-
sis was conducted since the objective of.this study was to present several
alternative system designs and not one of making the choice among them for

citizens and planners.

Table 4.8 System Design Ordering with Exclusion of Land Costs and High
Rate Filter, Ross-Ade Watershed, 1970.

Level of TOTSOL Rate of Amortization

Grams per Second 3% 5% 8%
950 U20CNT U20CNT U20CNT
9Go U2PPNT U20CTL U20CT1
500 | UZOCTl.
350 U2PPT1 U20CT2 U20CT2
200 U20CT2

40 U2PPT2 U2PPT2 U2PPT2




At the 5 and 8 percent rates of amortization the ordering of system
designs are identical. Intermediate pipeline systems that were in the
ordering at the 3 percent level dropped out at the higher rates of
amortization. When comparisons were made between the "no treatment”
activities in each program, it was evident that the cost differentials
between the open channel and pipeline system increased as increasing
rates of amortization were applied to the analysis.- The reason for
this occurrence can be related back to the original magnitude of fixed
costs of both gystems. The pipeline fixed costs were approximately
three and one-half times the fixed costs associated with the open

channel.

Index of Water Quality

Computation of a water quality index was undertaken to allow for a
broader interpretation of water quality improvement connected with
installation of runoff systems with differing treatment levels. It
was possible that the total solids_criterion alone might have been a
unique situation. The use of the index permits a broader test of the
generality of the results developed earlier in this analysis.

Other water quality parameters available included: suspended
solids, chemical oxygen demand, and chlorides. Program 3 (land costs

included with activated sludge) from the total solids trade-off analysis

was arbitrarily selected as the design criterion to depict a system cost--

water quality trade-off. A weighted index was calculated using values
in grams per second for the measured 29.12 acre watershed area. The

weighted index was expected to give a more broadly based depiction of
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water quality since the three new parameters included in the analysis
did not exhibit characteristics identical to total solids among the
differing system designg. The index, taking more pollution parameters
into consideration, should give a firmer basis for judgments about the
patterns of trade-offs associated with the six runoff system activities
in the integer program.

Although the trade-offs for the 3, 5, and 8 percent rates of
amortization are similar to those presented in Table 4.1, the level
of these trade-offs differed. A similar set of trade-off functions
was found to exist for the urban commercial area. These trade-offs used
essentially the same cost coefficients as in the urban residential area,

but the water index wvalues, aij's for the integer program, differed.

Cost of Ufban Deﬁelopment

The previous section of analjsis wag devoted to an examination of
the costs associated primarily with alternative runoff disposal systems
in urban residential and urban commercial areas. Land use and population
density were assumed to be the same over the life of the runoff disposal
system.

In contrast, this section of analysis was designed to illustrate the
costs incurred cver time as a watershed changes land use and population
density. The Ross-Ade Upper Watershed was still used as the case study
area. To predict the costs of urban development, 1t was necessary to
initially assume that this 29.12 acre watershed was a rural area. System
costs for this area were estimated for an open ditcﬁ drainage system.

These costs were amortized over the expected life of the project and




compared to system costs in an urban commercial and urban residential
area. This comparison wés made to indicate ﬁhe type.df cosf chaﬁges that
will occur as land use and population density change before the expiration
date of the expected life of the'project initially installed. An

example of this comparison would be the étudy of a fural watershed with
open ditch drainage installed in year "t' with an expected life of

't + 50", Suppose this watershed is located on the edge of an urban area
which exhibits rapid expansion. The question city planners énd engineers
must deal with is: If the watershed area is expected to be semiurban

in 5 years and urban in 15, should it be treated as a vural area with
installation of an open ditch.or, conversely,“should installation of a
pipe system be considered which would not be fully utilized for 5 to

10 years?

Table 4.9 illustrates the cost and water quality data similar to
those social plamners must consider when attempting to deal with situations
as posed in the above example. Costs for the urban residential area are
identical to the costs amortized at 5 percent in Program 3 (land cosfs
included with activated siudge) of the index analysis. Thus, in conducting
the present analysis it was necessafy to arbitrarily select an optimal
system design for each of the three areas of varying land use and
population density. The water quality coefficients represent flow data
and were derived from the water quality index developed in the previous

gsection.
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Table 4.9 Total Annual Cost and Water Quality Coefficients for Areas
of Differing Population Density and Land Use, Ross-Ade .
Watershed, 1970.

Costs and

Water Quality Land Use

Coefficients

Rural Urban Commerical  Urban Residential

Costs §1577.84 1$6257.74 . $6257.74
TOTSOL (g/s) 583.71 ' 841.30 ' 547.92
SUSSOL (g/s) 438.77 . 530.86 320.12
CHOXDD (g/s) 52.26 193.58 129.99
CHLIDE (g/s) . 12.82 23.30 17.94
Index (g/s) 492,93 646.66 413.31

The rural open ditch cost coefficient was set at the lowest cost
figure since this system would include low land acquisition costs and
low installation costs relative to the other systems.

With. the data available in Table 4.9 it was possible to examine the
costs involved with shifts in land use of a given watershed area and
the penalty charges for not taking these changes into account. In year
't! an open ditch system was installed in the watershed even though
this watershed was expected to become an urban residential area within
the next eight, ‘& + 8‘_years. What are the penalty charges to society
for ignoring this fature shift in land use of the watershed?

For the first eight years the watershed incurred costs to society
which amounted to $1577.84 per year, i.e. fixed costs of $977.84 and
variable costs of $600.00, With the shift in land use to urban residential
in year 't + 8' however, the watershed would incur both the fixed costs

of the open ditch system and the fixed and variable costs of the new




pipeline system. The extra costs of the open ditch which are still charged
to the watershed were the penalty to planners and society of not taking
into account the future shifts in land use.

The total "penalty’ charges would amount to $41.069,28, i.e. forty-
two years of fixed cost charges since the system was designed and amortized
on a 50-year basis. The extra costs of Installation of the pipeline
system eight years earlier would amount to $37,439.20, i.e. eight vears
multiplied by the difference in costs of the rural open ditch and urban
pipeline system.

It is interesting to note that if the land use change were not
expected until 't + 9' the open ditch installation would have been the
proper decision in year 't'. The total *penalty charges” would amount
to $41,069.28, while the extra costs of the pipeline system over the
nine'years.would amount to $4%2,119,10. This illustrates the fact that
planners must be very cognizant.of‘the costs of different drainage
alternatives and also have an understanding of the time period over

which future development will ocecur.

Comparison of Differing Types of Urban Development

Unlike the initial analyses with total solids where comparisons and
trade-offs or system orderings were calculated in only one area, this
analysis provides a framework for comparisqn of system costs and water
quality among all three areas: rural, urban commercial, and urban resi-
dential. This analysis provides the framework for comparisons of differing

types of urban development.
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This type of analysis required some restrictive agsumptions. However,
the results should aid appropriate public and private personnel by indi-
cating a type of decision methodology appropriate for future policy programs
involving instailation of drainage systems. It was initially assumed that
by the year 2020 the population of Tippecance County would reach 200,000
people, From 1970, this would amount to an additional 90,000 people being
located within the county boundaries. It was further assumed that two-thirds
or 60,000 of these people would reside in sub&ivision; developments that
would create runoff with the characteristics of the urban residential areas
described earlier in this study. The remaining population increase of
30,000 Would reside in either open rural areas or in urban redeveloped areas
which woﬁlﬁ not require instaliation.cf new wastewater disposal systems.

Three methods of future dévelopment were considered in this analysis,
i.e., (L) 1007 single famiiy dweiling development, (2) 50% single family
dwelling and 562 apartment dwelling develqpment, and {3) 100% apartment
dwelling development. It was recognized that alternatives 1 and 3 outlined
above would probably never occur, however, differences in modes of future
development can best be characterized by use of these extreme cases.
Treatment plants would be required to provide adequate reduction in pol-
lution parameters. The differences to be analyzed in this section are
those of partial extra system costs of each type of development. Compara-—
tive drainage system average annual costs for alternative urban development

patterns are presented in Table 4.10.
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Table 4.10. Total Annual Cost for Additiomal Surface Drainage
Systems in Tippecanoe County for Alternative
Urban Development Patterns Until 2020.

Development Design

Water . . 100% 50% Apartments 100%
Quality Apartments 50% Single Family Dwellings S.F.D.
Index (§.F.D.)
413 §23,746 162,712 $302,089 _
165 527,512 $200,210 $407,386
20 $34,988 $262,972 $564 641

It was assumed the single family dwelling subdivision development
would have 3 1/3 lots per acre with an average of four inhabitants per
lot. To accomodate the additional population in this urban area would
require acquisition of 4,285 acres of rural land for urban residential
development. Total additional costs for a pipeline system including neces-
gary treatment plants to provide water of a quality index of 413 would be
approximately $302,089.10 per year over the next fifty years to accomo-
date this expanded area of service. Note should be made that this cost
figure is an estimated average annual cost calculated by dividing total
cost by 50 years. This permits a discussion of comparative cost without
including the additional variable of rate of amortization. This cost
assumes development of subdivisions of approximately thirty acres in size
with 105 homes per subdivision.

If urban development in the future was totally single family dwellings,

it was assumed a new treatment plant of similar size to the present
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facility in West Lafayette would be required or it would be necessary to
build a new, larger plant to handle the total population in thé year 2020,

The second method of development allowed for an even mixture of sin-
gle family and apartment {(or condominium) dwelling development. The
assumptions regarding the apartment dwelling were arbitrary since the
number of floors per dwelling directly affected the population density
per acre. It was assumed that the apartment type development would ac-
comodate, on the average, 45 units per acre with four'people per unit or
180 inhabitants per acre.

With the allowance of an equal distribution of apartment and single
family residences, the required acreage for this method of development
was 2,308, Assuming the pipeline system would be installed in this area,
the total surface drainage costs were calculated to be $§162,712.15
average per year for the next fifty years. This area could, most probably,
be sevviced by moderate expansion of the existing treatment plants in
Tippecanoe County.

The final alternative in this analysis was that of 100 percent apart-
ment development. Using the same assumptions as in alternative 2, i.e.
180 people per acre, the increase in population to the year 2020 could
be located on 333 acres. With similar pipeline costs as in the previous
alternatives, the extra costs associated with this development would
average $23,476.23 per year to the year 2020. The current treatment
plants in Tippecanoe County should prove adequate to treat the storm-

water runoff from this additional acreage.
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Unlike the previous section of analysis, this section was designed
to compare differing types of urban development and present impiications
of this development on future costs and water quality levels. It is
based on the trade—off functions developed previously in this chapter.
Certainly there are many othef alternative development patterns open to
city planners and engineers. Certainly more detailed studies of the
probable location of these developments would be.necessary to refine the
rough comparative costs presented here. However, this analysis does pro-

vide a framework for other alternative comparisons of urban development.
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'CHAPTER V

SUMMARY AND CONCLUSTIONS

The Problem and Objectives

Citizens and planners alike face the dilemma of choosing among
alternative rainfall removal systems to serve present and future
generations. Both system costs and the level of water quality are
important system characteristics considered by citizens as they select
among alternative system designs. This study compares the relationship
between economic system costs and the level of water gquality for rain-
fall runoff removal systems.

This study compared six systems of rainfall runoff removal. These
six systems were different combinations of pipeline and open channel
transport systems and primary and secondary water treatment systems. Al-
though there are many other alternative systems or combinations of systems
which could have been analyzed, these six provided the opportunity to
develop a broad planning methodology and analyze costs and guality over
a wide range of systems. In practice, the decision of what level of
water quality is deemed acceptable is made through interaction of
citizens and government officials. Ideally, citizens and elected offi-
cials convey their desires to the appropriate agency for implementation.
The work presented in this research with regard to the trade-off between

economic costs and water quality develops the relation between these

two variables. When that information is presented it is the job of the

public and of planners to attempt to choose the combination of economic
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cost and water quality which will, in effect, optimize social welfare or
social well-being.

The first cobjective of this study was to develop an empirical model
which would aid citizens and planning officials in choosing among al-
ternative runoff transport and treatment systems. This objective was
accomplished through the use of a pure integer type programming model.
The objective function, which was minimized, was the amortized yearly
costs associated with each of six different runoff removal systems. The
activities included both pipeline and open channel systems each with
treatment alternatives of: (1) no treatment, (2) primary treatment, and
(3) primary and secondary treatment. Constraints in the multiple objective
programming model were water quality coefficients associated with each of
the six activities.

The second objective was to estimate trade-~off possibilities between
economic costs and water quality using the alternative system designs,
Trade-offs for the Tippecanoe County area were derived with the use of
the pure integer program developed in the first objective. These trade~
offs depict the economic. costs of improving the level quality which was
illustrated by a water quality index, Values along the trade-off func-
tions were cobtained by requiring progressively higher levels of water
quality in the watershed area and examining the cost of system design at
each level of water quality. This process is analagous to the func-
tioning of planners who must. examine differvent system cost levels in an
attempt to stay within a given budgetary constraint and then, to deter-
mine if the level of water quality associated with that specific system

cost is acceptable,
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The water quality index was developed by taking a weighted average
of several water quality parametérs. .The ﬁse of the index values gives
a better.overall picture'of actual quality of the water associated with
each system design than would the use of just one'pollution parameter,

Trade;off possibilities were calculatéd for the urban residential
and urban commercial areas., The activities incorporated in the model
facilitated use of these two areas since rural areas typically do not
include treatment plants as a feasible activity and semiurban areas typi-
cally have a mix of system designs.

A total of twelve trade-offs were developed for both the commercial
and reéidentiai areas. Variables which allowed the trade-offs to show
different system solution values were (l) different rates of amortization,
3, 5, and 8 percent, (2) different meﬁhods of secondary treatment, activa-
ted slﬁdge versus high rate trickling filter facilities, and (3) inclu-
sion or exclusion of 1land acquisition.costs for the open channel systems.
The development and presentation of these trade-off possiblilities com-
pleted objective number two.

The thifd objective provided informatiom to citizens and planners
about costs and water quality differentials over fime as a watershed
shifts in ﬁopulation'density and land use. This analyéis utilized con-
clusions made in the second objective regarding system costs and water
quality. This objective assumed a specific optimal design éystem for the
future and examined the policy implications of alternative future develop-
ment., Future policy questibns regarding system costs and environmental
quality were examined when a rural'watérshed shifted to an urban single
family dwelling versus an urban apartment dwelling watershed. |

In'summary, this research focused on the following objectives:




(1} To illustrate a design comparison model which will aid city
planners and engineers in choosing among differing rainfall
runoff transport systems.

{2) To develop trade-off relationships between economic costs and
water quality for alternative stormwaler systems.

(3) To examine the impact of altermative urban development in
Tiépecanoe County on the cost and water quality of stormwater
removal systems.

Methodologz

S&stem costs and water quality were used in this study to develop
the trade-off relationships mentioned in ﬁhe second objective. System
costs were.used since they are a measure of the gacrifice society is
willing t§ make to dérive a "better'” level of envirommental quality. To
account for the entire life of the particuiar drainage éystem under study,
amortization of fixed costs to amn annual basis was used.

The theory of production related costs to the.pfoductioﬁ function
and the production function to the total cost function or trade-off
function. The trade-off function illustrates the sacrifice in economic
efficiency {(measured in dollar cost) necessary to improve the quality of
environment. The system costs utilized in this case sﬁudy represent only
selected points on the theoretically continuous cost function.

The programming model used for the analysis was a pure integer pro-
gram which is a special ciass of the linear programming problem, The
pure integer form allows only the iﬁclusion of one activity per iteration,
i.e. only one runoff removal system could enter solution for each value
of the water.quality index.constraint. The model actually represented a

maltiple objective type of planning model with economic efficiency {costs)
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as the objective function and environmental quality included in the con-
straint set.
Data

A case study approach was undertaken in the research. The case
study area was the Ross~Ade Upper Watershed located in West Lafayette,
Indiana. This 29,12 acre watershed was used to examine the differences
in environmental quality and system costs associated with thé pipeline
and open channel methods of rainfall runoff removal.

The Ross-Ade Upper Watershed was measured to determine the total
length and diameter of pipeline or open channel waterway which would be
needed to drain the area for a rainfall intensity of the magnitude of a
50-year storm. A local supplier provided pipeline cost data for the
analysis. Secondary publications provided a basis for the open channel
installation costs.

The cost coefficients, cj‘s, represent the annual.amortized fixed
costs of the design system plus the annual variabie costs of operations
and maintenance. Three sets of cost coefficients were associated with
each design system since three amortization rates were used for each
system., This enabled examination of the sensitivity of the optimal de-
sign system to the interest.rate.

Treatment plant fixed and variable cost data were found in secondary
sources and incorporated, Where appropriate, into the cost coefficients
for each activity. To determine if land acquisition costs provide a
deciding factor in the selection of an optimal system at a given level of
the environmental quality index, these costs were included in some of the

computer runs and excluded in others.
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‘s, of the programming model,

The transformation coefficients, aij
which link the objective function and the constraint set were derived
from data on a Tulsa, Oklahoma watershed study. This secondary source
provided water quality measurements in & stock concept, i.e. milligrams
per liter. These coefficients were then converted to a flow type conéept
through the use of the rational method engineering formula which comnverts

stock to a flow per unit of time.

Empirical Analysis

The first section of analysis resulted in the diéplay of trade-off
relationshipé for the urban residential area, Different design alterna-
tives were.considéred in the programming model to assess vafying land
acquisiﬁion coéts, rates of.aﬁortization, and the type of secondary
treatment facility. The first six programs analyzed included ébsté of
land acquisitioﬁ for the open channel alternative. They differed in
their incorporation of the secondary treatment activity and the rate of
amortization. With either secondary treatment, thé pipeline systems were
the least cost and 1éast polluting systems at the 3 and 5 percent.rates of
amortizétion, At.the 3 percent rate of amortization with the activated
sludge facility, the pipeline no treatment alternative entered solution
at an uncénstrained level of total solids. As acceptable total solid
levels were comnstrained below 550, the pipeline primary.treatment alter-
native eﬁtered éolution at an aﬁﬁual cost of $5682.26 for the Ross-Ade
Watershed. When the level of total solids was reduced below 200, the
pipeline primary and secondary.treafﬁent alternative entered final solu-
tion at an annual cost of $7142.29. However, at the 8 percent rate, the
thfee open channel activities entered sclution over a 1imitéd range of the
ﬁotal solid constraint. This situation illustrates how optimal system

design can be sensitive to the interest rate,
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The second part of the total solids trade-off analysis deleted land
acquisition costs from the model. The six programs analyzed in this part
included the three rates of amortization and two types of secondary treat-
ment. When land acquisition costs are excluded the open chamnel systems
predominantly enter solution over the range of total solids and treat-
ment activities available. At the three percent rate of amortization,
there is a trade-off between pipeline and open channel systems. How-
ever, with use of increased rates of amortization, the open channel system
proved to be the least cost systems. This was due to the high fixed costs
associated with the pipeline system. At the 8 percent rate of amortiza-
tion for hoth secondary treatment facilities, the open channel, no treat-
ment activity entered sclution at an unbinding level of total solids.

Usually the open channel treatment facilities entered solution as
the level of total solids acceptable in the drainage system was decreased,
The only exception to the general pattern of results occurred at very
low levels of total solids. This occurred because the pipeline combined
with secondary treatment exhibited less pollution loading than the open
channel waterway. Hence, as total solids acceptable decreased, open chan-
nel systems became infeasible with the pipeline system the only alterna-
tive at such constrained levels of total solids.

The second section of analysis utilized a water quality index as a
measure of pollution loading. This analysis was similar to section one
because it used different rates of amortization, but more restrictive in
nature due to the fact that land acquisition costs were included in the
model and activated sludge was chosen as the secondary treatment activity.
Trade-offs using the water quality index for the urban residential 'area
proved consistent with the trade-offs derived in section one where total

solids were used instead of the guality index.
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The third section of the analysis about the future development
of Tippeéanoe County required the addition of a rural area to the above
analysié of urban commerciél and urban residential areas. For accurate
comparison of the three areas it was neéessary to assume a 50-year
‘design system would be installed in a rural area, identical to the storm
design of the two urban areas. The difference in the intérnal coaffici-
ents of the iﬁteger program reflect the difference in pollution loadings
among the different areas and are partially attributable to one variable--
the runoff coefficient. This coefficient is highgst in magnitude for
the commercial area and lowest for the vesidential. The envirommental
index asscciated with the rural open cﬁannél system design was.492393.
The cost coefficient for the rural open channel system was calculated to
be 51,577a84. Hence, in comparisons of the three areas, the rural open
channel design was the cheapest and exhibited less pollution loading in
terms of flow than the urbaﬁ commercial area. The great differential
in systemﬁ costs are due mainly to the lower iahd acquisition costs in
the rural than in urban aréas,

With.trade—offs developed for fhe three areas of varying land use
and population density, it was pbssible to deal with policy questions in
attempting to interpret the implication of these trade-offs. Three al-
ternatives for future development were established to determine the affects
of each on future system costs. The three alternatives included apart-
ment, siﬁgle family dwelling, and a mixture of the two. It was assumed
that by the year 2020, the population of the Lafayette»Wést.Lafayette

area would be 60,000 larger than the 1970 population.
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Results of the analysis illustrated that for a given level of water
qﬁality the 100 percent apartment dwelling development to the year 2020
would exhibit the least average annual system costs to society. This
development required acquisition of an additional 333 acres of rural land
at an average annual extra cost of $23,476.23. Treatment of this addi-
tional acreage through primary and secondary facilities was estimated to
add $34,988.04 per year to the current costs of drainage in Tippecanoe
County.

The single family dwelling development was estimated to require an ad-
ditional 4,285 acres for future urban development. Due to the tremendous
increase in acreage to be drained, the no treatment alternative was esti-
mated to be an additional $302,089.10 per year for this acreage. Treatment
through the primary and secondary facilities would cost $564,641.32 a year
for the additional 4,285 acres.

The wide differences of system costs among the two alternatives was
caused primarily by the great difference in additional acreage required for
each development pattern. The apartment dwelling development probably could
be handled by the existing treatment facilities in Tippecanoe County. Hence,
additional costs to soclety were pipeline installation and variable treatment
costs. The single family development alternative, however, would require
either a new treatment plant to handle the additional large volume of rain-
fall runoff or major expansion of the existing facilities. Hence, additional
costs of this alternative represent piping of a much larger area and increased

variable costs and fixed costs for treatment facilities.

Limitations of Research

Certain aspects of this study relating to model formulation and data
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procurement serve as limitations to the analysis and conclusions. The
use of the case study approach fails to provide general information but
instead looks at the specific problem in a specific area. The result is
that the conclusions and poiicy implications of the study tend to be use-
able only for that specific area. However, it is possible to use a simi~
lar procedure in other areas to provide z similar decision criteria for
rainfall runoff removal systems. Hence, the model used in this study
could be utilized for similar analvses on other watersheds with different
coefficients. However, the system cost solutions are unique to the West
Lafayette areas.

Due to the lack of useasble water quality data for the West Lafayette
area; a Tulsa, Oklahoma stuéy was used to provide the envirommental quality
coefficients for the model. However, the comparison of the Tulsa data
to the water quality data available from the Lafayette area showed remarkable
consistency between the two areas. Therefore the water quality coefficients
used in this study should serve as an indicator of the magnitude of envi-
ronmental guality associated with each system.

Some limitations of the empirical model exist. The assumption that
only one system would be used for the case study watershed is quite ten-
able. However, when the analysis was expanded to include the entire
Tippecance County area, this assumption may prove untenable. Another
limitation concerns the static nature of the snalysis, since the future
flow of costs may not be constant as is assumed in this study. The model
did not take inflation into account which would further limit conclusions
aboul appropriate system costs. Also the model assumed amortization rates

of 3, 5, and 8 percent were relevant rates of discount.



. 67

The use of Tulsa data for the West Lafayette watershed has already
been discussed as a limiting factor for interpretation of conc lusions
and policy implications. Certain othef.data limitations concern estimates
of some of the system costs. Eétimates of some installation costs for
the systems are based somewhat on either standard calculations or pro-
fessional opinion judgments.

A paradox éxists betweeﬁ the use of stock or flow type data. 'Compari~
SODS éf.the rural, urban commercial and urban residential areas show the
rural area té be the "worst'' polluter in.terms of milligrams of.pollution
per lifer of water. However, when these stock coefficients are converted
to flow coefficiénts, the ”Worstﬁ polluter is the urban commercial area.
For this study water quality was measﬁred in grams éf pollution ?er second
passing from the watershed area. It was assumed for this study that the
flow data was the most relevant for use by citizenms and social plamners.

Possibilities for Further Research

A comparison of the results of this study to results of a study
which used environmenﬁal quélity data for runoff systems on a mational
hasis could prove useful, The limitationé, using a national basis for
data, of the case study appréach would bé circumvented.

' Additiénal systems of rainfall runoff removal could bé incorporated
in tﬁe existing eﬁpirical model presented in this study ﬁrovidéd adeguate
data exists. This would give ﬁublic officialé, élanners and citizens a
broader base on which to make decisions about appropriéte system design
with regards to costs and water quality.

Civil engineers are currently conducting water quality studies in
several watersheds in the West Lafayette area. When these data become

available, a similar study could be conducted contrasting results using
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the West Lafayette and the Tulsa data.

There has been little economic analysis of the operating and main-
tepance costs associated with different methods of transporting runoff.
These records are often available from the municipalities, but no stat-
istically reliable sample of maintenance and operating costs have been
prepared to permit accurate comparison of the systems. It would be néces—
sary to obtain.these_records during a sufficient period of time so that
the irregular maintenance costs would be included in the analysis. The
value of this economic research would be in identifying exact system op-
erating and maintenance costs so that differences among syétems could be
incorporated iﬁ the system design and selection stage.

JThe preliminary work on holding ponds as a part of optimum system de-
sign is encoﬁraging enough to suggest that further analysis of this sub-
system should be explored in additional research. From a cost standpoint
and a hydrologic flow standpoint the use of holding ponds in overall system
design suggest many intriguing possibilities for further exploration.

Tt is important to assess the benefit functions related to each of
the systems developed in this research. The value of flood damage reduc-
tion that occurs as model design specifications change may reéult in the
selection of an optimum solution which is not the minimum cost system.

This should be explored in further research.
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