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INTRODUCTION 

Many cities and industries are faced with the 
problem of planning wastewater treatment for a 
growing society. The 1972 Amendments to the 
Federal Water Pollution Control Act (PL 92·500) 
have made the job more difficult by requiring that 
the public ally owned treatment works meet effluent 
standards equivalent to secondary treatmen I by July 
1, 1977. Application of the best practical technology 
is required by July I, 1983. These higher effluent 
standards will necessitate the expansion and upgrad· 
ing of many existing wastewater treatment plants. 
Large capital investments will be required for new 
plants to be built to meet both the required hydraulic 
capacity and the required effluent standards. 

In the early 1970's it was estimated that $15 
billion would be spent on capital expansion of the 
United States municipal wastewater treatment sys· 
tems (Wanielista and Bauer, 1972). Poor planning can 
result in the construction of an unnecessarily expen· 
sive, non·optimal, system. The rapidly increasing 
costs of construction, the increasing complexity of 
the treatment processes, and the limited availability 
of capital for investment has focused attention on the 
need for better planning of wastewater treatment 
systems. 

In many urban areas there are several treatment 
plants which might be phased out to provide for a 
much larger regional plant with improved economies 
of scale in both capital and operation and 
maintenance costs. The construction and operation of 
small, randomly placed, wastewater treatment plants 
is generally accepted as being inefficient and expen
sive. Also in a large plant, operators are generally 
better qualified and the plant itself is large enough to 
dampen any short term operational problems. 

The general purpose of this research is to 
present some criteria and a method which can be used 
to evaluate the timing and capacity expansion deci
sions for wastewater treatment facilities. The term 
capacity has been taken to mean both the hydraulic 
capacity and the level of treatment efficiency. The 
procedure consists of selecting the combinations of 
treatment plants and treatment levels that best meets 
the desired objectives at the lowest future discounted 
cost. The number of alternative combinations in
creases rapidly as the number of treatment plants and 
treatment levels increase. ll1e determination of the 

true optimal alternative would require the examina
tion of an unrealistically large number of possible 
combinations. however, the number of feasible alter· 
natives tcnd to be limited by practical economic and 
design considerations, such as available treatment 
plant sites, geographical layout, and water quality 
regulations. Although the term "optimal" is used 
throughout this report, it should be understood that a 
best guess and not a true global optimal is being 
achieved. 

Planning for an anticipated, persistent growth 
in load on treatment systems can be handled by an 
expansion policy which minimizes the total dis
counted future costs of a selected number of alterna
tive treatment schemes. ll1is would be considered an 
optimal staging policy. This policy quantifies the 
opposing effects of the economies of scale and the 
discount rate on the cost of construction and the cost 
of operation, maintenance, and replacement of a 
project over time. AlthOUgll there are many other 
facets to be considered in project development in 
addition to economics, it is a fundamental part of 
engineering design and analysis, and it cannot be 
overlooked. 

Among the factors affecting the staging policy 
are: (I) Quantity and quality of wastewater and its 
change with time; (2) the rate of interest and the rate 
of inflation; (3) the capital and the operation, 
maintenance, and replacement costs; (4) the treat· 
ment efficiencies; (5) the economies of scale; (6) the 
excess capacity; and (7) the service life. 

Many types of engineering systems have been 
analyzed by the use of system analysis. These 
methods have been applied in recent years to the 
design and analysis of wastewater treatment systems 
and processes. The use of a mathematical computer 
model is often the only way to quantify the specific 
interrelationships of real life problems. With a model 
it is possible to abstract the economic and technical 
relationships from the many complexities involved in 
the planning processes, and to provide an insight into 
the planning decisions. However, a model does not 
take the place of a detailed analysis of the problem, 
but rather allows the analysis of many more alterna
tives than normally feasible. The validity of a model 
depends upon the validity of the input data and of 
the assumptions used to prepare the model. A 



properly designed model can make both a technical 
and an economic evaluation of available alternatives. 

TIle destination of the effluents from most 
treatment plants is into a stream or lake. Depending 
upon the location, quantity, and quality of this 
effluent discharged, the receiving body of water may 
or may not be able to assimilate the residual pollution 
content. In some cases, there may be a savings 
incurred by using the assimilative capacity of the 
receiving body of water to meet stream standards 
rather than using a treatment plant to meet effluent 
standards. The optimization model of this study 
provides the economic effects of various timing and 
capacity expansion decisions necessary to meet dif
ferent effluent quality standards. 
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The purpose of this research was to develop an 
economic decision model to be used as a management 
and planning tool by regional and local planners for 
the sequential expansion, upgrading, and regionaliza
tion of wastewater treatment plants at a minimum 
total discounted future cost. TIle analysis included 
the projected populations, wastewater quality and 
quantity, treatment efficiency requirements, interest 
rates, inflation rates, construction costs, operation, 
maintenance, and replacement costs, economies of 
scale, excess capacity, and service life. An analysis of 
the wastewater treatment needs of the Lower Jordan 
River region of Salt Lake and Davis Counties in Utah 
was made with the model using the available data. 
These results were subjected to a sensitivity analysis 
of the input parameters. 



LITERATURE REVIEW 

Review of Optimization Models 

There are a variety of mathematical modeling 
techniques that have been used to find the least cost 
combination of wastewater treatment facilities in a 
river basin. Models have also been used to design the 
combinations of unit processes in an individual 
treatment plant to achieve desired treatment 
efficiencies at a minimum cost. 1his is a brief survey 
of the types of modeling techniques in current use 
and the application of some of these techniques to 
the optimization of wastewater treatment systems. 
The survey is in no way complete, but rather provides 
direction to the formulation of this problem. 

Linear programming 

Several programming techniques have come 
into common use in the last two decades. TIle most 
common of these is linear programming which is used 
to solve a set of linear equations (Dantzig, 1963: 
Hadley, 1962a). This method is able to handle large 
numbers of variables and constraints and obtain a 
global optimum as long as the system can be 
described by linear functions. However, water 
resources systems and wastewater treatment systems 
generally have concave or other nonlinear forms of 
cost equations. This is due to economies of scale or 
discontinuities of the equations. The use of separable 
programming methods to break the cost equations 
into linear segments has been used successfully, but 
increases the computation time in proportion to the 
number of linear segments used to represent the 
Original equations. 

Nonlinear programming 

Nonlinear programming has been used to more 
accurately represent the cost functions (Hall and 
Dracup, 1970; Hadley, 1962b; Kuhn and Tucker, 
1950). Several forms have been developed based on 
differential calculus methods and gradient search 
procedures. Althougll the gradient method is very 
powerful, it is difficult to use for routine analYSis. 

Dynamic programming 

Dynamic programming was developed for deal
ing with sequential·decision processes. It is based on 
Bellman's Principle of Optimality (Bellman and 
Dryfus, 1962), which states that "an optimal policy 
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has the property that, whatever the initial state, and 
initial decision are, th~ remaining decisions must 
constitute an optimal policy with respect to the state 
resulting from the first decision." It is not restricted 
by any requirements of linearity, convexity, or even 
continuity (Bellman and Dryfus, 1962; Hall and 
Dracup. 1970: and Hadley, 1962b). While linear 
programming has a standard formulation of equations 
and a standard computer solution package, dynamic 
programming only provides a general systematic 
procedure for the determination of the optimal 
decisions. A particular set of equations must be 
developed for each individual application. Dynamic 
programming is well suited for many water resources 
problems b·ecause they possess definite sequential. 
decision characteristics both in time and space or 
location. A shortcoming of dynamic programming is 
the need to keep the dimensionality of the decision 
variables as small as possible, preferably less than two, 
to keep the computation time to a reasonable limit. 
Althougll this will limit the use of dynamic program
ming in some cases, ingenuity can often find ways of 
meeting the requirements of the logic and the 
principles of optimality in ful!, even thougll the 
requirements are not strictly met. 

Integer programming 

The operational problems of the existing 
modeling techniques has led to the rapid development 
of integer programming in the past few years (Balas, 
1965; Geoffrion, 1966; Glover, 1965; Gomery, 1963; 
Haldi and Isaacson, 1962; Hu, 1969; Trauth and 
Woolsey, 1969; Watters, 1967; and Woolsey, 
Holcolm, and Ryan, 1969). This method has been 
applied to problems where the required results are 
integers, such as the selection of treatment levels. As 
in linear programming, the original integer program· 
ming formulation required the data to be linear. This 
problem has been overcome by the development of 
methods where the variables may take on only the 
value of zero or one, and allows the use of nonlinear 
equations. This method has been referred to as 
implicit enumeration technique (Balas, 1965; 
Geoffrion, 1966; and Glover, 1965). Care must be 
taken in the selection of the initial conditions for the 
model to prevent an exhaustive search of all possible 
alternatives. Proper formulation of this method can 
make it a useful tool. Other types of optimization 
modeling methods are available but they are not in 
common use in the water resources and wastewater 
treatment systems. 



Decomposition methods 

Many of the systems that have been modeled 
are too large and too complex for direct optimiza
tion. Decomposition and multi-level approaches have 
been developed that permit the use of the different 
programming methods to solve parts of a model prior 
to optimizing the entire model (Dantzig and Wolfe, 
1961; Haimes, 1971; Haimes, 1972a;Haimes, 1972b; 
and Haimes, Kaplan, and Husar, 1972). The concept 
of the multi-level approach is based on the de
composition of large scale and complex systems and 
the subsequent modeling of the systems into in
dependent subsystems. The decomposition may be of 
several types such as: (l) Geographical-political base 
decomposition (e.g. cities, counties, collection areas, 
etc.), (2) time base decomposition (e.g. hours, days, 
weeks, months, years, etc.), (3) model base de
composition (e.g. optimization, simulation, etc.), or 
(4) decision base decomposition (e.g. automatic 
computer control, manual policy control, etc.). Each 
subsystem can be optimized separately and in
dependently using whatever modeling technique is 
most appropriate. This is called a first level solution. 
The subsystems are then joined together by coupling 
variables and manipulated by a second level con
trollers in order to obtain an optimal sol ution for the 
entire system. A third level may consist of the policy 
making body which establishes the constraints or 
standards to be obtained. Each type of problem must 
be analyzed to select the best method of decomposi
tion and the levels to be used. 

Applications of models 

The above described modeling techniques have 
been applied to both water and wastewater treatment 
systems by a number of investigators (Table 1). The 
basic objectives and methods used are discussed in the 
following section. While these examples by no means 
include all the work that has been done, they are 
indicative of the approaches that have been applied to 
data to minimize the cost of water resources, water 
treatment, and wastewater treatment systems. 

There are several factors that may be con
sidered in the optimization of a treatment system. 
When the design objectives are defined in terms of a 
least cost approach, some cost minimization para
meters are required. These may be hydraulic treat
ment capacity and treatment levels. Evenson, Orlob, 
and Monser (1969) defined some of the typical 
parameters to be considered in the determination of 
treatment levels. They are biochemical oxygen de
mand, BOD; chemical oxygen demand, COD; 
suspended solids, SS; nutrient removal; and solids 
treatment. This is only a partial list of the possible 
parameters tllat are subject to regulation and removal. 
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While it is desirable to minimize the cost with respect 
to al\ of these, the problem becomes very complex. 
Therefore, BOD is commonly chosen as the main 
parameter. 

Lynn, Logan, and Charnes (1962) were among 
the first to apply the echniques of system anaiysis to 
the design and analysis of wastewater treatment 
systems or processes. Linear programming was used 
to find the combinations of unit processes that would 
least expensively remove a given amount of BOD. 
TIlls method was restrictive in that the constraints 
had to be linear or combinations of linear segments. 

A further application of system analYSis was 
made by Lynn (1964) using linear programming to 
determine the stage development of wastewater treat
ment systems over time. The objective of this stage 
development solution was to minimize the treatment 
cost throughout the history of the project. Popula
tion growth, treatment requirements, availability and 
cost of borrowed funds, and other investment 
opportunities were considered for each time in
crement. The solution for this problem indicated the 
type and increment of treatment to be constructed, 
the amount of funds available, the amount of funds 
needed to be borrowed, a per capita service charge, 
and the schedule for investment of funds, for each 
increment of time. 

Deininger and Su (1973) applied a linear 
programming formulation using Murty's (1968) 
ranking extreme point approach to obtain an optimal 
solution to a planning problem involving a number of 
communities and/or industries in a geographical area. 
The following questions were considered: Where 
should treatment plants be built, how many, at what 
time, and which intercepting sewers are necessary to 
connect the municipalities and industries to these 
plants, such that the total cost of wastewater collec
tion and treatment is a minimum? 

Marsden, Pingry, and Whinston (1972) applied 
the production theory to determine the optimal 
design of waste treatment facilities. The production 
function, in economic theory, is a mathematical 
statement relating quantitatively the purely tech
nolOgical relationships between the output of a 
process and the inputs of the factors of production. 
The inputs were divided into groups of similar cost 
characteristics and a nonlinear programming model 
was formulated to find the minimum BOD level 
possible under any possible combinations of inputs. 
The use of the production function compacted the 
system through the elimination of nonoptimal 
alternatives, and allowed a simplification of the 
model. 



Table 1. Applications of optimization models. 

Programming 
Method 

Linear 

Linear 

linear 

Nonlinear 

Nonlinear 

Dynamic 

Dynamic 

Dynamic 

Dynamic 

Dynamic 

Dynamic 

Approximate 
& Incomplete 
Dynamic 

Integer 

Integer 

Nonlinear 
Decomposition 
& Multilevel 
Approach 

Purpose of Optimization 

Least cost combination of unit processes to remove a given 
amount of BOD 

Stage development over time of wastewater treatment systems 

Least cost of wastewater collection and treatment and staging 
of construction for a region 

Least cost combination of inpu ts to production function to 
remove BOD 

Least cost regional wastewater planning 

Sequential capacity expansion of plants 

Multistage capacity expansion of water treatment systems 

Least cost combinations of unit processes to remove a given 
amount of BOD 

Serial multistage system of industrial waste treatment for BOD 

Minimum total annual cost to meet given treatment 
requirements 

Sequencing of water supply projects to meet capacity require· 
ments over time 

Capacity expansion of large multi·location wastewater 
trea tmen! systems 

Location and size of wastewater treatment plants and trunk 
sewers 

Least cost selection of treatment levels to meet river quality 
standards using zones of uniform treatment level 

Minimization of overall regional treatment costs to meet 
desired river quality standards. Determination of 
effluent charge pricing level 

References 
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Kirby (1971) 

Hinomoto (1972) 

Evenson, Orlob, and 
Monser (1969) 

Shih and Krishnan (1969) 

Shih and DeFilippi 
(1970) 

Butcher, Haimes, and 
Hall (1969) 

Erlenkotter (1973) 

Wanielista and Bauer 
(1972) 

Liebman and Marks 
(1968) 
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Haimes (1972a) 
Haimes (l972b) 
Haimes, Kaplan, and 

Husar (1972) 

Young and Pisano (1970) demonstrated the use 
of nonlinear programming to find the least cost mix 
of alternatives to satisfy future water demands in a 
region. The model considered surface water, well 
water, water reclaimed by electrodialysis and de· 
salination, and water recycled from wastewater. A 
network of pipelines was developed to transport the 
waters between sources and destinations. Optimizing 
the network required that the relative cost of 
supplying water by each alternative and its con· 
comitant transmission costs be identified for each 
level of projection and that the minimum cost 
solution be selected. The nonlinear programming 
method used to find the minimum was a long step 
gradient method called the method of feasible direc
tion. 

ming algorithm which treats an n--expansion problem 
of 2n decision variables as an n-stage decision process. 
It was assumed that: Capacity expansion was step 
function, plants had an infinite life, there was no lead 
time for construction, and economies of scale exist 
for plant investment costs. The optimal policy was 
found to be one in which the expansions are of equal 
size. Since the reliability of demand forecasts de
crease with the length of the planning interval, it 
should be used parametrically. Their results also 
indicated that if short term forecasts are reliable, 
good estimates can be made for the optimal size of 
the first plant expansion. 

Kirby (1971) considered an optima! sequential 
capacity expansion model using a dynamic program-
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Hinomoto (I972) applied dynamic program
ming methods for the multi-stage capacity expansion 
of a municipal water treatment system. This model 
determined the sizes of new treatment plants and the 
times that the new plants are added to the system. 



Both the capital and operating costs of these plants 
are given by concave functions reflecting economies 
of scale available with an increase in capacity. The 
optimal solution was determined by minimizing the 
discounted present value of the capital and opera ling 
costs associated with new plants added to the system 
and the permanent chains of their successors. 

Evenson, Orlob, and Monser (1969) developed 
a technique for the determination of the best in-plant 
treatment system using dynamic programming. TIleir 
objective was to find the least costly combination of 
treatment components to remove a specific amount 
of BOD. Sensitivity testing was used to determine 
how sensitive the minimum cost solution was to the 
assumed economic parameters, how the choice of 
unit processes is influenced by the changes in the 
economic parameters, and what the difference in cost 
between the least-costly and the next most attractive 
choice. 

Shih and Krishnan (1969) presented an applica
tion of dynamic programming for the system 
optimization of an industrial wastewater treatment 
design. A decision inversion method for two-point 
boundary value was utilized for the optimization 
procedure of the serial multi-stage system. TIle model 
identified the optimum combinations and efficiencies 
of the various unit processes in a multi-stage treat
ment plant meeting the ultimate design requirements. 
BOD was used as the optimization parameter. 

Shih and De Filippi (1970) used dynamic pro
gramming to identify the optimum combinations and 
efficiencies of various unit processes in a multi-stage 
wastewater treatment plant. The model identifies the 
least cost unit processes which are required to meet 
design criteria. The decision inversion method was 
used because the two boundary conditions, effluent 
and influent quality, were fixed. The method allowed 
the optimum design of the entire plant as a unit 
rather than designing each unit process individually. 

Butcher, Haimes, and Hall (1969) applied 
dynamic programming to determine the optimal 
sequencing of water supply projects. The model 
related the effects of the economies of scale of 
constructioh to determine the series of plants that 
would need to be built to meet water needs over time 
at a minimum cost. 

Erlenkotter (1973) developed a model for 
capacity expansion planning of large multi-location 
systems using approximate and incomplete dynamic 
programming approaches. The model was applied to a 
production industry with linearly increasing demands, 
variable operating and distribution costs, and 
economies of scale in capacity expansion costs. TI1e 
optimum solution was determined by minimizing the 
total discounted costs for investment, operation, and 
distribution. 

6 

Wanielista and Bauer (1972) applied an integer 
programming algorithm to plan the location and size 
of wastewater treatment plants and trunk sewers in a 
river basin. A network was developed with all 
practical connections made by interceptor sewers 
between one existing or proposed trcatment plant 
and another. The optimum alternative was deter
mined by the minimization of the present value of 
the initial construction costs and the sum of the 
discounted future costs of the nrst year operation, 
replacement, and maintenance costs over a 20 year 
planning period. The system component cost curves 
were taken to be piecewise linear approximations. 

Liebman and Marks (1968) applied Balas 
algorithm of the integer programming formulation to 
provide the desired river quality at the least overall 
cost to the region. However, zones of uniform 
treatment were defined such that one contributor did 
not have to pay more than his share of the treatment 
costs. A linear input-output mode! was denned by 
dividing the stream into homogeneous sections. Using 
the phYSical parameters of flow, reaeration ratc, 
decay rate, and diffusion rate, a matrix was con
structed which showed the change in water quality in 
any section due to unit change in waste input at some 
point. Although the quality can be measured in any 
parameter, dissolved oxygen was used by this model. 
A cost-minimization solution was obtained by in
tegrating location and unit cost of removal of waste 
to ob tain overall least cost. The sol ution for this 
problem was essentially found by direct enumeration 
of all possible combinations, except that a partial 
solution is abandoned if a higher cost is indicated. By 
proper selection of initial conditions, it was found 
possible to minimize the computation time required 
for the model. 

Haimes (1971) applied the multi-level approach 
to develop a general mathematical model to represent 
a system of treatment plants discharging the pollUtion 
effluent directly into the river. The water quality was 
represented by several variables slIch as BOD, DO, 
pH, conductivity, temperature, algae, phosphates, or 
nitrates. The system was decomposed into several 
reaches, and an oyerall cost function for treatment 
was determined. Each treatment plant or pollution 
source sub-optimizes its cost between its own treat
ment costs, costs to treat at a regional plant, and an 
effluent charge for direct discharge of various 
qualities of effluent. The regional authority, or 
second level controller imposes a price, represented 
by a Lagrange Multiplier, on the subsystems as an 
effluent charge. The objective is to minimize the cost 
of the overall system. Similar formulations were also 
presented in other papers (Haimes, 1972a; Haimes, 
1972b; and Haimes, Kaplan, and Husar, 1972). These 
contained variations of the approach applied to a 
number of modeling problems. 



Review of Capacity Expansion Models 

A basis for the optimal staging for expansions 
or replacements of wastewater treatment plants and 
sewerage transportation systems is found in the 
"Optimum Overcapacity" principles developed by 
Chenery (1952) for the expansion of production 
facilities. An optimum relationship was developed 
between excess capacity and load or output that was 
a function of the economy of scale, the discount or 
interest rate, the planning period, and the rate of 
increasing demand when a production function and a 
forecast of load over time had been established. The 
plan that minimized the discounted total costs was 
the optimum plan. Excess capacity was defined as the 
amount of possible production exceeding the present 
load. 

Mathematical formulations of Chenery's work 
in terms of optimum excess capacity has been 
prepared by Manne (1961). He developed the basic 
data for a model and utilized it to establish the design 
criteria for the optimum excess capacity. 

Rachford, Scarto, and Tchobanoglous (1969) 
applied the model developed by Manne to wastewater 
collection and treatment systems with the objective 
of determining the capacity expansion policy which 
would best meet the demand at all times at a 
minimum cost. The following conditions were reo 
quired by the models: 

1) Deterministic, linearly increasing quantity 
of wastewater 

2) Economies of scale, constant over time 
3) Income structure a linear function of 

quantity of wastewater 
4) Continuous discount factor 
5) Infinite penalty costs 
6) Interest rates reflect the true cost of 

money 
7) An inflnite time period 

The theory of the model is that a design 
capacity can be determined that will provide the 
minimum present worth of all discounted future 
costs. The application of this model is shown in 
Figure 1 where x units of capacity are added 
whenever load or quantity of wastewater equals 
existing capacity, and where D represents the rate of 
increase ofload during time period t. The total load is 
projected linearly with respect to' time and the 
installed capacity is shown as a step function with 
equal time intervals and capacity expansions. 

The construction cost for a single capacity 
increment of size X at the present time is given by the 
concave cost function: 

C(X) = k(X)a (k> O;O<a< 1) ... (1) 
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in which 
C(X) = 
k 
X 
a 

present cost 
cost coefficient 
increment of size, Dt 
economies of scale 

The present worth of adding Dt units of 
capacity over an infinite number of periods of equal 
time t is given by 

C(dt) '" Jill]k ~ ....•..••• (2) 
. e 

in which 
C(Dt)= present worth of discounted future 

costs 
discount factor or interest rate 
time period between additions, yr 

The present worth, C(Dt), is minimized by 
taking the logarithms of both sides of Equation 2, 
differentiating and setting the results equal to zero. 
The minimum value of C(Dt) can be determined for 
differing conditions defined by the right hand side of 
Equation 2. 

d~ [log C(Dt)1 a = 0 .. (3) 
Dt . 1 'ft . e 

Hereafter, optimal values of t and C(Dt) are 
denoted by the use of an asterisk as a superscript. 
Equation 3 was solved for the optimal time phasing, 
t*, to find the minimum cost capacity expansion 
program. It was assumed that t* is independent of D 
and is governed by a and r alone (Singh and 
Lonnquist, 1972). By varying the values of a, r, and 
t* in Equation 4, the relationships shown in Figure 2 
were developed. 

[net: r + J 
t* = . . . . . . . . . (4) 

in which 
t* optimum design period, yr 
r annual interest rate 
a economies of scale 

Rachford, Scarto, and Tchobanoglous (1969) 
point out that increasing the economies of scale, 
indicated by decreasing the value of a, will result in 
an increased plant size to achieve optimality, while 
increasing the interest rate decreases the optimum 
time, t*, and size, Dt*. 
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Figure 1. Time growth of demand and installed capacity (after Rachford, Scarto, and Tchobanoglous, 1969). 
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Figure 2. Optimal time-capacity expansion (after Rachford, Scarto, and Tchobanoglous, 1969). 
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The basic equation for concave costs given in 
Equation 1 is not an accurate representation for all 
costs found in a wastewater treatment plant accord
ing to the data established by Smith (\968), There 
are several different forms of equations representing 
the construction cost of the various components of a 
wastewater treatment plant. Each is a function of the 
design parameters of that component. Rachford, 
Scarto, and Tchobanoglous (1969) derived optimum 
capacity expansion equations for each of these. cost 
equations (Table 2). 

Table 2. Optimum capacity-expansion models (after 
Rachford, Scarto, and Tchobanoglous, 
1 969),a 

Number Equation Type 

C(x)= k(x)a 

2 C(x) a + kxa 

3 C(x) :; ax + kxa 

4 C{x) = a + bx + kxa 

16 

12 

Derived Result 

rx 
a = ert _ 1 

a 2rx 
err=! 

2rx 
a ~-l e -

a 3rx 1 
~-

§I~ a = 0.7,r = 0.10 

o 
i= 8 
« 
0: 
Ien o 4 
() 

o 
o 10 

These equations do not affect the basic 
principles behind the capacity expansion model. The 
curves shown in Figure 2 are valid only for Equation 
1 in Table 2, however, similar cost curves can be 
developed for each equation. The use of an optimum 
capacity expansion model requires that current reli
able cost data be used to make the model valid. 

The optimal cost function, C(Dt*), provides 
further insight into the effects of the optimization of 
capacity expansion. The cost ratio, C(Dt*)/k, for 
various optimal times and a given set of parameters, 
a and r is shown in Figure 3. The flat curves shown 
in Figure 3 indicate the relative insensitivity of the 
cost ratio to changes in the decision variable, t *. TIlls 
indicates that even a very substantial error in the 
forecasting parameters may not lead to an extremely 
bad choice of capacity increment. As the cost of 
capital is increased the total costs do become more 
sensitive to the capacity increment. 

This type of analysis can be used to determine 
the capacity expansion policy of the entire treatment 
plant or of the individual unit processes. The cost 
function for the entire facility is the weighted average 
of the unit component costs, each of which are 
unique. 

Other types of demand {unctions are possible 
other than the linear form required by Rachford. 
Manne (1961) assumed that no backlogs were pos

; sible, or that the cost of not treating all the 

a = 0.7, r = 0.05 

a = 0.5. r = 0.10 

20 30 40 
TIME (t,YRS) 

Figure 3. Discounted cost ratio (after Rachford, Scarto, and Tchobanoglous, 1969). 
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wastewater was infinite, and applied a probabilistic 
growth of demand. He found that the optimal level 
required a higher expected discounted cost and also 
the installation of somewhat larger increments of 
plant capacity than would have been required for a 
linear growth equal to the expected value of the 
probablistic growth. 
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Srinivasan and Manne (1967) considered the 
case of a constant geometric growth rate of demand. 
The optimal increment of capacity was found to be 
geometrically proportional to time and required the 
installation at equally spaced time points. The more 
general case of arbitrarily increasing demand has been 
considered by Veinott and Manne (1967). 



MODEL THEORY 

The determination of the optimal combination 
of treatment plants, treatment levels, and trunk 
sewers over a planning horizon that is experiencing 
increasing rates of interest and inflation is best 
handled by the use of a dynamic programming model. 
This method is well suited for problems that involve 
sequential decisions, but is limited when more than 
two decision variables are used. Normally, a problem 
of such a large scale as the optimization of treatment 
systems would not be amenable to dynamic program
ming; however, in this case a special decomposition 
procedure was developed. The entire optimization 
problem was decomposed into sub-optimizations of 
each of the alternative treatment systems for each 
year to produce a single cost parameter for each 
alternative that could be used to optimize the entire 
system. Since the costs in question will be incurred at 
a variety of different times in the future, the term 
cost refers to the sum of equivalent present, or 
discounted, values of the future costs of building, 
expanding, or upgrading the treatment plants and 
trunk sewers, and the costs of the operation and 
malntenance of the entire system. 

The discussion of the model is presented in 
three steps. The first of these is the generalized 
overview of the model as presented in Figure 4. 
Following this is the mathematical formulations of 
the input data and the sub-optimization steps of one 
alternative, shown as subheadings in Figure 4. The 
concluding portion is a discussion of the optimization 
of the model through dynamic programming. 

Generalized Approach to Problem 

A brief overview of the entire model can be 
represented by several generalized concepts shown in 
Figure 4. The initial state of the system is represented 
by the capacity, capital debt, and treatment level of 
the wastewater treatment plants, and the capacity, 
capital debt, slope, and length of the proposed and 
existing trunk sewers between the treatment plants. 
Since the model estimates the state of the system at 
various points in time, the effect of time on the 
interest rates, capital recovery factors, and cost 
indexes must be estimated. The projected wastewater 
loads on the treatment plants are determined from 
the population projections using a per capita waste
water production multiplied by a peak flow factor. 
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This wastewater is transported by trunk sewer to 
another plant if the chosen alternative treatment 
scheme requires that its intended plant be closed. 

All alternative treatment systems (consisting of 
treatment plants, treatment levels, and trunk sewers) 
to be considered by the model are specifically 
designated by the user. This is accomplished by 
means of 0-1 integer matrix system indicating which 
treatment plants and trunk sewers used for each 
alternative. The designation of any given alternative 
does not change the fact that the existing system of 
the previous year still has its capacity and debt. 

The sub-optimization of a treatment alternative 
provides the least cost system that will meet the 
required loads on the treatment system in terms of 
quantity and quality. Since there is a lag in time 
between the decision to build a treatment plant or 
trunk sewer and the actual completion, it was 
necessary to compare existing capacity with the 
projected flows at a time in the future equivalent to 
the construction lag time. When the required capacity 
or treatment level exceeds the existing conditions, the 
treatment plant or trunk sewer is expanded. For 
treatment plants, a design index was developed to 
indicate changes in the level of treatment between the 
existing and the proposed treatment plant. This 
information was necessary for both the cost equa
tions and design period calculations. 

The design period for both the treatment plants 
and trunk sewers was based on determining the 
optimum amount of excess capacity that a facility 
must have to minimize total future discounted costs. 
The quantity of capacity addition was determined by 
multiplying the design period times the projected 
annual increase in quantity of wastewater to be 
handled. 

The cost of building, expanding, or upgrading 
the treatment plants and trunk sewers was deter
mined using the appropriate cost equations. These 
costs were added to the capital debt and an annual 
capital repayment was calculated on the basis of the 
previous years debt. TIle capital debt remalning was 
reduced by this amount. The annual operation and 
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model. 
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maintenance costs were determined on the basis of 
the current flows. The total annual costs were 
determined for each plant and sewer, and these were 
converted to present worth values at the base year of 
the study. The total present worth of this alternative 
was now available for use in the optimization process 
of the dynamic programming model. 

The value of the present worth of each alterna
tive provides a single decision variable that can be 
used by the dynamic programming model. The details 
of this model will be discussed in detail in a later 
section. 

Mathematical Fonnulations 

The need for uniformity of notation dictated 
the use of the following subscripts: 

source of input to node 
j wastewater treatment plant node 
k destination of output from node 
!I. year of analysis 
m alternative treatment scheme 

and control parameters: 
J number of wastewater treatment 

plants 
L number of planning years 
M number of alternatives being 

analyzed 

Generalized network notation 

The model notation was based on the Kirchoff 
Node Law (Lynn, Logan, and Charnes, 1962) as 
shown in Figure 5. The basic principle is that 
whatever flows into the node also flows out. The 
general statement which describes the node condition 
is 

Input. Output = 0 ......... (5) 

It is possible to have any number of inputs but the 
wastewater treatment plant is limited to one output. 
This fact does not change whether it is discharging 
treated effluent or acting as a collection point for 
transmission to another treatment facility. 

Treatment plant parameters 

The existing capacity, capital debt, and treat
ment level of each treatment plant is required to 
initialize the model. 

CAP~ 

DEBT~ 

capacity of treatment plant j, mgd . (6) 

= capital debt of treatment plant j, 
mil $ . . . . . . . . .. (7) 



NODE 

INPUT 

Xij 

OUTPUT 

Xjk 

NODE k 

Figure 5. Input and output at a node (after Lynn, Logan, and Chames, 1962). 

ELE'1 = elevation of treatment plant j, ft 

LTREA1j treatment level of plant j . . . 

in which 
j 1,2, . ,J 

Trunk sewer parameters 

(8) 

(9) 

The existing capacity, capital debt, slope, and 
length of each existing or proposed trunk sewer is 
required to initialize the model. 

CAPSjk = capacity' of trunk sewer jk, mgd . . (1 0) 

DEBTSjk capital debt of trunk sewer jk, mil $ . (11) 

Capital recovery factor 

The repayment of capital debts for treatment 
plants and trunk sewers is a function of the repay
ment period and the interest rate. 

in which 
CRFR, 

PER :: 

PER If (l.Otre) --..:: __ -=--_. . . . . (14) 

f ER (l.0 t r e . . 1.0 

capital recovery factor in year R, 
(Note: will be different for plants 
and sewers) 
capital return period (e.g. 20 years 
for treatment plants and SO years 
for trunk sewers) 
annual rate of interest in year Q, 

DIS1jk = length of trunk sewer jk, ft. . . . . (12) Inflation rates 

in which 
j 
k 

Interest rates 

1,2, . ,J 
1,2,.,J+l 

Interest rates have been showing an upward 
trend and must· be adjusted each year during the 
planning period. 

f P. 

in which 
fR, 
R 

ANRATE = 

R+ANRATE d (13) 

annual rate of interest in year 
annual rate of interest in base year 
annual increase in the rate of in
terest 
planning year, 1,2, . ,L 
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Cost indices are a measure of the rate of 
inflation being experienced by the treatment systems. 
Capital costs and operation and maintenance costs 
have different inflation rates. The cost equations have 
all been adjusted to June 1974. 

FACTOR. = (INDEXB + ANFAC * P.) • • (IS) 
t INDEXA 

in which 
FACTO~= 
INDEXA := 

INDEXB 

ANFAC 
Q, 

inflation factor in year 
index for June 1974 (different for 
construction and operation and 
maintenance) 
index for base or initial year of 
study 
annual increase in cost index 
planning year, 1,2, . ,L 



Wastewater quantities 

The quantity of wastewater entering each treat
ment plant is determined each planning year on the 
basis of population projections. The per capita 
wastewater load is based on peak flow needs by 
multiplying the average flow by a peak flow factor. 
Population data are required for each plant either in 
present use or future use. The quantity of wastewater 
for each plant for each year is given by the following 
relationship: 

Qj~ = POPj£ (GPDCAP)(f) ..... (16) 

in which 
Qjt 

POPjt 

GPDCAP = 
f 

and: 
j 
t 

quantity of wastewater to plant j in 
year t 
population served by plant j in year 
t 
gpd/capita of wastewater flow 
peak flow factor 

1,2, . ,J 
1,2,. ,L 

Time phased treatment levels 

State and federal regulations are establishing 
minimum effluent standards to be met by all treat
ment plants. These will be enacted at different points 
in time and will set the minimum treatment level that 
will be required by all treatment plants, regardless of 
the alternative treatment systems being analyzed. 

QUA L£ = minimum treatment level required 
by all treatment plants in year .. (17) 

in which 
t 1,2,. ,L 

Feasible paths 

The model is loaded with data for several 
alternative treatment schemes consisting of various 
combinations of individual, combined, or regional 
treatment plants by storing a '1' in memory to 
indicate which trunk sewers connecting plants will be 
used and in which direction. These data are used to 
build a 0-1 integer matrix for each alternative. The 
output destination 'node for each treatment plant 
discharging treated effluent is represented by the 
number of treatment plants, n, in the system plus 1. 
Ukewise, the input source node for each treatment 
plant receiving wastewater from the sewerage collec
tion system is set equal to the treatment plant node 
number,j. The link matrix is defined below. 

( 
I (feasible path) 

Pjkm 0 (nonfeasible path)' . . . . (18) 
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in which 
Pjkm 

and 
j 
k 
m 

0-1 integer feasible path matrix 

J ,2, . ,J 
1,2, . ,1+ 1 
1,2,. ,M 

Input-output matrices 

The input and output matrices are built from 
the matrix given by Equation 18. The output matrix 
is set equal to the feasible path matrix since each 
plant has only one output node. 

OUTjkm = Pjkm • . • . . • . • . . • • (19) 

in which 

OU~km= 

P'k 
and

Jm 

j 
k 
m 

output matrix from plant j to 
destination k for alternative m 
0-1 integer feasible path matrix 

1,2, . ,1 (j t k) 
1,2, . ,J+l 
1,2,. ,M 

TIle input matrix has to be built by an iteration 
process since the sewerage from several areas may be 
transported by trunk sewer to plant j. The input 
matrix is set equal to the feasible path matrix to 
establish the initial conditions for the iteration. 

INijm = Pjkm • • . • • • . • • • . • . (20) 

in which 
INijm 

P'k 
d 

J m 
an : 

j 
k 
m 

input matrix from several sources i 
to plant j for alternative m 
0-1 integer feasible path matrix 

1,2, . ,J 
1,2, . ,J 
1,2, . ,J 
1,2,. ,M 

The first step of the iteration is to find the 
output path, k, from node j by finding an integer '1' 
in the output matrix (Equation 19). By iteration, an 
integer '1' is entered into the input matrix for each 
input node, i, that contributes wastewater to plant j. 

if OUTjkm = I, then n = k .. .(21) 

.(22) if INijm 

in which 

OU1jkm 

INijm 

I, then IN inm = I . 

output matrix from plant j to de
stination k for alternative m 
input matrix from several sources i 
to plant j for alternative m 



EFFLUENT 

Figure 6. Sample treatment system. 

Table 3. Input-output matrix. 

ALT PLANT LEVEL 
m MTREATjm 

I 0 I 
2 0 I 
3 2 1 
4 0 0 
5 1 0 

and 
1,2, . ,J 

j 1,2,. ,J 
k 1,2,. ,1+1 
m 1,2,. ,M 
n temporary index to indicate which 

plant j is receiving wastewater 
Steps 21 and 22 are repeated for each plant j and 
then the whole process is repeated again and again 
until the matrix contains sufficient integer '1' to 
denote all input which contribute wastewater to each 
plant j. The number of iterations is equal to 1 less 
than the longest number of paths to anyone plant. 
This process is repeated for each alternative m. An 
example of a treatment system and the related 
input-output matrices are shown in Figure 6 and 
Table 3. 

Treatment levels 

Several treatment levels or standard treatment 
plant schemes will be defined to meet various water 
quality standards. For each alternative treatment 
system, each plant has its own required treatment 
levels. These are entered along with the feasible path 
data but do not affect the input-output matrices. 

MTREATjm 

in which 

m 

treatment level of plant 
j for alternative m ., (23) 

1,2, . ,J 
1,2,. ,M 

2 

0 
I 
1 
0 
0 
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INPUT OUTPUT 

3 4 5 2 3 4 5 6 

0 0 0 0 I 0 0 0 0 
0 0 0 II 0 1 0 0 0 
1 I 0 0 0 0 0 0 1 
0 I 0 0 0 1 0 0 0 
0 0 1 0 0 0 0 0 1 

Construction time lag 

111ere is period of time required between the 
decision to build, expand, or upgrade a treatment 
plant and the actual operation of the plant. This time 
lag requires that the decisions to modify the plant be 
based on conditions at some time in the future equal 
to time lag. 

LAGP construction time lag for 
treatment plants, yrs .•.. (24) 

Quantity collected 

The quantity of wastewater collected at each 
treatment plant is determined by the use of the input 
matrix (Equation 20) and the projected quantities of 
wastewater (Equation 16). 

in which 
COLj!l,m = 

IN jjm 

and: 

j 
!I, 

m 

total quantity of wastewater col
lected by plant j in year !I, for 
alternative m 
quantity of wastewater to plant i in 
year t 
input matrix from several sources i 
to plant j for alternative m 

1,2,. ,J 
1,2,. ,J 
!I, 

m 



This quantity does not necessarily imply that the 
treatment plant is treating the wastewater, only that 
this amount of wastewater passes through node j. 

Quantity treated 

TIle output matrix (Equation 19) determines 
which plants are operating. If an integer 'I' is found 
in the k = J + I position, the plant will treat the 
wastewater collected by it (Equation 25). The 
quantity of water collected is that projected to be 
produced at some time in the future equal to the 
construction lag time. 

TREAlj(€ + LAGP)m 

in which 

TREATj(Q,+ LAGPlm = quantity of wastcwat~r to be 
treated by plan t j in y~ar Q, + 
LAGP) fur alternative Ill. mgd 

CO Lj(.Q,+ LAGP)m " quail tily of wastewalcr collect· 
ed by plant j in year (.Q, + 
LAGP) for alternative 111, mgt! 

OUTjkm = output matrix from plant j t(l 
destination k for alternative 111 

and: 
j 
k 

Q, 

m 
LAGP 

Design index 

1,2, . ,J 
J+l 
.Q, 

m 
construction lag time, yrs 

Each existing treatment plant has a current 
level of treatment (Equation 8), and each alternative 
requires the same or another level (Equation 23). The 
cost of upgrading the treatment plants from one level 
to another is dependent upon these levels, The design 
index allows the selection of the proper cost equa
tions. Assume the following conditions: 

Existing level - 0 0 0 0 J I 2 2 3 
Required level - I 2 3 4 2 3 4 3 4 4 

INDEXjm I 2 3 4 5 6 7 8 9 10 

if LTREATj .= 0, then INDEXjm = MTREATjm 
.(27) 

if LTREATj = l.thenlNDE~m= MTREATjm +3 .(28) 

if LTREATj = 2, then INDEXjm MTREATjm + 5 .(29) 

if LTREATj = 3, then INDEXjm = MTREATjm + 7 • (30) 

in which 

LTREATj 
I:-lDEXjm 
MTREAT 

Jm 

existing treatment level of plant j 
design index 
treatment level of plant j for alternative 111 
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and: 

m 

Design period 

1,2,. ,J 
1,2,.,M 

The design of treatment plants is based on the 
interest rate (Equation 13) and the economy of scale, 
Gp ' TIle value of ~ is dependent upon the design 
index. The following equation must be iterated about 
25 times to obtain a reasonably accurate value for the 
design period (Equation 4). 

in which 
t* 

and: 

r9.
up 

9., 

p 

L"il (t:){r~ + I.ol 
up ~ . . . • • , • (31) 

re 

optimum design period, yrs 
annual interest rate for year Q, 

economy of scale for cost equation 

Q, 

design index, INDEX
jrn 

Annual increase 

The required capacity of a treatment plant is 
compared to existing capacity to determine if expan
sion is needed. The quantity of capacity expansion is 
based on the linear growth of wastewater quantity for 
the design period (Equation 3}). The annual growth 
rate is based on needs over a 20 year period. 

in which 

DjQ,m 

COLjQ,rn 

and: 
j 
Q, 

m 

_-,-_~_--,-,-r_n . . . . . (32) 

annual increase in quantity of 
wastewater, mgd/yr 
total quantity of wastewater col
lected by plant j in year Q, for 
alternative m 

1,2,. ) 
Q, 

m 

Capacity expansion 

is 
The expanded capacity of the treatment plant 

by the following equation. 



in which 

CAP~~+l)m = capacity of treatment plant j in year £,+1 
for alternative m, mgd 

TREATj(Q, +LAGP)m 
= quantity of wastewater to be treated by 

t* 

and: 

plant j in year (£ + LAGP) for alternative 
m,mgd 

annual increase in quantity of waste
water, mgd/yr 

optimum design period, yrs 

j 1,2, . ,J 
£ t 
m m 

LAGP = construction lag time, yrs 

Expansion costs 

Capital debt 

The existing debt of each treatment plant was 
entered into the model to initialize the model. It was 
assumed that the cost of expanding the plant was 
distributed such that the debt was increased by SO 
percent of CTPjm this year and 50 percent next year. 

DEBTPjCl11 = DEBTPlfm + (0.50) (CTPjm) .. (35) 

in which 

DEBTPjQjn . . 
= capItal debt of treatment plant j in year 

£ for alternative m, mil $ 

DEBTPj (£,+ l)m. 
= capItal debt of treatment plant j in year 

(t +1) for alternative m, mil $ 

cost of expanding and upgrading treat
ment plant j for alternative m, mil $ 

The costs of expanding and upgrading a treat-
ment plant is given by the following equation. and: 

j 1,2, . ,J 

in which 
CTPjm 

cost of expanding and upgrading treat
ment plant j for alternative m, mil $ 

FACTOR£, 
inflation factor 

cost coefficient 

CAP~(Q, + 1)m 
= expanded capacity of treatment plant j in 

and: 

year (Q. + 1) for alternative m, mgd 

existing capacity of treatment plant j in 
year £ for alternative m, mgd 

economy of scale factor 

j 1,2,.,1 
£ t 
m m 
p deSign index, INDEXjm 
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.Q, t 
m m 

Annual capital debt 

The debt of the treatment plants is decreased 
annually by the amount of the capital recovery 
factor. 

ANNPjlrn = DEBTPj(i·l)m(CRF~) 

DEBTPj€m =DEBTPjJ'm .ANNPjlm 

in which 

. (37) 

.(38) 

ANNPjtm 
annual repayment of previous years 
capital debt for plant j in year t for 
alternative m, mil $ 

DEBTPj (t_l)m 
= capital debt of treatment plant j in year 

(£+ 1) for alternative m, mil $ 

DEBTPj£m 
= new capital debt of treatment plant j 

after addition of expansion costs and 
after subtraction of annual repayment, 
mil $ 

capital recovery factor for treatment 
plants for year £ 



and: 
j 
t 
m 

1,2,. ,J 
t 
m 

Annual O&M 

The annual operation and maintenance (0 & M) 
costs are directly related to the quantity of 
wastewater being treated by the treatment plants. 

a 
OMPj€m (FACTOR£)(kp)(TREATjCm ) p .. (39) 

in which 

FACTOR t 

annual 0 & M cost of treatment plant j in 
year R. for alternative m, mil $ 

inflation factor for 0 & M 

cost index for 0 & M cost equation 

TREATj.Qm 
= quantity of wastewater being treated by 

plant j in year !I., for alternative m, mgd 

economy of scale factor 

j 
1(. 

m 
p 

Present worth 

1,2, . ,J 
t 
m 
design index, INDEX. 

Jm 

The present worth of the treatment plant 
consists of the present worth of the sum of the 
annual costs for capital repayment and for 0 & M. 

in which 

PWPj!m 

ANN~.Qm '" 

.... (40) 

present worth produced by plant j 
in year ! for alternative m, mil $ 
annual repayment of capital for 
plant j for debt incurred in previous 
year from year ! for alternative m, 
mil $ 
annual 0 & M cost of treatment 
plant j in year Q, for alternative m, 
mil $ 
annual interest rate for year 
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and: 
j 
!I., 

m 

1,2, . ,J 
!I., 

m 

Construction lag time 

There is a period of time required between the 
decision to build or expand a trunk sewer and the 
actual operation of the trunk sewer. This time lag 
requires that the decisions to build the trunk sewer be 
based on conditions at some time in the future equal 
to the time lag. 

LAGS = construction time lag for trunk 
sewers, yrs .(41) 

Trunk sewer flows 

The quantity of wastewater flowing through 
any trunk sewer is equal to the amount of wastewater 
collected by plant j that is not treated according to 
Equation 26. TIle output matrix (Equation 19) is 
searched for an integer' I,' and the appropriate path, 
XjkR,m is loaded with the quantity of wastewater 
collected by plant j. 

if OLJT
jkm 

= 1. then r k . . . 

+L\GSlm 

.(42) 

.(43) 

in which 

output matrix 

Xjr(R,+ LAGS)m . 
= quantity of wastewater transported by 

trunk sewer jr in year (!I., +LAGS) for 
alternative m, mgd 

COLj(.Q. + LAGS)m 
= quantity of wastewater collected by plant 

and: 

j, but not treated, in year (t +LAGS) for 
alternative m, mgd 

j j 
k 1 ,2, . ,J + 1 G 9' k) 
! !I., 
m m 

Design period 

The design period of trunk sewers is based on 
the interest rate (Equation 13) and the economy of 
scale, a. . Although the parameters are different, the 
equaljod for optimal design period, t *, in trunk 



sewers is the same as Equation 31 for treatment 
plants. 

Annual increase 

The required capacity of the trunk sewer is 
compared with the existing capacity to determine if 
expansion is needed. Since treatment plants have only 
one output, the annual increase in wastewater flow is 
the same as it is for treatment plants. 

if OUTjkm = I. then r = k 

OStrEm Djem ••·· 

.(44) 

.(45) 

in which 
OUTjkm := 

DSjr,tm := 

output matrix 
annual increase in quantity of trunk 
sewer flow, mgd/y f 

l1,tm annual increase in quantity of 
wastewater, mgd/y r 

and: 
j 
k 
t 

j 
1,2,·,JU ot k) 
,t 

m m 

Capacity expansion 

The expansion of capacity of trunk sewers is 
given by the following equation. 

CAPSik(~+I)m = ~k(£ +LAGS)m + (DSjk£ m)(I*) .. (46) 

in which 

CAPS·k(,t+ l)m 
J", expanded capacity of tfunk sewer jk in 

year (t + I) for alternative m, mgd 

Xjk(,t+LAGS)m 
= quantity of wastewater to be transported 

by trunk sewer jk in year (,t +LAGS) for 
alternative m, mgd 

Expansion costs 

The cost of building or expanding a trunk sewer 
is dependent upon the length, slope, elevation dif· 
ference, and capacity. 

CTSjkm = (FACTORji) l(k!2)(CAPSjk(e+llm 

a p 
. CAPS

jk
€lll) • IDIST

jk
) 

in which 

FACTORQ, 

. (47) 

cost of building or expanding trunk sewer 
jk for alternative m, mgd 

inflation factor 

cost coeffkient for constructing trunk 
sewer 

CAPSjk(£'+l)m 
'" expanded capacity of trunk sewer jk in 

year (£. + I) for alternative m, mgd 

CAPSL_k£'m 
existing capacity of trunk sewer jk in year 
51, for alternative m, mgd 

economy of scale for constructing trunk 
sewer 

length of existing or proposed trunk 
sewer, mi 

cost coefficient for constructing lift sta
tion 

annual increase in quantity of trunk a13 
sewer flow, mgd/yr 

t* 
optimum design period, yrs 

and: 
j 1 ,2,.,J Uf k) 
k 1,2, . ,J 
t ,t 
m m 

NUMPSjk 

and: 
j 
k 
t 
m 
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economy of scale for constructing lift 
station 

number of lift stations for trunk sewer jk 

1,2, . ,J 
1,2, . ,J 
t 
m 



Capital debt CRF ~:::: 
capital recovery factor for treatment 
plants for year t The existing debt of each trunk sewer was 

entered into the model to initialize the model. It was 
assumed that the cost of expanding the sewer was and: 
distributed such that the debt was increased by 50 j 1,2,.) G H) 
percent of the CTSjkm this year and 50 percent next k 
year. £, 

1,2, . ,J 
9, 

DEBTSjk£ m '" DEBTSjk€ m + (0.50) (CTSjkm)· . (48) 

DEBTSjk (£ +1 1m = DEBTSjk£ m + (0.50) (CTSjkll1 )· • (49) 

in which 

DEBTS'kt 
=J ~apital debt of trunk sewer jk in year t 

for alternative m, mil $ 

DEBTSjk()',+1)n) 
= capItal debt for trunk sewer jk in year 

(t +1) for alternative m, mil $ 

and 

cost of building or expanding trunk sewer 
jk for alternative m, mil $ 

j 1,2,·,JGH) 
k 1,2,.,J 

9, t 
m m 

Annual capital debt 

The debt of the trunk sewer is decreased 
annually by the amount of the capital recovery 
factor. 

ANNSjk2 m DEBTSjk (£ .1)m (CRF2) • • • . • (50) 

DEBTSjk2m = DEBTSjk£m' ANNSjk2rn ..•• (51) 

in which 
ANNSj k9,m 

:::: annual repayment of previous year capital 
debt for trunk sewer jk in year 9, for 
alternative m, mil $ 

DEBTSjk(9,-l)m 
= capital debt of trunk sewer jk in year 

(I/, ·1) for alternative m, mil $ 

DEBTSjHm = new capital debt of trunk sewer jk after 
the addition of expansion costs and after 
subtraction of annual repayment, mil $ 
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m m 

Annual O&M 

The annual 0 & M costs are directly related to 
the flow through the trunk sewer and to the pumping 
head, 

in which 

OMSjk£.m= 

FACTOR£,= 
kl2 = 

Xjktm 

HEAD'k :::: 
NUMP~k = 

and: 

j 
k 
9-
m 

Present worth 

annual 0 & M cost of trunk sewer 
jk in year l for alternative m, mil $ 
inflation factor for 0 & M 
cost index for power cost of lift 
station 
quantity of wastewater transported 
by trank sewer jk in year 9, for 
alternative m, mgd 
economy of scale for power cost of 
lift station 
cost coefficient for 0 & M of lift 
station 
economy of scale for 0 & M of lift 
station 
pumping head of lift station, ft 
number of lift stations for trunk 
sewer jk 

1,2,.,J G H) 
1,2, . ,J 
!I-
m 

The present worth of the trunk sewer consists 
of the present worth of the sum of the annual costs 
for capital repayment and for 0 & M. 



in which 

present worth produced by trunk sewer 
jk in year t for alternative m, mil $ 

ANNSjktm 
= annual repayment of capital for trunk 

sewer jk for debt incurred in previolls 
year from year t for alternative m, mil $ 

OMSjktm 

ft 

and: 
j 
k 
t 

annual 0 & M cost of trunk sewer jk in 
year t for alternative ill, mil S 

annual interest rate for year t 

1,2, . ,J U 1: k) 
1,2, . ,J 

R, 
m m 

Total present worth 

A single value of present worth is required by 
the dynamic programming model for each alternative 
treatment scheme in each planning year. This is 
obtained by adding all of the present worth values for 
the treatment plants and trunk sewers of a single 
alternative. The present worths are measured with 
respect to the base year of the model. 

TIME(YR) 

Figure 7. Dynamic programming formulation. 
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in which 

TPTOWQln 

and: 
j 
k 
t 
m 

total present worth of all of the treat
ment plants and trunk sewers for alterna
tive m in year t, mil $ 

present worth of treatment plants for 
alternative ill in year t, mil $ 

present worth of trunk sewers for alterna
tive m in year t, mil $ 

1,2,. ,1 U H) 
1,2, . ,1 
R, 

m 

Dynamic Programming Model Formulation 

Consider the model configuration shown in 
Figure 7 in which each box represents an alternative 
treatment scheme. The model is divided into a 
number of stages, represented by the years To 
through T3 ' and into a number of states in each stage, 
represented by alternatives A througll C. The 
principle of optimality (Bellman and Dryfus, 1962) 

B MIN'MUM TOTAL 
3 DISCOUNTED COST 

D ALTERNATIVE 



asserts that a state is reached by an optimal path-i.e" 
a path that minimizes the objective function over the 
transition from the initial state to the state in 
question-only if the prior state achieved at the 
previous stage waS itself reached by a path that was 
optimal to that point. Application of this principle 
leads to a recursive equation in which for every 
possible state both the optimal value of the objective 
function and the previous optimal state can be 
determined successively from stage to stage, At the 
last stage one or more final states are achieved, from 
any of which an optimal path can be extended back 
to the original state, 

The development of the recursive equation 
assumes that if S i represents the mth state within 
the ith stage, thlrn the optimal, or in this case, the 
minimum cost path C*(I,S!I..) from the initial state I 
to the state S! is given by: m 

in which 

sit.! 
k 

M 

+ ('*(1. 1] 

k 1.2, . ,/.1 . .(55) 

state k in stage i·1 

number of possible states in stage !/..·I 

C*(I,S;·I) 
.... minimum cost of getting from state I to 

state S9.-1 
k 

C(~·1 59.) 
k 'm 9. i ::: cost of going from state Sk-1 to state Sm 

With this equation the optimal or minimum cost to 
go to any state within any stage can be calculated 
from known minimum costs in all possible states in 
the previous stage. 

To solve a dynamic programming problem, the 
equation cited is used in a "forward pass" from the 
initial stage to the final stage. In the forward pass the 
minimum costs of going from the initial state to every 
possible state in every stage are calculated from each 
stage to the next. In addition, the preyious state 
associated with the optimal cost to the state in 
question is noted and stored, At the completion of 
the forward pass, the desirable final state of the 
system is selected from among the possible states in 
the final stage. This is normally the one that 
produced the lowest total discounted cost. 
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When the optimum final state and its 
corresponding cost have thus been determined, the 
previous state associated with the minimum cost in 
the final state is taken to be the optimal state at the 
next-to·final stage, This process is then repeated 
successively for each stage in a "backward pass" from 
the final to the initial stage. At the completion of the 
backward pass the succession of optimal states thus 
determined defines the optimal path from the initial 
to the final state. Over this path the previously 
determined cost of going from the initial to the final 
state is obtained. Most uses of dynamic programming 
end at this point, but in this model another forward 
pass along the optimal path is necessary to recalculate 
all of the desired parameters of the system. These 
were not retained on the first pass because of the high 
cost of computer storage. 

Application of this technique has been shown 
in 7 and is illustrated in the following 
discussion. The first box at time To represents the 
initial system of treatment plants in the base year. 
TIle other boxes represent alternatives A, B, and C in 
any given year. Starting with the initial system at To, 
the annual cost of using alternative AI in year Tl is 
determined. This includes the costs of building, 
expanding. or upgrading the treatment plants or the 
trunk sewers, and the cost of operation and main
tenance of the entire system, The annual costs are 
converted to a present worth value at the base year, 
and are stored with alternative AI ' This process is 
repeated for alternatives BI and C l' In year T 2, the 
costs, capacities, and treatment levels are determined 
for alternative A2 by considering AI as the initial 
condition. The present worth of this treatment 
scheme in the base year, To' is added to the present 
worth stored with AI and then stored with A2 • 

Ukewise, the costs, capacities, and treatment levels 
are determined for A2 using BI and CI as the initial 
conditions, The alternative in TI that results in the 
lowest total discounted cost at Az is stored with A2 
as its optimum back path, The optimum costs, 
capacities, and treatment levels are also stored with 
A2. This process is repeated for each alternative in 
year T 2' and for each remaining year of the planning 
period, 

Once the analysis of the last planning year has 
been completed, the alternative in that year that has 
the lowest cumulative discounted cost, is selected as 
the best optimum alternative of those considered. In 
Figure 7 in year T3 this is B3 , The optimum path 
from year To to year T3 is obtalned by determining 
the optimum back path of alternative B3 in year T3 ; 
this is C;. From C2 the optimum back path is CI ' 
and so on. The process is repeated until year To is 
reached. Having determined the optimum combina
tion of alternatives through time, the forward pass 
from year To to year T3 is repeated for that path to 
determine all the required parameters for each year. 



DEVELOPMENT OF MODEL PARAMETERS 

The application of any model to a wastewater 
treatment system requires that the chosen parameters 
be valid for real life problems. The parameters and 
the factors affeeting the parameters that were co
nsidered in this model were as follows: Population 
projections, wastewater quantity and quality, stream 
and effluent standards, pollution removal efficiencies, 
treatment level classifications, cost indices, interest 
rates, economies of scale and cost coefficients for 
capital and for operation and maintenance costs. 111e 
data were obtained or calculated from available 
literature and summarized in the desired formats. 
These parameters reflect national averages and can be 
adjusted to any desired part of the country. 

Population Projections 

The first step in the evaluation of the waste
water needs of an area is the determination of the 
population projections. A number of population 
forecasting techniques have been used, including: (1) 
Graphical projections; (2) mathematical projections; 
(3) ratio and correlation methods; (4) growth com
position analysis; and (5) employment forecasts. The 
latter three methods may offer somewhat greater 
reliability than methods (1) and (2) (McJunkin, 
1964). The data for this study will be obtained from 
previously published sources. 

Wastewater Quantities 

The expected load for a treatment system, or 
the wastewater quantity, is generally predicted by its 
relationship to population projections, which are 
subject to many variable factors. The per capita 
contribution to wastewater flow is often given as 100 
gpd per capita, and the peak flow which governs 
design may be 225 percent of this figure. With the 
variability of these parameters, the future demands 
for the treatment capacity may show a uniform rate 
of increase, an increasing rate of increase, or a 
decreasing rate of increase. For this reason, a capacity 
expansion model is usually restricted to an uniformly 
increasing quantity of wastewater (Rachford, Scarto, 
and Tchobanoglous, 1969). In this model projected 
populations, and hence wastewater quantities, can be 
entered at any number of years in the planning 
period. Straight lines are then calculated between 
these points, resulting in a piecewise linear population 
projection. Alternative futures can be easily analyzed 
by changing the population projection at inter
mediate years. 

23 

Wastewater Quality 

The quality of a municipal wastewater is 
generally considered to be constant in any given area. 
Exceptions are due to infiltration of storm waters, 
increased usc of home grinding units, and changes in 
quality of the industrial contribution. If the quality 
decreases or if the discharge requirements are made 
stricter, the cost coefficients for treatment plant 
expansions or upgrading would have to be increased. 
Typical values of influent quality of a medium 
strength domestic sewage are shown in Table 4. 

Table 4. Domestic sewage quality.a 

Suspended solids, mg/l 
Grease & oil, mg/I 
BODs, mg/J 
COD, mg/J 
Total Nitrogen, mg/I 
Total Phosphorus, mg/l 
Coliform, 100 ml 

250 
[00 
200 
500 

50 
12 
10 

aTempleton, Linke, and Alsup Consulting Engineers 
and Engineering-Science, Inc. (l973b). 

Stream and Effluent Standards 

Effluents from wastewater treatment plants 
eventually are reused for another purpose. This may 
be as industrial or irrigation waters, or for fishing, 
recreation, or drinking waters. The State of Utah and 
the Federal Government have defined stream and 
effluent standards to protect the environment and the 
welfare of the people. Most streams in the State of 
Utah are now classified as Class 'C' waters. This 
requires that the river water not be degraded below 
this level. A federal timetable has been established for 
all dischargers to meet required effluent standards. In 
Utah, the check points are at 1977 and 1980. A 
summary of these standards is shown in Table 5. 

Wastewater Treatment Sequence 

There are a large number of unit processes 
available today to be considered in the design of a 
wastewater treatment system. Most require a certain 
degree of prior treatment of wastewaters before they 
can be used. Even then, many of the units have 
limited ranges of flow rates in which economical 



Table 5. Water quality for beneficial uses and state standards. a,b,c . 

COllstltuent 

Alk.dinity 

Hardnc!HI 

B.lril\lll (Ha) 

C.ldrrl1um. (Cd) 

ChlOride (CI} 

Chroll1lum {Crl 

Copper leu, 

Cyanide (eN) 

Fluonde IF) 

lr(>o (Fe) 

Lead (Pb) 

~lolngane9c (Mn) 

Nitrate (N0
3

) 

Phenols 

Selenium (Sc) 

Sliver (Ag) 

Sulfate (SO,,) 

Zinc (Zn) 

Phosphate (PJ 

Total Dissolved 
SolidI! ('IDS) 

Suspended Solids 
(55) 

Dissolved Oxygen 
(DO) 

~~l~!~rm _ Total
d 

- Fecal 

Turbidity 

Temperature 

pH 

Oil and Grease 

I I Recrc.l.IlOn lInd I 
• Dnnklng (<':Ol1t(l.ctl ~ \.Istrl<\ 

120 .•• I: ;:: 

I 
250 

4S 

25" 

500 1000 

20 

7.5 > '.S 
< 1.5 

<50 1000/100 

10 50 

6.5 - 8.5 b.5 - 9.0 

aConcentu.tion in rna/I. 

bMaximUIn concentration', 

Irrigation 

100 

400 

190 

1500 

F,sh<tlC8 ~o-tJ\"~~ ll"~~-~~'~~1;~~~~;;-:~'~ .. r-:-:---r-- - -1- ~ -----
.. I" .., ... 
J,(l1 I 0.115 I I 

1.0 

I 
! .!50 

O. al 

o. OS 

1.0 

0,01 0.02 

1.0 2.0 

0.' 

0, ():-

0, OS 

0.05 " 
0.001 

0.01 

0,05 

250 

S.O 

0.01 

lOOO 500 

25 " lO 

> 5 S.S 

< 1.5 < S ~ .:: <6 < 10 

<500/100 SODa/IDa 5JOO/IOO lOOO/100 ZOO/lOO 

zoao/loo lOO/IOO lUI 100 

50 
73F 

6.5-B.5 6.5. a.s 6. S - 9.0 6.' - ';1.0 b.5 - '1.0 

undetectable 

CSourcea: Utah State Divtaion of Health, 1965; Public Health Service, 196Z; California Suto Water Re.ourceB Control Board, 1963; 
Utah State Water Pollution COmmittee, 1974. 

dMPN per 100 mI. 

operation is possible. The flow chart in Figure 8 
represents the relative locations and purposes of each 
unit process. The feasible combinations of processes 
will depend upon the type of influent being treated 
and the required effluent quality. 

Pollution Removal Efficiencies 

A comparison of the treatment efficiencies of 
several types of treatment plants and advanced waste 
treatment unit processes is shown in Table 6. The 
values are subject to many variables but do provide an 
initial basis for planning wastewater treatment sys
tems. These are overall values that require that the 
proper pretreatment of the wastewater is performed 
prior to the unit in question. 

Treatment Level Classifications 

There are a number of possible configurations 
of unit processes to meet specific treatment needs. 
Some are more suitable for a given flow rate and 
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influent concentration than others. Many of the unit 
processes have required influent qualities that limit 
the number of possible configurations. 

Using a typical medium strength domestic 
sewage (Table 4), a series of treatment processes can 
be defined to achieve various effluent qualities. One 
such combination is shown in Figure 9 where four 
levels of treatment and the related effluent qualities 
have been defined for the State of Utah. The existing 
secondary treatment plants are considered the lowest 
acceptable treatment level, and the other levels are 
suggested for planning purposes. A detailed engineer
ing analysis would still have to be undertaken before 
the selection of the actual processes. All of the 
treatment plant configurations also receive chlorina
tion of the effluent. 

Cost Indices 

The costs associated with the construction ·and 
operation of wastewater treatment plants and trunk 



Figure 8. Wastewater sequence and process substitution diagram. 

sewers have always been difficult to estimate for 
planning purposes. Since the data must be gathered 
from several different sources, usually based on 
widely different time periods, it was necessary to 
adjust the cost data to June 1974. Several different 
indices were considered and three were chosen. 

The Engineering New Record's Construction 
Cost Index (ENR·C) was not suitable for comparing 
costs in wastewater treatment plants because it is 
weighted too heavily in favor of the cost of common 
labor. A treatment plant has a considerable amount 
of equipment and piping that require skilled labor. 
Both the ENR Building Cost Index (ENR·B) and the 
Federal Water Pollution Control Administration's 
Sewage Treatment Plant Construction Cost Index 
(WPC·STP) are considered to give a more realistic 
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representation of the increase in construction costs 
with time. Since the latter index is no longer being 
produced, the ENR·B Cost Index was used for the 
construction costs of the wastewater treatment 
plants. 

The Federal Water Pollution Control Ad· 
ministration Sewer Construction Cost Index (WPC·S) 
was used to adjust the costs for trunk sewers to June 
1974. However, lift stations on the sewer lines relate 
more closely to the ENR·B Cost Index. 

The operation and maintenance data are 
generally affected by the cost of labor. The U.S. 
Department of Labor's tabulation of the Average 
Earnings for Nonsupervisol)' Workers in Water, 



~ 

Table 6. Treatment capabilities for various types of wastewater treatment units. 
---.--- _. .-------- ----------_. ---_._-----, 

COD 
Treatment fypt' O1g11 r;'"Removal 

Wa3te Stabilization f~agoQn 1(}woO 70 1Q_f)O 70 
Extenderl Ae ration lO-.!O SO_?o l'l 'JS 

" Primary Sedimentil.tion , 20 4S " 70 
2,1}_40 4u-70 

High Rate Trickting ,F"iHers 40 So 20- 30 90 
Single Stilge oO-li') 
Two St.age 80··95 

Standard Rate Trickling Filter:; 20-30 " 10· [2 95 S· 
80M9S 80-90 

High Rate Activated 30~50 75 10-21) 9O 
Standarn Rate Acth'ated 15-20 90 20-25 90 8e 

85~95 85w~S 

Physical-Chemical 10-15 93 10-20 90 l.S" 

Tertiary <:;: 

Intermittent Sand Filtt'ation 3-5 0-3 
')0-'·15 SS_9S 

Chemical Precipitatiol't SO-7S 70· 90 
Chemical Tr-('atmcnt \7 0-7 (), 2- 2. Q O. Otl--O. 9' 

(Solids conh-ct:) 
Granular or Mixed Medla "i" I~". 13- l7 0-$ il. 10 O. S 

Filtration w IChem~ 
Sand FiltraHon • Deep Bed 4~ 12 ?4_'Jtl $_1 96-98 2. Sf! 

Chemical Coagulation and 4~ 12 94-98 5-7 96-98 2.5(!: 

Sand F'iltraUon 2-3 26 2-5 O. B-3. 5 O. is- L Ii 
Microbial Denitrification 

P. 1-3 98 

2- 10 1)'5-99 1-3 98 
1.0 10-12- 0.6 t • .2 0.3 

Micro9('reening 4,12 '4-98 2-6 Q7-99 , 
Ion Exchange 

l,7 0.0 8. al!' 
Re".'eTae Osmoala 1-2 99 "1 f11') + < Ie 

0- L 0 O. ~7 1. 
ElectrOdialysis '-,0 99 

S.O 7, al!' 
Dissolved Air Flotation 1 
Ultrafiltration < , ,0 0 < 0.1 
Land Dispersal/Ground Drains 1-2 99 0-' 99 0.5. L Oe 

. mg!1 of ~onlJtituent remainiof! in eff'l1J,f'!nt. 

b\'ahH~s b"sed on typicalruw $cwugc influent Crable 4). 

COverall effluent quality and l'omovalll when process is preceded by primary ,,*-1\<1 aecondary treatmeJ1t" 

d
N03 

e PO• 

{Templeton, Linke. and Alsup COJ1suitiog Eng\neers {l973L 

g~liddtebrQuks et aJ. (l971). 

hUlilh State Oivisian Ot Health {l96S}. 
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Medium 
str ength 
do mestic 
se wage Primary ....... Secondary 

1-" Nitrification I--~ Filtration - .. Carbon I-
rrreatment Treatment Adsorption 

Treatment Level 2 3 4 

Suspended Solids, mg/l 35 20 15 10 

Turbidity, JTU 20 1 5 10 5 

Grease & Oil, mg/l 12 8 2 

BOD
5

, mg!l 25 20 10 5 

COD, mg/1 100 75 50 20 

Nitrogen, ITlg/l 30 30 30 30 

Phosphorus, ITlg/l 8 8 6 5 

ColiforITl, MPN/100 ml 1000 240 2.2 2.2 

Toxicants 

Survival, % 33 40 80 90 

TLM • % 80 90 100 + 100 + 

Toxicity Cone. , TU 1. 25 1.1 0.8 O. 6 

Figure 9. Estimated effluent quality from wastewater treatment process chains (adapted from Templeton, 
Unke, and Alsup Consulting Engineers and Engineering-Science, Inc. (1973b). 

Steam, and Sanitary Systems was used to adjust the a 
& M costs to the base year of June 1974. 

The cost indices are presented in Figure 10 and 
are tabulated in Table 7. Some of the indices were 
reported on the 1967 = 100 basis, but these were 
adjusted to the base years shown. These indices are 
projected into the future to indicate the rate of 
inflation in the construction and operation and 
maintenance costs of treatment plants and trunk 
sewers. 

Interest Rates 

The cost of borrowing money to finance 
wastewater treatment plants has been increasing with 
time but not at the rate that inflation in construction 
and operation and maintenance cost have during the 
past decades. There has been a trend in recent years 
to finance thls construction by the use of revenue 
bonds rather than general obligation bonds. A graph 
of the yearly averages of municipal bond yield index 
for the past 25 years is shown in Figure 11 and 
tabulated in Table 8. 

The United States Environmental Protection 
Agency has proposed that an interest or discount rate 
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of 7 percent per year be used for all cost effectiveness 
analysis of wastewater treatment systems (Environ
mental Protection Agency, 1973). This rate will be 
changed along with changes in the interest rate used 
for water resources projects (Water Resources 
Council,1973). 

The amortization period varies with the type of 
structure, but a period of 20 years for treatment 
plants, 50 years for trunk sewers, and 10 years for lift 
stations is often used. The revenues collected for the 
wastewater treatment plant facilities are generally in 
the form of a per capita service charge levied on the 
consumer. As such, they are somewhat independent 
of the capacity of the plant and are not relevant to 
the decision-making process. The revenues do affect 
the financing of the projects, but this is beyond the 
scope of thls modeL 

Cost Equations 

The cost versus quantity relationship for the 
construction and the operation and maintenance 
costs of wastewater treatment plants and trunk 
sewers was given by several authors (Tables 9 and 10) 
to be as shown in Equation 56. 
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Figure 10. Comparison of cost indices. 

Table 7. Cost indices. 

Yt~ar 

1 (j:,H 

1959 
19t,O 
1961 
1962 
19(d 
1')/.4 
I'){':; 
19 f,6 
19(,7 
1968 
19(,') 

1970 
1071 

1972 
197 j 
1974 

L~lbor;). 

Hatt~s 

S/hr 

l.on 
1..07 
2.17 
2.27 
2. \l 
2.18 
2.44 
2.54 
2.68 
2.82 
3.00 
,.24 
l.52 
3.74 

3.97 
4.18 
4.3(, 

I () 1.50 
j 01. ;!) 

: 01. ~" 
I,)". H ; 

1 ai,. 09 
I ilK. ;2 

1 10. 01 
1 U. 07 
J J t,. 92 
120. lR 
n. ;l.(" 

n. i:I. 

n. ~I.. 
O.'l, 

n .. a. 
n .. t1. 

n"it. 

100. ·Il 
104.7H 
10(,.2Z 
108. 10 
109.72 
11 ,. 07 
115. JO 

117. 31 
J 21. 18 
125.36 
130.50 
1'\9.78 
150.93 
168.36 
186.01 
201.07 
211.66 

au. S. Labor Statistics [lureau (1974), 

-=)ll. (h 

3~L~. 3:; 
3 /~ 1. o,~ 
'; 7 O. 17 
579. 
5H0.90 
{II Z. 2.2 
(,25. lq 
(,5 f,. II 

1>75. 17 
700. (,/ 

798.26 
830. 14 
944.31 

1048.37 
1137.71, 
1199.20 

11'1.1 s 
1-):,. is '7 

1·,2.07 
I t'J't. 7 S 
1 (,7 • ~)9 

17·!. 0') 

177.90 
I 8f,. 5i. 
I'll. 12 
19". 17 
22( ... ') 1 

235.'JH 
268.43 
297.B3 
123.23 
340.hh 

-")-5, I, 

HZ',. (,-\ 

~'iO. 38 
87~.qO 

8'!7.-48 
93S.-+2 

971. 14 
1028. (,5 
1072.02 
1154.18 
1284. q(j 

13f)8.6h 
1~75.0S 

1,60.78 
1396. 13 
1993.47 

Ii 
I 

16 ...... 
-<J)-

(f) 

12 W 
~ a:: 

a a:: 
@ 
<{ 

4 ..J 

a 
2030 

1 ?:i. 71 
I r,t" 7f) 
17 L ~9 
1,8. zq 
182.99 
138.44 
19 r1.0C) 

203.58 
215. t).f 
224.,3 
241. 9(; 

2 hI). 37 
28i., 72 
.no.I'1 
368. 3'5 
3-9{). (l" 

417.05 

bFederal Water Pollution Control Administration (1967) and U. S. Department of Commerce fl97'!1. 

CEngineering New Hecord (974). 

d Year in which cost index equal to 100. 

eNol available. 
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Figure 11. Yearly averages of municipal bond yield indices. 

Table 8. Municipal bond yield indices? 

Year Jan Feb Mar :\pr \\"Y .fun luI ;\ '.1 g Sept Oct 

1950 2.08 2.06 Z,07 ,. 0;; 2 .. 07 2.0'! 2.09 l. 90 I. 8~ I. 82 
1951 l. (,2 l. 61 1. 87 2.05 2.09 L.22 2. ]8 2.0-1 Z.05 2.08 
1952 2.10 2.04 2.07 2.0] 2.05 2.10 Z.12 22 Z. B 2.42 
1953 2.47 2.54 Z. (,) l. (1 ) 2.73 2. 2.99 l.t)9 Z.BK 2.72 
1954 2.50 2.39 2. 3" 2.47 l.49 2.4H ..:. ;, l 2. ~ ~ 2.29 2.32 
1955 2.39 2.42 2. 2. ·ll 2.41 2.48 2. 62 .::. {,,-;' 2~ r,_\ 2. Sf) 

1956 2.64 2.58 2.09 2.88 2.86 2~7S 2.78 /.°4 '.07 3.14 
1957 3.40 3.26 3.32 l. 33 3.52 3.75 3.7;; '). r: I ~L 90 3 .. 7 () 
1958 3.32 3.37 3.45 3.31 3.25 3.26 3.45 l. 74 3. 96 3.94 
1959 3.87 3.85 3.7(, 3.84 3.97 4.04 4.04 ). '1(. 4.13 !.9° 
1960 4.13 3.97 3. 87 3.84 3.85 3.78 3.72 ~. S-> 3.53 3.59 
1961 3.44 3.33 3.38 >.44 3.38 3.53 3. 5J l. 55 3.54 3.411 
1962 !. 3l 3.28 3.19 1.08 3.09 3.24 3.30 3. i1 3. 18 3.03 
1963 3. 12 3.18 3. 11 3.11 3. 15 3.21 3.29 3.22 3.27 3.32 
1964 3.23 3.17 3. 32 3.29 3.21 3.20 3.18 3.20 3.25 3. Z() 

1965 3.06 3.10 3.18 3. 17 3.19 3.26 3.26 3.25 3. 36 3.42 
1966 3.52 3.63 3.12 3.59 3.68 3~77 3.94 4.17 4.11 3.97 
1967 3.58 3.56 3.60 3.66 3.92 3.99 4.05 4.03 4.15 4.31 
1968 4.34 4.39 4.56 4.41 4.56 4.5b 4.36 4.31 4.47 4.% 
1969 4.95 5.10 5.34 5.29 5.47 5.83 5.84 6.07 6.35 6.21 
1970 6.80 6.57 6.14 6.55 7.02 7.06 6. 69 6.33 6.45 6.55 
1971 5.70 5.55 5.44 5.65 6.14 6.22 6 •. )1 5.95 5.52 5.24 
1972 5.25 5.33 5. 30 5.45 5.26 5.37 5.39 5.29 5.36 5. 
1973 5.05 5.12 5.30 5.16 5.1Z 5. 15 5.39 5.47 5.11 5.05 
1974 5.20 5.19 5.36 5.67 5.96 n.a.b n. a. n.a. n" a. n.a~ 

aStandard & Poor '8 Corporation (1974). 

b Not available. 
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2.2Q 2.33 2.37 
2.5S 2.71 Z. 53 
l. 38 3.44 2.03 
L 76 3.47 3. (,0 

l.84 3.84 3. S{, 

1.94 4.05 3.95 
3.46 3.45 3.73 
3.44 3.49 3 .. 16 
3.03 3.12 3.18 
3.41 3.34 3. 23 
3. 18 3. 15 3.2Z 
3.47 3.56 3.27 
3.93 3.83 3.82 
4.36 4.49 3.98 
4.68 4.91 4. 51 
t,.37 6.91 5.81 
(,.20 5.7 J 6.51 
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0.03 5.03 5.27 
5. 17 5.12 5. 18 
n~ a. n .. a .. n. a" 
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Table 9. A comparison of cost equations for treatment plant unit processes. 

Techniques ,used to Variables 
take differe:nt used to Equation References 

processes into account format 
consideration size 

Smith. 1968 Separate equation Flow Y = k Xa' 
for each process 
and treatment 
plant 

Templeton. Tabulation of costs Flow Y k lJ' 
Linke. and Alsup for each process' 
Consulting for several plant 
Engineers (1973) sizes 

Logan et ai. , Separate equation Flow Y kX 
a 

1962 for each process 
.and treatment plant 

Michel, 1970 Separate equation Population Y kX 
a 

for each process equivalent 
flow 

Berthouex, Economies of scale, Flow Y k X
a 

1972 a, for construction 
for plants only 

Rowan, Jenkins, Separate equation Population _ 1 

and Howells, 1961 for each proces s flow In Y - a + b In X 

Michel, 1969 Separate equation Pop., flow 1 
for each process man-hr/wk 

In Y 
a +b InX 

Shah and Separate equation P.E., flow In Y = b + 
0 

Reid, 1970 for each process ZbilnXi 

-_.-

Index and value 
Index used 

reported by 
ENR-B Labor reference 

1949 Rates 

20 Region 119. 11 191. 92 2.82 
WPC-STP Index 
1957-59 " 100 

20 Region 1800 304.46 4.04 
ENR - C Index 
1913 100 

20 Region 812 159.17 2. 17 
ENR - C Index 
1913 = 100 

None - 186. 56 2.68 
1965-67 Data 

None - - -

None - 148. 13 2.00 
1955-58 Data 

None - 186.56 2.68 
1965-68 Data 

WPC-STP Index 100 148. 13 2.00 
1957-59 100 



Table 10. A comparison of cost equations for trunk sewers, force mains, and lift stations. 

Variables 
Index and value 

Index used 
References Unit used to Equation 

reported by 
account format ENR-B WPC-S Labor 
for size 

reference 
1949 1957 >9 Rates 

Engine ering -Science, Trunk sewers Diameter Y k ENR - C Index 1300 - 141. 42 3.28 
Inc. , 1970 1913 :: 100 

Bauer, 1962 Trunk sewers Diameter Y k ENR - C Index 1000 - 120.80 2.62 
1913:::100 

Spencer, 1958 Trunk sewers Flow Y k ENR - C Index 692.13 - 91. 78 1. 83 
1913:: 100 

I.>.> -
Classen &: Voigt, Trunk sewers Ip lon Y k XCl: ENR - C Index 1368.66 - 150.93 3.52 

1973 1913 :: 100 

Dawes, 1970 Force Mains Diameter Y k XCl: ENR - C Index 935.42 - 115. 10 2.44 
1913 :: 100 

Engine ering -Science, Force Mains Diameter Y k XCl: ENR - C Index 1300 - 141. 42 3.28 
Inc. , 1970 1913 :: 100 

Linaweaver &: Clark, Force Mains Diameter Y k XCl: ENR - C Index 877 - 11 0.24 2.34 
1964 1913:: 100 

Engineering -Science, Lift Station Flow Y k ENR - C Index 1300 229.56 - -
Inc. , 1970 1913 ;:: 100 

Benjes, 1960 Lift Station Flow Y=k ENR - B Index 555.18 157.81 - -
1913 :: 100 

Engineering -Science, Lift Station - Flow Y k ENR - C Index 1300 - - 3.28 
Inc. , 1970 O&:M +k' 1913 :: 100 

.L-



Y" kXa(O<a<l) ......... (56) 

in which 
y 

k 
X 
a 

total cost of an item of capacity X, 
$ for treatment plants and lift 
stations, and Simi for trunk sewers 
cost coefficient 
capacity, mgd 
economies of scale 

The power costs for lift stations and pumping 
of wastewater through force mains require a cost 
equation with added variables. For lift stations this 
equation is shown below. 

Y'" kxCLH(O<a<l) ....... (57a) 

in which 
y 

k 
X 
a 
H 

cost of pumping a flow of X to a 
height of H, $ 
cost coefficient 
flow rate, mgd 
economy of scale 
effective pumping head, ft 

The values of k and a in Equations 56 and 57 
should not be used without consideration of the 
factors included and omitted by the different people 
originally reporting the costs. However, this is not 
always possible and small variations in the values will 
not affect the results of the analysis significantly 
unless they are very close. This points to the need to 
make a detailed engineering cost estimate after the 
preliminary selection of treatment alternatives has 
been made. 

Economies of Scale 

When there are large economies of scale, 
represented by a small value of a, there is incentive 
to provide extra capacity for future growth. The 
relationship between cost and capacity is shown in 

12. 

The selection of the appropriate economies of 
scale, a, is essential to the production of a valid 
model. In general, a has a range of 0.5 to 0.9 in most 
wastewater treatment plants and lift stations, and 
about 0.3 for most trunk sewers. 

It is difficult to accurately determine the 
economy of scale factor and the cost coefficients for 
a composite system such as a treatment plant because 
each type of equipment and process has its own 
characteristics. However, the general cost function of 
the overall facility is the weighted average of each 
components costs. The total cost of the combined 
system can be described by Equation 57 and the 
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o 2 4 6 8 10 

CAPACITY (X) 

Figure 12. Effects of the economies of scale. 

method of calculating the composite economy of 
scale is presented in Equation 58. 

To!al COS! ,'OS[ (If (ulllp0rlcnt A + CllS! 

in which 
X 
f' 

I 

of componcnt B +.... . . . (57b) 

........ (58) 

capacity rating, mgd 
percent of the total cost con
tributed by process i, fraction 
composite economies of scale 
process economies of scale 

This equation can be solved for a as a close 
approximation of the overall economy of scale within 
the range of the individual equations. There are 
several limitations to this method based on the 
different optimum values of each unit and the limited 
ranges at which parallel or duplicate units may be 
added (Berthouex, 1972). 

Treatment Plant Cost Equations 

The coefficients for several types of treatment 
plants and advanced waste treatment unit processes 
are shown in Table 11. The cost coefficients were 
adjusted by the use of the cost indices (Table 7). 
These vaiues may vary 20 to 30 percent plus or minus 
of the true value depending upon the similarities of 
the plants, construction conditions, and range of the 
capacities used in the extrapolations by the authors. 

Treatment Alternatives 

The cost of upgrading a treatment plant is 
dependent in part on what the initial and final 
treatment levels are. Using the four treatment levels 



Table I L Coefficients for wastewater treatment plant cost equation Y == kX a. 

l'nits 

I'rllilary 'rr{'.JlnH~nl 

Plants 

Microbial 
Dt'nit rHkation 

Coagulation art" 
Sedimentation 

Phosphate PT('cipi~ 
taHQn with 
Recalcination 

Rapid Sand 
Filtration 

Granular Carbon 
Ad~orpHon with 

- no regeneraUon 
~ re8enet'ation 

Microstralnlng of 
S~condary Effluent 

Electrodialysis 

Ion Exchange 

OxIdation Ponds 

Mechanical A~ratora 
with Algae Stripping 

1$ 

135 '10 , 0,"17 1,0 
; 10.') 0.318 laO 

t-b);) o. ISO 

I ,00 51 

I 100 

1 - 100 
I 100 

1 ~ 100 

1- 10 

shown in Figure 9, a set of ten combinations of 
treatment levels was defined. The selection of the 
proper cost equation will be made by the use of the 
design index developed in Equations 27 through 30. 
These combinations are presented in Table 12. The 
initial treatment level '0' indicates that a new 
treatment plant must be built to the upgraded level 
shown. While all ten values of the design index are 
required for the selection of the proper construction 
costs, only the first four are necessary for the 
operation and maintenance costs. This is because the 
operation and maintenance costs apply to the entire 
plant and not just the expanded or upgraded portion. 

! <1):;'< 1-' .1;. 1 '",~ 

\11'-':(-;' 1(1"70 

!\,'rtf"lIJt'x 1972 
! ,170 

l17 

'14 

33 

O. \fl7 28. \,} 

O. f.37 21. q 
0,616 IS.0 

30. Z 

33.9 
60.6 

Templeton. Linke~ 

ant! ;\hup Consulting 
Enf!incer(l", 1973 

Smith, 19:68 
Tempieton, Linke, 
ilnd Alsup Consulting 
En ineers 191:5 

In Table 13 are shown the selected unit 
processes necessary to meet the treatment level 
requirements of Figure 9. From this list the costs of 
the treatment process chains were developed. Since 
these costs reflect primarily new construction, the 
activated sludge plant was chosen to represent 
secondary treatment. Data were not found that 
completely represent the costs of the nitrification 
step. There are several possible ways to achieve 
biological nitrification in wastewater. The simplest is 
to increase the mean cell time and aeration rate of the 
activated sludge basin, and the second is to add an 
additional nitrification basin and clarifier. The latter 



Table 12. Design index selection of treatment 
alternatives. 

Design Index 2 3 4 5 6 7 8 9 10 

Treatment Levels 
Initial 0 0 0 0 I I .:: .:: 3 
Final 1 2 3 4 .:: 3 4 3 4 4 

method provides better nitrification, but also costs a 
great deal more. It was decided that an average of 
these costs could be approximately represented by 
the ammonia stripping costs. 

Wastewater Transportation 
Cost Equations 

The cost of transporting wastewater between 
treatment plants often determines whether or not it is 
feasible to combine plants or build a regional plant. 
Some of the factors affecting this cost are the cost of 
pipe, cost of lift stations, transmission distance, slope 
of terrain, cost of right.of·way, and operation and 
maintenance costs. Hydraulic considerations, such as 
minimum and maximum velocities in the pipes 
determine the allowable flow. 

Uttle data are available on the general costs of 
trunk sewers and lift stations as a function of their 
capacity. Most of the source of data used diameter of 
pipe rather than flow capacity as the variable in the 
cost equation. These were converted to the form 
shown in Table 14. 

A combination of gravity trunk sewers and lift 
stations will be used for the cost equations in the 
model. The trunk sewer will be sloped to achieve a 
minimum of 2.5 fps. When the depth becomes exces
Sive, a lift station will lift the wastewater to the de· 
sired elevation for gravity flow to continue. The fo1· 
lowing composite cost equations will be used. 
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Construction costs for gravity trunk sewers; 

Y =: 127 XO.390 
.......... (59) 

in which 
Y cost of construction of sewer, 

$1000/mi 
X capacity, mgd 

Construction costs for lift stations: 

0.615 
Y = 128 X 

in which 
Y 

X 

. .. (60) 

cost of construction of lift station, 
$1000 
capacity, mgd 

0& M costs oflift station: 

0.897 0.644 
y= 0.0288 X H+1.80X ... (61) 

in which 
Y 

X 
H 

total operation and maintenance 
cost, electrical power + general, 
$1000 
capacity, mgd 
pumping head, ft 

Cost Graphs 

The cost equations presented in Table 13 for 
wastewater treatment plant alternatives, and Equa
tions 59, 60, and 61 for trunk sewers and lift stations 
are present in graph form in Figures 13 through 18. 



Table 13. Coefficients for wastewater treatment process chain cost equation ya k xa. 

Treatment Construction Costs 0& M Costs 

Design 
Level 

Treatment 
Level Type 

a k x 10-3 a kx 10-3 

Initial b F .. ,a1 
Range Average Range Average Range Average Range Average 

Treatment Process Units 

a Activated Sludge .77-.78 .775 1010-1338 1174 .756-.757 .756 48.5-48.8 48.6 
Plant 

b NitrHicat iorl .878 .878 331 ') 31 .971 .971 6.2. 6.2 

e Filtration • (,f,2 -.657 .660 165-193 179 .636-.637 .63c- 33.9-60.6 47.2 

d Carbon ALs0rption. (dO. (,(, \ .646 1,04 -698 .669-.724 . <>96 56.4-59.4 57.9 

e Chlorination • tJ58 .658 27.5 27.S .900 ~ ll~) 5.1 5.1 

Treatment Process Chains 

0 a,e .773 1201 .775 53.7 
..., 

2 0 G a,b,e .800 1532 .805 59.9 U'l 

3 0 ; a,b,c,e .789 1712 .746 107 

4 0 4 btc,d,€: .75~ 2362 .730 165 

5 2 b,e .867 358 .942 11. 3 

6 3 b}c,r- .817 538 .738 58.5 

7 4 b, c,d, e .740 1188 .718 116 

8 2 3 .:.;,c .660 206 .681 52.3 

9 2 <I c , d. e .649 858 .689 110 

10 3 d.c .646 678 .722 63.0 

a y in dollar •• X in mgd. 

blnitial treatment .evel 0 indicates complete new treatment plant to be built. 
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Table 14. Coefficients for trunk sewer, force main, and lift station cost equations va = k xa. 

Construction Costs 0& M Costs 

Units 
Valid Range Original ~justed Original Adjusted 

(mgd) Data fJune '74 Data June '74 References a a 

k xl 0-3 k:xlO- 3 k k 

Gravity Trunk 20 - 500 0.359 19Zb 287 - - - Engineering-
Sewers Sci., Inc., 197 ° 1 - 3000 0.50 40

b 
70.0 - - - Bauer, 1962 

O. 1 - 100 0.268 30.9 71.3 - - Spencer, 1958 

0.1 - 15 0.309 55.6 78.0 - - Classen & 
Voigt, 1973 

Force Mains 0. 1 - 50 0.45 39.9b 73.4 - - - Dawes, 197 (' 

0. 1 - 200 0.463 69.0b 103 - - - Engineerin~ .. -

. Sci., Inc., 197 o 
0.1-1000 0.483 43.4

b 
83.3 - - - Linaweaver & 

Clark, 1964 

Lift Stations 0. 1 - 500 0.685 94.0 140 0.897 c 28.8 H 32.3 H Engincering-
Sci., Inc., 1970 

1 - 50 

a y ::; $/mi, X ::: mgd. 

b D ::: 11;36 XO.3745,Tt 

1970, Figure 22). 

0.644c 1800 2393 

O. 50 53.8 116 - - - Benjes, 1960 

::: 0.015~ S::: O. 003, V 2.65 fps (American Society of Civil Engineers, 

, 
c Composite cost equation, Y ::: k X

a 
H + k' X

a 
; Y ::: $/mi, X mgd, and H ::: feet of head. 
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Figure 13. Capital and annual O&M costs vs design 
capacity to build a new wastewater treat
ment plant, adjusted to June 1974. 
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Figure 14. Capital and annual O&M costs vs design 
capacity to upgrade level 't' wastewater 
treatment plant, adjusted to June 1974. 
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Figure 15. Capital and annual O&M costs vs design 
capacity to upgrade level '2' wastewater 
treatment plant, adjusted to June 1974. 

38 

100 

10 

5 

0.1 
,,-

./ 

0.05 

0.01 

./ 
,/ 

./ 

4 ,/ 
,/ ,,-,,-

,/ 
./ 

,/ ,,-

,/ 
,/ ,,-

,/ 
./ 

.., 
,/ 

,/ 

,,-

---CAPITAL COSTS 
---ANNUAL 0 a. M COSTS 

5 10 50 100 200 

DESIGN CAPACITY(mod) 

Figure 16. Capital and annual O&M costs vs design 
capacity to upgrade level '3' wastewater 
treatment plant, adjusted to June 1974. 
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Figure 17. Capital costs of lift stations and trunk 
sewers vs design capacity, adjusted to 
June 1974. 
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APPLICATION OF MODEL TO THE LOWER JORDAN RIVER REGION 

The application of the Wastewater Treatment 
Optimization Model (WTOM) is necessary to verify 
the performance of the model under real conditions. 
The Lower Jordan River region along the Wasatch 
Mountains in Sait Lake and southern Davis Counties, 
Utah, was chosen as the study area. Considerable data 
have previously been collected about the wastewater 
treatment needs of this region, thereby providing a 
good data base for the application of the model. The 
application of this model to any other region would 
require that the appropriate input data be gathered 
for that region. 

Wastewater Treatment Plants 

There are eight treatment plants in Salt Lake 
County and one in Davis County that discharge 
effluent into the Jordan River in sufficient quantity 
to be considered in this study. The general distribu
tion of these plants along the Jordan River are 
indicated in Figure 19. All of the plants, except the 
Sandy Wastewater Treatment Plant, treat to level 1 
with trickling fIlters. The Sandy plant uses activated 
sludge. 

A summary of the loading and performance 
data for the wastewater treatment plants is presented 
in Table 15. There is sufficient treatment capacity in 
the region to meet the current needs, however, three 
of the plants, Murray, Tri-Community, and Sandy, 
are currently overloaded. 

Population Projections 

The need for planning of wastewater treatment 
systems is emphaSized by the ever increaSing popula
tion growths over time shown in Table 16. High and 
low projections were needed for sensitivity analysis of 
the population projections and its effect on the 
decision process. The populations were used to 
calculate the wastewater treatment quantities of the 
plants. 

Wastewater Quantity Projections 

The quantities of wastewater projected for each 
plant in the study area are presented in Table 17. The 
quantities were obtained from monthly operating 
summary sheets of each treatment plant, and 
calculated from population projections and present 
water usages. 
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Wastewater Treatment Systems 

The use of the model requires that each 
treatment plant, both existing and proposed, be given 
an identification number as shown in Figure 20. 
These numbers are used in all references to a given 
treatment plant. The length of economically feasible 
trunk sewers between these treatment plants was 
determined by plotting on a I :24000 topographic 
map, and measuring the distance in feet. TIlese data 
are reported in Table 18. 

Model Input Data 

A user's manual for the operation of the model 
is presented in Appendix A. TIle required input card 
formats are presented in that manual. The required 
inpu t cia ta for this study of the Lower Jordan River 
Region were obtained from material and data 
presented previously in this report or developed as 
otherwise indicated on the following tables. The data 
required are as follows: Model control parameters, 
cost equation coefficients, treatment plant 
characteristics, feasible connecting trunk sewers, 
population or wastewater projections, and the treat
ment alternatives. 

Model control parameters 

Two types of data are required. The first is the 
control parameters that actually control how the 
model is to operate. These are described in detail in 
the user's manual found in Appendix A. The other 
type of data affects the economic analysis of the 
model and is presented in Table 19. The variations in 
the annual increase values reflect alternative future 
conditions, and were used for the sensitivity analysis 
of the model. 

Cost equation coefficients 

The cost coefficients presented in Table 20 
determine the costs of expanding and/or upgrading 
treatment plants, trunk sewers, and lift stations. The 
selection of the appropriate set of coefficients for 
treatment plants is controlled by the design index, 
which ranges from 1 to 10. The remaining parameters 
are for trunk sewers and lift stations. 
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Figure 19. Lower Jordan River wastewater treatment facilities. 
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Table IS. Treatment plants on Lower Jordan River-1972 loading and actual perfonnance.a 

No. 

I 

2 
3 
4 
5 
6 
7 
8 
9 

Present BOD 
Suspendec Settleable 

Year 
Flow 

Solids Solids 
Wastewater Treatrr..E;nt Plant Operation 

Type of Design (mgd) rng/I 
mg/l mg/l Plantb Capacity 

Began 
(mgd) 

Avg. Peak Inf. Eff. Inf. Eff. In!. Eff. 

DA VIS COUNTY 

South Davis County 1962 TF 2.27 I. 39 1. 49 182 24 193 9 I. 1 O. I 
S. I. D. South Plant 

SALT LAKE COUNTY 

Salt Lake City 1965 TF 4",0 33.4 35.8 130 l3 124 33 3. 6 0.2 
South Sa It Lake City 1954 TF 4.55 3.69 4. ,35 170 19 180 8 4.3 O. I 
Salt Lake City S. S. D. # I 1955 TF 16.0 11.69 14.0 173 24 182 10 6.0 o. I 
Granger-Hunter Imp. Dist. 1959 TF 7. I h.13 6.75 203 25 227 9 8.3 O. I 
Salt Lake County Cottonwood 1958 TF 3.0 5.3 <;. 9 124 29 143 13 5.3 O. I 
Murray City 1953 TF 4.0 l.4 4. 3 262 30 270 10 4.8 O. I 
Tri-Cornmunity (Midvale) 1956 TF 3.6 3.78 5.46 152 24 159 10 5.7 O. I 
Sandy City 1962 AS 1.5 1.73 2.07 175 22 - - 7.3 O. I 

Salt Lake County Sub -total 89.95 68.12 78. 63 

Lower Jordan River Total 92.22 69.51 80.12 

aTempleton, Linke, and Alsup Consulting Engineers and Engineering-Science, inc. (1973a), Table 6-2. 

b TF _ Trickling filter, AS _ Activated sludge. 

BOD 
Suspended Settleable 

Solids Solids 
lbs/day 

Ibs/ day Ibs/day 

Inf. Eff. In!. Eff. Inf. Eff. 

2,100 277 2,237 104 13 1.2 

36,168 6,390 34,540 9,192 1,002 55.7 
5,250 597 5,539 246 132 3. I 

16,840 2,330 17,744 975 545 9.7 
10,760 1,350 ll, 605 460 424 5. 1 

5,470 1,280 6,320 575 234 4.4 
5,230 599 5,404 200 96 2.0 
4,790 775 5,012 315 180 3.2 
2,520 320 - - 105 1.4 



Table 16. Present and projected populations.a 

(Census) (Estimate) (Low}b (Middle) (High)b 

No, Wastewater Treatm.ent Plant 
1970 1974 ~ ~ ~ 2.024 2024 2.024 

(O{ (4) (11 ) ( 21) (50) (50) (50) 

DA VIS COUNTY 

South Davis County 
S. I. D. South Plant 

North Salt Lake 2.,143 2,972 3,800 4,700 5,700 
Unincorporated 8,250 10,200 11,900 
Sub-iotal IT;2z2 14,900 17,600 17,400 2.5,400 31,800 

SALT LAKE COUNTY 

2 Salt Lake City 174,870 188,367 201,864 215,161 242,356 219,200 320,600 401,700 

3 South Salt La ke City 
Chesterfield 
Sub-total 11,8Z1 14,802 17,183 20,764 26,726 30,100 44,000 55,100 

4 Salt Lake City S. S. D. # 1 86,092 93,918 105,404 I I 3,581 
Taylorsville -Bennion 46,745 
Sub-total 160,326 152.,700 223,300 279,800 

t Granger-Hunter Imp. Dist. 
}{eaT". 
Sub-totcl 49,374 63,450 77,520 91,602 119,755 137,700 201,500 252,000 

6 Salt La ke County Cottonwood 34,416 43,025 51,634 60,243 77.462 87,100 127,400 159,600 

7 Murray City 21,308 26,646 31,984 37,322 48,000 54,000 79,000 99,000 

8 Tri-Cornmunity 
Midvale 7,499 7,999 8,499 8,'.199 10,000 
West Jordan 5,473 7,978 10,483 12,988 18,000 
S. L. C. S. S. D. #2 6,823 3,460 10,098 11,733 15,000 
S. L. C. S. I. D. #1 13,763 20,130 26,497 32,384 45,600 
S!.!b-total 33,557 44,567 55,577 66,584 88,600 104,200 152,400 190,900 

9 Sandy City 4,943 5,354 5,765 6,176 7,000 
Sandy Suburban 
Sub-total 29,600 43,300 54,200 

Salt Lake County Sub -total 442,907 514,059 528,211 651,440 789,907 814,600 1,191,500 1,492,300 

Lower Jordan River Total 452,650 523,780 594,911 666,340 801,507 832,000 1,216,900 1,524, IDa 

aTempleton, Linke, and Alsup Consulting Engineers and Engineering_Science, Inc. (1973a) up to 1995, straight line projection to 2024. 

from Bishop ct al. (1974). 

c Year of data. 



Table 17. Average flows of wastewater treatment plants, mgd. a 

Present (Estimate) (Low) (Middle) (H,"h) 

No. Wastewater Treahnent. Plant 
1974 ~ 1985 1995 202.4_ 2024 2024 

Imgrl} ,O}b 14) Ill} (21 J 150) (SOl (50) 

DA VIS COUNTY 

South Davis County 
5.1. D. South Plant 

North Salt Lake 
Unincorporated 
Sub-total 2.27 1.4 1.7 1.9 l. J Z. J 3.3 4.2 

SALT LAKE COl:NTY 

Salt Lake City 45. Q 34.1 37.0 40. f) .; 3, S 39.3 57.5 72. ) 

South Salt Lake City 4.55 3,6 4.2 +;,'.j S.9 
Chest\!rfield l.J l.'t 
Sub ... total -;;:z 7:a 8.8 12.8 16.1 

Sah Lake City S. S. D. ~ 1 16. Q 9. "i 10.1 !1.0 12:.0 
Ta yIor sVllle -Bennion ........J..2 4.7 
Sub-total 14. i t~. 7 1 S. q 2).3 29. 1 

Granger-Hunter fmp. Dis(, 1.3 4.4 5.8 7. J '4. S 
Kearns: ~ ~ ~ 
Sub-total 8, {) J 0.9 14.2 10. } 21.9 29.9 

$alt Lake County Cottonwood 8.0 5.1 7.5 9. I i 3. {) 14.lj 21.4 26.8 

Murray City 4.0 2.6 3.2 1.7 4.11 5. Z 1.6 9.5 

TTi-Community 1.6 
Midvale 1.5 lo7 l. 
Wut Jordan 1.2 1.6 2.2 Z.9 
S. L. C.S. S. D. .2 I. 'I L5 1.9 2. -i 
S. L. C.S.!. D. <1 5.0 7. 1 
Sub~total 10:8 l4.4 li>,9 24.8 31.0 

Sandy City 1.5 0.1 0.9 1.0 1.1 
Sandy Suburban 1.8 ~ Z. Q 

Sub-total 2.7 l.2 ---:r.o 4.4 6. S 8.1 

Salt Lake County Sub-totd 89.4 71.0 85.7 98.6 118.2 ·121. 4 117.8 222.6 

Lower Jordan River Total 92.22 72.4 87.4 100.5 120.5 123.7 181. I 226. S 

aTempleton~ Linke. and Alsup Consulting Enginet'Ts and Engi.neering-Science. Inc. (l 973.'1) up to 1 <f9S; values in 2024 
based on population projc"ctions and estimated •. 

b Year of data~ 

Treatment plant data 

The characteristics of the existing and proposed 
treatment plants are required to initialize the model. 
These plants do not have to be entered into the 
model in sequential order as the model will store their 
real number and assign a new number to them. The 
dynamic programming section of the model uses 
present worth as the control parameter in the 
selection of the optimum set of alternatives; there
fore, the selection of the appropriate value for the 
capital debt of the plants is quite important. The 
elevation of the treatment plant is used to calculate 
the slope and pumping heads on the trunk sewers 
between the plants. The name of the treatment plant 
is output by the model as a listing of the input data 
for the treatment plants. This provides an easy 
correlation between plant number and names. These 
data are presented in Table 21. 

Feasible connecting trunk sewers 

There are a large number of possible trunk 
sewers between treatment plants, however, many of 

45 

them would not be considered economically desir
able. The set of feasible sewers presented in Figure 20 
and Table 22 were selected to represent the feasible 
treatment systems. The length of the trunk sewer 
affects the construction costs and lift station require
ments. A minimum slope of the trunk sewer was 
defined in the control parameters section, and this 
was used to determine if the flow would be gravity or 
if lift stations were required. The existing capacity 
and capital debt set the initial conditions for the 
model. 

Population input data 

The population data can be entered for any or 
all points during the planning period. However, both 
the initial and final population values must be 
entered. Since the proposed regional plant does not 
serve any population area directly, it does not have to 
be entered. The zero value data for that plant will 
automatically be generated. These input data are 
shown in Table 23. 
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Figure 20. Feasible connecting trunk sewers. 
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Table 18. Trunk sewer lengths, ft.a 

I 12,500 
2 12,500 38,300 41,700 
3 38,300 7,800 
4 41,700 7,800 5,800 
5 5,800 
6 9,300 
7 
8 
9 

10 40,300 9.400 2,400 3,600 

aplotted and scaled on I :24000 scale topographic maps. 

Wastewater quantity input data 

Wastewater quantities can be entered directly 
into the model in place of the population projections 
if the appropriate control parameter on card 2 of the 
control cards (see Appendix A) is activated. TIlls 
option might be used in cases where population does 
not have a constant relationship to wastewater 
quantity. 

Treatment alternatives 

There are a large number of possible combina· 
tions of treatment plants and trunk sewers, however, 
since this section is only to test the model, 40 

Table 19. Selection of model parameters. 

Parameter 

Capital recovery period for treatment plants, yr. 
Capital recovery period for trunk sewers, yr. 
Capital recovery period for lift stations, yr. 
Construction lag time, yr. 
Annual rate of interest 
Gpd/capita of wastewater flow 
Peak flow factor (for population projections only) 
Peak flow factor (for wastewater flow projections only) 
Minimum slope of trunk sewer, ·ft/1000 ft. 
Average pumping head of lift stations, ft 
ENR·B Index for treatment plant and lift station costs 
WPC·S or EPA·S Index for sewer construction costs 
Labor cost index for O&M and power costs 
Time phased treatment levels, 1977 

1980 
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40,300 
9,400 

9,300 2,400 
3,600 

2,800 10,200 
2,800 18,600 

18,600 13,200 
13,200 

10,200 

a1tematives were prepared for study. The first group 
of 20 includes all nine treatment plants and one 
proposed regional plant on the Lower Jordan River. 
The last 20 altematives include only the plants 
located in Salt Lake County. These were included to 
account for the political constraints of county 
boundaries. 

These alternatives were additionally analyzed 
for the effect of the proposed 1977 and 1980 Utah 
State effluent standards. The model also has the 
capability to apply any time phased effluent 
standards to the individual treatment plants if the 
assimilative capacity of the river were to be used by 
any of the treatment plants. 

1974 
Values 

20.0 
50.0 
10.0 
2 
0.0600 

100.0 
2.25 
1.25 

·0.100 
25.0 

340.66 
211.66 

4.36 
2 
4 

Low 

0.0 

10.0 
10.0 
0.10 

Annual Increase 

Projected 

0.001675 

26.17 
15.184 
0.21 

High 

0.003 

40.0 
30.0 

0.30 



Table 20. Input data for cost equation coefficientsa - y = k Xa. 

Design 
Treatment Level Construction Costs 0& M Costs 

Index Initial Final k 

1 
2 
3 
4 
5 
6 
7 
8 
9 

10 
11 
12 

0 1 
0 2 
0 3 
0 4 
1 2 
1 3 
1 4 
2 3 
2 4 
3 4 

aTotal cost, y, in mil $; quantity, X, in mgd. 

bTrunk sewer construction cost, mil $/milc. 

1.2010 
1.5320 
1.7120 
2.3620 
0.3580 
0.5380 
l.J 880 
0.2060 
0.8580 
0.6780 
O.l270b 

O.l280d 

clift station overall 0 & M cost, excluding power costs. 

dun station construction costs. 

a k a 

0.7730 0.0537 0.7750 
0.8000 0.0599 0.8050 
0.7890 0.1070 0.7460 
0.7580 0.1650 0.7300 
0.8670 0.0133 0.9420 
0.8170 0.0585 0.7380 
0.7400 0.1160 0.7180 
0.6600 0.5230 0.6810 
0.6490 OJ 100 0.6890 
0.6460 0.6300 0.7220 
a.3900b 0.0018e 0.664OC 
0.6150d 0.Q288c 0.897OC 

eLift station power costs - y lO-3 k xU H; H is pumping head in ft. 

The 40 alternatives were initially analyzed 
individually over time to determine the total present 
worth of that alternative by its use for 20 years. Four 
alternatives were selected from both the Salt Lake 
County and Lower Jordan River Region groups for 
final comparison by the dynamic programming 
model. The best combination of alternatives was 
selected by the model and the annual costs and the 
list of expansion projects were obtained. 

Table 21. Treatment plant input data. 

Plant Capacity Capital Debta Elevation 
No. (mgd) (mil $) Cft) 

1 2.27 0.3064 4214 
2 45.0 3.2259 4213 
3 4.55 0.5591 4230 
4 16.0 0.1138 4238 
5 7.3 0.3715 4250 
6 8.0 0.3514 4246 
7 4.0 0 4243 
8 3.6 0.0990 4277 
9 1.5 0.3111 4300 

10 0 0 4236 

A sensitivity analysis was run for one alterna
tive by adjusting the amount of the annual increase in 
interest rates, ENR-building cost index, EPA-sewer 
cost index, and labor rate index. The economic 
effects of high and low population projections and 
variation in the value of the peak flow factor were 
also determined. An additional seven alternatives 
were analyzed to evaluate the effects of inflation on 
the selection of the best alternative. 

Treatment Name of Treatment Plant 
Level (36 letter limit) 

1 South Davis Co. S.I.D. South Plant 
1 Salt Lake City 
1 South Salt Lake City 
1 Salt Lake City S.S.D. # 1 
1 Granger-Hunter Imp. Dist. 
1 Salt Lake County Cottonwood 
1 Murray City 
1 Tri-Community (Midvale) 
1 Sandy City 
0 New Regional Plant @ 900 W 3100 S 

aEstimated using construction cost equations adjusted to year built, and applying straight line depreciation. 
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Table 22. Input data feasible connecting trunk sewers. 

Origin Destination Length Capacity Debt 
j k (ft) (mgd) (mil S) 

1 2 12,500 0 0 
2 I 12,500 0 0 
2 3 38,300 0 0 
2 4 41,700 0 0 
2 10 40,300 0 0 
3 2 38,300 0 0 
3 4 7,800 0 0 
3 10 9,400 0 0 
4 2 41,700 0 0 
4 3 7,800 0 0 
4 5 5,800 0 0 
4 6 9,300 0 0 
4 10 2,400 0 0 
5 4 5,800 0 0 
5 10 3,600 0 0 
6 4 9,300 0 0 
6 7 2,800 0 0 
6 10 10,200 0 0 
7 6 2,800 0 0 
7 8 18,600 0 0 
8 7 18,600 0 0 
8 9 13,200 0 0 
9 8 13,200 0 0 

10 2 40,300 0 0 
10 3 9,400 0 0 
10 4 2,400 0 0 
10 5 3,600 0 0 
10 6 10,200 0 0 

Treatment alternative input data 

Maps of the treatment alternatives for the 
Lower Jordan River Region and the Salt Lake County 
area are shown in Figures 21 and 22, respectively. 
The treatment levels shown reflect the current or near 
future treatment levels. Since the model is capable of 
enforcing higher treatment levels on each individual 
plant and at different points in time, it may be 
desirable to set the plants at the current level and 
have them upgraded as required by the time phased 
effl uen t standards. 

The treatment plant alternatives are shown with 
no flow requirements, but the model is capable of 
accepting both low flow and high flow limitations. 
When a plant exceeds either limit during the dynamic 
programming phase of the model, an arbitrary value 
of one billion dollars is added to the present worth 
total to prohibit that alternatives selection as an 
optimum alternative. This value is removed at a later 
year if the condition is changed. A capacity limit 
indicator on the printout is also used to indicate this 
condition. 
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TIle data from the maps (Figures 21 and 22) are 
presented in the proper form for computer input in 
Tables 24 and 25. The exact format requirements are 
discussed in the user's manual in Appendix A. 

Results of Model Runs 

All of the alternatives were analyzed in
dividually to determine the present worth value of 
each alternative. The 20 year total present worth 
values were used to select the optimum alternatives. 
The four al ternatives that produced the lowest 
present worth values were selected for further 
analysis. In Tables 26 and 27 are presented the annual 
costs and present worths, both with effluent 
standards and without standards, for the Lower 
Jordan River Region and the Salt Lake Regions, 
respectively. 

The selected alternatives were analyzed by the 
dynamiC programming portion of the model to 
determine if there would be any interaction between 
the alternatives. At the end of the planning period, 
the alternatives were ranked on the basis of present 
worth. The rankings for the Lower Jordan River 
Region and the Salt Lake County Region are shown 
in Tables 28 and 29, respectively. This also contains a 
detailed listing of which alternatives were optimum 
during each year of the planning period. One of the 
more important features of the model is the listing of 
quality-capacity expansion projects. In Tables 30 and 
31, the required projects are lised for the 1st optimal 
treatment sequence for both the regions. 

Sensitivity analysis 

A sensitivity analysis was run on alternative 8 
to provide information about the effect of variations 
in the data on the present worth value. The results are 
summarized in Table 32. The data are also plotted in 
Figures 23 and 24. A relative index was used in 
Figure 23 so that effects of the interest rate and cost 
indexes could be plotted on the same figure. The true 
value is equal to the relative index divided by the 
value shown with each parameter. 

The seven additional alternative treatment 
schemes shown in Figure 25 were analyzed to 
determine the effect of inflation on the selection of 
the best alternative. The existing debt was set equal 
to zero and interest rate was held constant. Three 
effluent quality schedules based on the federal 
requirements were used. A summary of the model 
parameters for the sensitivity analysis are presented in 
Table 33. The results of the model runs are shown in 
Table 34. 



Table 23. Wastewater flow projections with population or wastewater data. 

Time 
Wastewater Treatment Plant Numbers 

Year 
Period 

1 2 3 4 5 6 7 8 9 

Population Projections 

1974 0 11,222 188,367 14,802 116,464 63,450 43,025 26,646 44,567 15,238 
1978 4 12,700 201,864 17,781 127,744 77,526 51,634 31,984 55,577 18, 
1985 11 14,900 215,361 20,764 138,604 91,602 60,243 37,322 66,584 20,960 
1995 21 17,600 242,356 26,726 160,326 119,755 77,462 48,000 88,600 26,682 
2024 {L)a 50 17,400 219,200 30, 100 152,700 137,700 87,100 54,000 104,200 29,600 
2024 (M) 50 25,400 320,600 44,000 22 300 201,500 127,400 79,000 152,400 43,300 
2024 (H)a 50 31,800 401,700 55,100 279,800 252,000 159,600 99,000 190,900 54,200 

.... 
<:::> Average Flows of Wastewater Treatment Plants, mgd 

1974 0 1.4 34. 1 4.0 12. 1 6. 6 5. 7 2.6 4.0 1.9 
1978 4 1.7 37.0 5.0 13. 3 8.6 7.5 3.2 8.4 2.7 
1985 11 1.9 40.0 6.2 14.7 10.9 9. 1 3.7 10.8 3.2 
1995 21 2.3 43.5 7.8 16.7 14.2 13. 0 4. 6 14.4 4.0 
2024 (L)a 50 2. 3 39.3 8.8 15.9 16.3 14. 6 5.2 16.9 4.4 
2024 (M) 50 3. 3 57.5 12.8 23.3 23.9 21.4 7 • 6 24.8 6.5 
2024 (H)a 50 4.2 72. 1 16. 1 29. 1 29.9 26.8 9. 5 31.0 8. 1 

a Assume a straight line projection between 1974 and 2024. 
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Figure 21. Lower Jordan River conceptual wastewater treatment alternatives. 
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Figure 22. Salt Lake County conceptual wastewater treatment alternatives. 
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Table 24. Input data for the Lower Jordan River wastewater treatment alternatives. 
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Table 25. Input data for the Salt Lake County wastewater treatment alternatives. 

22 
22 
22 
22 
22 
22 
22 
22 

23 
23 
23 
23 
23 
23 
23 
23 

24 
24 
24 
24 
24 
24 
24 
24 

25 
25 
25 
25 
25 
25 
25 
25 

2 

4 
:; 
6 
7 
8 
9 

2 
3 
4 
5 
6 
7 
8 
9 

2 
3 
4 
5 
6 
7 
8 
9 

2 
3 
4 
5 
6 
7 
8 
9 

.j 

5 

" 7 
8 
9 

2 
3 
4 
5 
6 
7 
8 
9 

2 
3 
4 
5 
6 
7 
8 
9 

2 
2 
3 
4 
4 
6 
7 
8 

2 2.7 
2. 21' 
2 ::'7 
2 27 
2 n 
2 27 
2 27 

27 

3 28 
3 28 
3 28 
3 28 

28 
3 28 
3 28 
3 28 

.. 
4 
4 
4 
4 
4 
4 
4 

28 

29 
29 
29 
29 
29 
29 
29 
29 

30 
30 
30 
30 
30 
30 
30 
30 

2 

:; 
t', 

7 
8 
9 

J 0 

2 
3 
.; 
5 
6 
7 
8 
9 

10 

2 
3 
4 
:; 
6 
7 
8 
9 

2 
3 
4 
5 
6 
7 
8 
9 

10 

2 

10 
10 
10 
4 

l' 
8 
8 

10 

2 
JO 
10 
10 .. 
8 
8 
8 

10 

2 
2 
3 
4 
4 
r) 

8 
8 

2 
3 
5 
4 
4 
6 
8 
8 

4 

32 
32 
32 
,2 
32 
32 
32 
32 

33 
33 
33 
33 
33 
33 
33 
33 

34 
34 
34 
34 
34 
34 
34 
34 

35 
35 
35 
35 
35 
35 
35 
35 

62 

·l 
'; 

7 

8 

9 

2 
3 
4 
5 
(, 

7 
8 
9 

2 
3 
4 
5 
6 
7 
8 
9 

2 
3 
4 
5 
6 
7 
8 
9 

4 
:; 

2 

.. 
5 

') 

8 
8 

2 
4 
4 
5 
4 
6 
8 
8 

2 
4 
4 
5 
6 
6 
8 
8 

37 
17 
37 

37 
37 
n 
37 
37 

38 
38 
38 
38 
38 
38 
38 
38 

39 
39 
39 
39 
39 
39 
39 
39 

40 
40 
40 
40 
40 
40 
40 
40 

2 

4 
5 
6 
7 
8 
9 

2 
3 
4 
5 
6 
7 
8 
9 

2 
3 
4 
5 
6 
7 
8 
9 

2 
3 
4 
5 
6 
7 
8 
9 

4 
5 
6 
7 
8 
8 

2 
3 
4 
4 
4 
(, 

7 
8 

2 
4 
4 .. 
4 
8 
8 
8 

2 
4 
6 
4 
7 
7 
7 
8 



Table 26. Wastewater treatment system costs for the Lower Jordan River Region. 

With Effluent Standardsa Without Effluent Standards a 

Alternative 20 yr Annual Costs 20 yr Present Worths 20 yr Annual Costs 20 yr Present Worths 
No. 

Total Average Totalb Average Total Avcrage Total Average 
(tnil $) (mil $) (mil $) (mil $) (mil $) (mil $) (mil $) (mil $) 

1 471. 06 23.55 228.88 11.44 189.48 9.47 97.63 4.88 
2 471. 06 23.55 228.88 11.44 257.93 12.90 134.78 6.74 

3 439.13 21.96 216.02 10.80 342. 17 17. II 175.27 8.76 

4 485.24 24.26 246. 5(, 12.33 48.5.24 24. Z(, 246.56 12.33 

5 311.12 15. 56 156.56c 7.83 149~73 7.19 79.80 3.99 
(, 355.19 17.76 180.11 c 9.00 282.40 H. J2 145.80 7.29 

7 384.51 19.26 193.55 9. 68 273.84 13. (,') 141.59 7.08 

8 390.71 19.54 19(,.49 '). 82 268.84 13.44 139.2"3 6.96 
CI\ 9 353.07 17.65 176.14c 8.81 162. 17 8. 1 J 85.97 4.30 
u; 

10 392.03 19.60 193.78 9.69 171. 17 8.56 89.87 4.49 

11 402.37 20. 12 197. 18 9.86 170.61 8. 53 88.55 4.43 

12 429.60 21. 48 209.94 10.50 179.28 s. t)(; n.88 4.64 

13 451. 39 22.57 219. fN II. 00 18·1. q,', ~ I. 2. ::; 95.55 4.78 

14 416. 19 20.81 204.60 10.23 17(,. ) 5 8. 82 92.07 4.60 

15 439.48 21.97 215.35 10. Ti" 182.77 '). 14 95. 15 4.75 

16 388.23 19.41 191. 49 <,l. :,7 1 (,'j. 'I 0.37 87.58 4.38 

17 462. 15 23. 10 224.75 I 1. 2-~ I HI. \)i, ". 3 ') Q().44 -L 82 

18 374.02 18.70 183.87 9.19 I (,I • It> 8.0" 8·1. 10 4.20 

19 394.25 19.71 194. 5 I 9.7, 70.41 8.52 W).23 4-.46 

20 363.60 18. 18 180.47 c 9.02 162.52 8. 13 85.55 4.28 

aproposcd effluent standards for State of Utah. Treatrnent lcvel 2, 19Ti; treatment level 4, 1980. 

bVall1cs used to select best treatment alternath·es. 

c Alternatives selected for further study. 



Table 27. Wastewater treatment system costs for the Salt Lake County Region. 

With Effluent Standards a Without Effluent Standards
a 

Alternative 
20 yr Annual Costs 20 yr Present Worths 20 yr Annual Costs 20 yr Present Worths 

No. 
Total Average Total 

b 
Average Total Average Total Average 

(m.il $) (m.il $) (m.il $) (mil $) (mil $) (mil $) (mil $) (mil $) 

21 454.47 22.72 220.89 11.04 183.27 9. j() 94.42 4.72 
22 454.47 22.72 220.89 11.04 249.')5 12. 50 130.60 6. 53 
23 423.84 21. 19 208.55 10.43 330.67 I (). 53 1 ()9. 39 8.47 
24 468.22 23.41 237.92 11. 90 468.22. 23 .. +1 237.92 11.90 
25 304.31 15. 21 152. n C 7.65 145.49 7.21 77 .46 3.87 
26 348.60 17.43 176.48c 8.82 278.2{) 13. ') J 143.29 7. 16 
27 377.92 18.90 189.92 9.50 26').71 13. -18 139.08 6.95 

Q\ 
28 384. 12 19.21 192.85 9. 64 264.70 13.23 136.73 6.84 

~ 29 336.49 16.82 168. 15 8.41 155.9(, 7.80 82.76 4. 14 
30 375.33 18.77 185.72 9.28 164. 97 8. 25 86.66 4.33 
31 385.79 19.29 189. 19 9.46 1(,4.40 8. ?2 85.34 4.27 
32 413.02 20. 65 201.94 10. 10 173. OK 8. {l5 89.67 4.48 

33 434.81 21. 74 211. 94 10.60 178.7() ti. 'l·i 92.34 4.62 

34 399.60 19.98 196. 61 9.83 170.15 8.51 88.86 4.44 

35 422.90 21. 14 207.3(, 10. 37 I t; .. I) () 8.I-H QI.94 4.60 

36 371. 65 18.58 183.50 9. 17 I {,I. J 7 fl.Ob 8-!.37 4.22 

37 445.57 22.28 216.75 10.84 lHO.86 9.04 93.23 4. 66 

38 357.43 17.87 175.87
c 15.79 155.55 7.78 80.89 4.04 

39 377.66 18.88 186.51 9.33 J 64.21 8. l J 86.02 4.30 

40 347.02 17.35 172. 8.62 156.32 7.82 82.34 4. 12 

a Proposed effluent standards for State of Utah. Treatment level 2, 1977; Treatment level 4, 1980. 

b\"alues used to select best treatment alternatives. 

CAlternath'es selected for further study. 



Table 28. Optimal treatment sequences for the Lower 
Jordan River Region. 

Year 

1975 
1976 
1977 
1978 
1979 
1980 
1981 
1982 
1983 
1984 
1985 
1986 
1987 
1988 
1989 
1990 
1991 
1992 
1993 
1994 

Period 

1 
2 
3 
4 
5 
6 
7 
8 
9 

10 
11 
12 
13 
14 
15 
16 
17 
18 
19 
20 

1st 

5 
5 
5 
5 
5 
5 
5 
5 
5 
5 
5 
5 
5 
5 
5 
5 
5 
5 
5 
6 

2nd 

5 
5 
5 
5 
5 
5 
5 
5 
5 
5 
5 
5 
5 
5 
5 
5 
5 
5 
5 

20 

3rd 

5 
5 
5 
5 
5 
5 
5 
5 
5 
5 
5 
5 
5 
5 
5 
5 
5 
5 
5 
9 

4th 

5 
5 
5 
5 
5 
5 
5 
5 
5 
5 
5 
5 
5 
5 
5 
5 
5 
5 
5 
5 

Total Present 
Wortha 153.80 154.78 155.58 155.61. 

Discussion of Results 

While these are just a few of the possible 
alternatives that could be considered, they do give an 
idea how the model is to be operated. The model is 
able to analyze the expansion costs of a large number 
of alternatives at a low computer cost. The average 
computer processor time for analyzing ten alterna-
tives over a 20 year period was about 20 seconds. The 
time for the dynamic programming portion of the 
model for analyzing four alternatives over a 20 year 
period was about 30 seconds. 

Preliminary selection 

Twenty alternatives were analyzed for both the 
Lower Jordan River Region and the Salt Lake County 
Region. The results of these runs were presented in 
Tables 26 and 27. Effluent standards are generally 
considered to be mandatory, but it is important to 
realize the cost of these standards. In the alternatives 
that provided the lowest total cost over 20 years, 
alternatives 5 and 25, the imposed effluent standards 
doubled the cost of the treatment system that would 
have been required without these standards. This 
points to the need to investigate the possibilities of 
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using the stream for the assimilative capacity that it 
does have. This does not imply that the river is to be 
degraded to an unusable level, but rather that its 
capacity should not be wasted either. 

Optimization results 

Having made a preliminary selection of the 
alternatives, four alternatives were analyzed in the 
dynamic programming portion of the model to 
determine if there was any interaction between them. 
The data presented in Tables 28 and 29 allow the 
comparison of these alternatives. Generally, one 
alternative will become the optimum path into which 
all of the alternatives intersect. This is true because 
the alternative which provides the least cost solution 
to the treatment system analysis also becomes the 
least cost path used by all of the alternatives in the 
dynamic programming portion of the model. 

The introduction of minimum and maximum 
capacity constraints on the treatment plants can 
cause a new least cost path to be chosen during the 
planning period. In this case, all of the alternatives 
would switch to inc! ude this alternative in their least 
cost path. 

Table 29. Optimal treatment sequences for the Salt 
Lake Region. 

Year Period 1 st 2nd 3rd 4th 

1975 1 25 25 25 25 
1976 2 25 25 25 25 
1977 3 25 25 25 25 
1978 4 25 25 25 25 
1979 5 25 25 25 25 
1980 6 25 25 25 25 
1981 7 25 25 25 25 
1982 8 25 25 25 25 
1983 9 25 25 25 25 
1984 10 25 25 25 25 
1985 11 25 25 25 25 
1986 12 25 25 25 25 
1987 13 25 25 25 25 
1988 14 25 25 25 25 
1989 15 25 25 25 25 
1990 16 25 25 25 25 
1991 17 25 25 25 25 
1992 18 25 25 25 25 
1993 19 25 25 25 25 
1994 20 26 40 38 25 

Wortha 150.36 151.33 15139 152.18 

ami! S. 



Table 30. Quality-capacity expansion projects for the Lower Jordan River Region for Ist optimal treatment 
sequence. 

Origin Destination Treatment Level Capital Debt, mil $ 

Year J K Existing Proposed Existing Proposed Existing Expansion Total 

1975 1 2 0.00 6.15 
1975 2 45.00 188.34 
1975 3 2 0.00 196.79 
1975 4 3 0.00 186.67 
1975 5 4 0.00 46.34 
1975 6 4 0.00 89.13 
1975 7 6 0.00 59.83 
1975 8 7 0.00 41.68 
1975 9 8 0.00 6.57 
1978 2 188.34 188.34 

Quantity-capacity expansion projects 

The required construction projects for any 
alternative treatment scheme, as shown in Figures 31 
and 32, (Appendix A), can be produced. All of the 
dates represent the time that the design and construc
tion process needs to be started if the plant or trunk 
sewer is to be completed and operational by the 
required date. The length of time was determined by 
the construction lag period. Origin J represents a 
treatment plant and destination K represents a trunk 
sewer between plant J and plant K. The proposed 
capacities and treatment levels provide information 
for the detailed engineering analysis that must be 
done before the results of the model can be applied. 
The capital debt information provides an approxi
mate value of the projects. This listing of projects 

0;0000 1.0759 1.0759 
2 3.2259 96.2314 99.4573 

0.0000 7.7467 7.7467 
0.0000 1.5455 1.5455 
0.0000 0.6675 0.6675 
0.0000 1.3812 1.3812 
0.0000 2.0628 2.0628 
0.0000 2.0537 2.0537 
0.0000 0.7091 0.7091 

2 4 82.3133 33.5968 115.9100 

allows planning to be done before the need becomes 
evident. 

Sensitivity analysis 

The variation of the parameters in the model 
and the related effects on the total present worth 
value are shown in Table 32 and Figures 23 and 24. 
The EPA sewer construction cost index caused little 
effect on the present worth value of alternative 8. On 
the other hand, the labor rates, reflecting operation 
and maintenance costs, greatly affected the present 
worths. Interest rates caused a significant decrease in 
the present worth because of the decreasing value of 
money with time as the interest rates go up. Projected 
populations and the peak flow factor have a sig
nificant effect on the values of the present worth, but 

Table 31. Quality-capacity expansion projects for the Salt Lake County Region for 1st optimal treatment 
sequence. 

Origin Destina tion Capacity, mgd Treatment Level Capital Debt, mil $ 
Year J K Existing Proposed Existing Proposed Existing Expansion Total 

1975 2 45.00 184.21 2 3.2259 94.2024 97.4283 
1975 3 2 0.00 196.79 0.0000 7.7467 7.7467 
1975 4 3 0.00 186.67 0.0000 1.5455 1.5455 
1975 5 4 0.00 46.34 0.0000 0.6675 0.6675 
1975 6 4 0.00 89.13 0.0000 1.3812 1.3812 
1975 7 6 0.00 59.83 0.0000 2.0628 2.0628 
1975 8 7 0.00 41.68 0.0000 2.0537 2.0537 
1975 9 8 0.00 6.57 0.0000 0.7091 0.7091 
1978 2 184.21 184.21 2 4 80.6293 33.1172 113.7465 
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Table 32. Sensitivity analysis of modeLa 

Annual Increase Present Worth 
in Parameter (mil $) 

0.0 210.18 
0.0010 201.69 
0.001675b 196.43 
0.00255 190.10 
0.0040 180.73 

0.0 188.78 
10.0 191.70 
20.0 194.62 
26.17b 196.43 
30.0 197.54 
40.0 200.46 

0.0 196.27 
10.0 196.37 
15.l84b 196.43 
20.0 196.47 
30.0 196.57 

labor Rates 

0.0 161.60 
0.10 178.18 
0.2I b 196.43 
0.30 211.35 
0.40 227.94 

!lUsing alternative No.8. 

bProjected values used for all runs. 

may have little effect on the decision process of 
selecting between alternatives, because it is applied 
equally to all alternatives. It is possible that popula
tion could increase faster in one area while the other 
areas are slower, but the planning period is short 
enough to compensate for these irregularities. 

The inflation of the construction and operating 
costs, as shown in Table 34, have a significant effect 
on the present worth of each alternative. However, 
the ranking of each alternative on the basis of present 
worth remained the same both with and without 
inflation. Some variations in ranking were noted 
when total annual costs were used as the basis of ' 
selection. In general, consideration of inflation is 
required to determine the true cost of an alternative 
but it may not be required for the selection of the 

Value of 
Parameter 

Population 
Projections 

High 
Projectedb 
Low 

Peak Flow Factor 

1.0 
1.5 
2.25b 

2.5 

Present Worth 
(mil $) 

217.Q7 
196.42 
170.82 

109.23 
142.84 
196.43 
213.56 

best alternative since all of the alternatives experience 
the same inflation rates. The decision on whether or 
not to consider inflation in the model will depend 
upon whether the alternatives experience expansion 
requirements at similar points in time or at widely 
different points in time. 

Other applications 

The model was limited to four treatment levels, 
but it could be easily modified to include many more 
combinations of levels. Some possible additions in
clude land spreading of effluents and different treat
ment methods developed by a changing technology. 
The model contains sufficient fleXibility to be 
adapted to the needs of most users with only minor 
changes. 
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Figure 25. Salt Lake County conceptual wastewater treatment alternatives for sensitivity analysis. 
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Table 33. Model parameters for sensitivity analysis. 

Parameter 

Capital recovery period for treatment plants, yr. 
Capital recovery period for trunk sewers, yr. 
Capital recovery periodJor lift stations, yr. 
Construction lag time, yr. 
Annual rate of interest 
Gpdjcapita of wastewater flow 
Peak flow factor 
Minimum slope of trunk sewer, ·ft/l 000 ft 
Average pumping head of lift stations, ft 
ENR-B Index for treatment plant and lift station costs 
WPC-S or EPA-S Index for sewer construction costs 
Labor cost index for 0 & M and power costs 
Time phased treatment If!vels, 1977 

1980 
1983 

Table 34. Effects of inflation on wastewater treatment systems costs.a 

1974 
Values 

30.0 
60.0 
30.0 

2.0 
0.0687 

100.0 
1.0 

·0.10 
25.0 

340.66 
211.66 

4.36 
2 
3 
4 

Annual Increase 
With Inflation 

o 

26.17 
15.184 
0.21 

With Infllationb Without Infilation 

Alternative 20 yr Annual 20 yr Pre sen t 20 yr Annual 20 yr Present 

No. Costs Worths Costs Worths 

Total Average Total Average Total Average Total. Average 
(mil $) (mil $) (mil $) (mil $) (mil $) (mil $) (mil $) (mil $) 

EFFLUENT LEVEL 2C 

41 141.88 7.09 75.87 3.79 111.57 5.58 62.43 3.12 
42 143.51 7.18 75.67d 3.78 110.17 5.51 61.08d 3.05 
43 158.04 7.90 83.03 4.15 120.63 6.03 66.71 3.34 
44 152.09 7.60 80.09 4.00 116.51 5.83 64.54 3.23 
45 150.45 7.52 79.18 3.96 115.18 5.76 63.77 3.19 
46 147.70 7.38 77.75 3.89 113.07 5.65 62.62 3.13 
47 167.10 8.35 84.76 4.24 122.02 6.10 65.58 3.28 

EFFLUENT LEVELS 2,3 

41 170.19 8.5l 4.42 129.90 6.50 3.54 
42 180.27 9.01 92.02 4.60 133.90 6.70 72.04 3.60 
43 205.05 10.25 103.89 5.19 150.95 4.75 80.69 4.03 
44 194.28 9.71 '. 98.83 4.94 143.74 7.19 77.10 3.86 
45 192.08 9.60 97.67 4.88 142.Q4 7.10 76.17 3.81 
46 188.16 9.41 95.73 4.79 139.18 6.96 74.67 3.73 
47 225.46 11.27 110.53 5.53 159.50 7.98 82.79 4.14 

EFFLUENT LEVELS 2,3,4 

41 203.49 10.17 101.55d 5.08 149.74 7.49 78.90d 3.95 
42 221.47 11.07 108.21 5.41 158.46 7.92 81.95 4.10 
43 255.54 12.78 123.73 6.19 181.06 9.05 92.83 4.64 
44 240.40 12.02 116.95 5.85 171.23 8.56 88.19 4.41 
45 237.71 11.89 115.60 5.78 169.24 8.46 87.14 4.35 
46 232.72 11.04 113.24 5.66 165.75 8.29 85.39 4.27 
47 287.81 14.39 134.89 6.74 196.46 9.82 97.62 4.88 

aSalt Lake County Plants, no existing piant debt. CRequired effluent levels-1977 level 2, 1980 -level 3, 1983 -level 4. 
b Annual increases of cost indexes, interest rate constant. dMinimum cost alternative. 

71 





REFERENCES 

American Society of Civil Engineers. 1970. Design and 
construction of sanitary and storm sewers. ASCE-MOP 
No. 37, New York. 

Bauer, W. J. 1962. Economics of urban drainage design. 
Journal Hydraulics Division, American Society of Civil 
Engineers 88(HY6):93-114. 

Balas, E. 1965. An additive algorithm for solving linear 
programs with zero-one variables. Operations Research 
13(4):517-549. 

Bellman, R., and S. E. Dryfu$, 1962. Applied dynamic 
programming. Princeton University Press, Princeton, 
New Jersey. 

Benjes, H. H. 1960. Design of sewage pumping stations. 
Public Works 61(8):89-93 and 180-186, 

Berthouex, P. M. 1972. Evaluating economies of scale. 
Journal Water Pollution Control Federation 
44:2111·2119. 

Bishop, A. B., W. J. Grenney, R. Narayanan, and S. L. 
K1emetson. 1974. Evaluating water reuse alternatives in 
water resources planning. Utah Water Research Labora
tory publication PRWGI23·1, Utah State University. 

Butcher, W. S., Y. Y. Haimes, and W. A. Hall. 1969. Dynamic 
programming for the optimal sequencing of water 
supply projects. Water Resources Research 
5(6):1196-1204. 

California State Water Resources Control Board. 1963. Water 
quality criteria. State of California, Sacramento. 

Chenery, H. B. 1952. Overcapacity and the acceleration 
principle. Econometrica 20: 1·88. 

Classen, N. W., and H. D. Voigt. 1973. The cost of 
wastewater system facilities. Public Works 
104(5):100-101. 

Dantzig, G. 1963. Linear programming and extensions. 
Princeton University Press, Princeton, New Jersey. 

Dantzig, G., and P. Wolfe. 1961. The decomposition 
algorithm for linear programs. Econometrica 
29:767·778. 

Dawes, J. H. 1970. Tools for water·resource study. Journal 
Irrigation and Drainage Division, American Society of 
Civil Engineers 96(lR4):403-424. 

Deininger, R. A., and S. Y. Suo 1973. Modelling regional 
waste water treatment systems. Water Research 
7:633-646. 

Eckenfelder, W. W., Jr. 1970. Water quality engineering for 
practicing engineers. Barnes and Noble, Inc., New 
York. 

73 

Engineering News Record. 1974. Construction scoreboard. 
McGraw-Hill Publishers, weekly publication. 

Engineering-Science, Inc. 1970. Deepwater interceptor 
feasibility study report. Delaware River Basin Com
mission, Trenton, New Jersey. June. 

Environmental Protection Agency. 1973. Cost effectiveness 
analysis. Federal Register 38(174-1):24639-24640. 

Erlenkotter, D. 1967. Two producing areas· dynamic 
programming solutions. Investments for Capacity Ex
pansion, A. S. Manne, Editor, M.LT. Press, Cambridge, 
Mass. pp. 211-212. 

Erlenkotter, D. 1973. Capacity planning for large multiloca· 
tion systems: Approximate and incomplete dynamic 
programming approaches. Working Paper No. 197, 
Western Management Science Institute, University of 
California, Los Angeles, 

Evenson, D. E" G. T. Orlob, and J, R. Monser. 1969. 
Preliminary selection of wastewater treatment systems. 
Journal Water Pollution Control Federation 
41: 1845·1858. 

Federal Water Pollution Control Administration. 1967. Sewer 
and sewage treatment plant construction cost index. 
U.S. Government Printing Office, Washington, D.C. 

Federal Water Pollution Control Administration. 1968. 
Report of committee on water quality criteria. U.S. 
Government Printing Office, Washington, D.C. 

Geoffrion, A. M. 1966. Integer programming by implicit 
enumeration and Balas' method. Memo RM4783-PR. 
The Rand Corporation, Santa Monica, California. 

Glover, F. 1965. Muitiphase dual algorithm for the zero-one 
integer programming problem. Operation Research 
13(6):932-945. 

Gomery, R. E. 1963. An algorithm for integer solutions to 
linear programs. Recent Advances in Mathematical 
Programming. R. L. Graves and P. Wolfe, Editors, 
McGraw-Hill, New York. pp. 269·302. 

Grant, E. L., and W. G. Ireson. 1964. Principles of engineer
ing economy. The Ronald Press Company, New York. 

Hadley, G. 1962a. Linear programming. Addison-Wesley 
Publishing Company, Palo Alto, California. 

Hadley, G. 1962b. Nonlinear and dynamic programming. 
Addison-Wesley Publishing Company, Palo Alto, Cali· 
fornia. 

Halmes, Y. Y. 1971. Modeling and control of the pollution of 
water resources systems via the multilevel approach. 
Water Resources Bulletin 7(l):104·112. 



Haimes, Y. Y. 1972a. Decomposition and multilevel tech
niques for water quality control. Water Resources 
Research 8(2):98-108. 

Haimes, Y. Y. 1972b. Decomposition and multilevel ap· 
proach in the modeling and management of water 
resources systems. An invited survey paper presented at 
the 'NATO Advanced Study Institute on Decomposi
tion as a Tool for Solving Large Scale Problems.' 
NATO, Cambridge, England. 

Haimes, Y. Y., M. A. Kaplan, and M. A. Husar. 1972. A 
multilevel approach to determining optimal taxation 
for the abatement of water pollution. Water Resources 
Research 8(2):18-26. 

Haldi, J., and L. M. Isaacson. 1962. A computer code for 
integer solutions to linear programs. Operation Re
search 13(6):946-959. 

Hall, W. A., and J. A. Dracup. 1910. Water resources systems 
engineering. McGraw-Hill Book Company, New York. 

Hinomoto, H. 1972. Dynamic programming of capacity 
expansion of municipal water treatment systems. Water 
Resources Research 8(5):1118-1187. 

Hu, T. C. 1969. Integer programming and network flows. 
Addison-Wesley Publishing Company, Palo Alto, Cali
fornia. 

Kirby, M. W. 1971. Optimal policies for capacity expansion 
under known demand growth. Pacific Southwest Forest 
& Range Experimental Station, Management-Science 
Station, U.S. Forest Service, Berkeley, California. 

Kuhn, H. W., and A. W. Tucker. 1950. Nonlinear program· 
mingo University of California Press, Berkeley, Publica
tion number 481. 

Liebman, J. c., and D. H. Marks. 1968. Balas algorithm for 
zoned uniform treatment. Journal Sanitary Engineering 
Di vision, American Society of Civil Engineers 
94(4):585-593. 

Linaweaver, F. P., Jr., and C. S. Qark. 1964. Cost of water 
transmission. Journal American Water Works Associa
tion 56:1549·1560. 

Logan, J. A., W. D. Hatfield, G. S. Russell, and W. R. Lynn. 
1962. An analysis of the economics of wastewater 
treatment. Journal Water Pollution Control Federation 
34:86()..882. 

Lynn, W. R. 1964. Stage development of wastewater treat
ment works. Journal Water Pollution Control Federa
tion 36(6):722-751. 

Lynn, W. R., J. A. Logan, and A. Chames. 1962. Systems 
analysis for planning wastewater treatment plants. 
Journal Water Pollution Control Federation 
34(6):565-581. 

Manne, A. S. 1961. Capacity expansion and probabilistic 
growth. Econometrica 29:632·649. 

Marsden, J. R., D. E. Pingry, and A. Whinston. 1912. 
Production function theory and the optimal design of 
waste treatment facilities. Applied Economics 
4:279-290. 

74 

Mcjunkin, F. E. 1964. Population forecasting by sanitary 
engineers. Journal Sanitary Engineering Division, 
American Society of Civil Engineers 90(SA4):31·58. 

Michel, R. L., A. 1. Pelmoter, and R. C. Patange. 1969. 
Operation and maintenance of municipal waste treat
ment plants. Journal Water Pollution Control Federa
tion 41:335-354. 

Michel, R. L. 1910. Costs and manpower for municipal 
wastewater treatment plant operation and main
tenance, 1965-1968. Journal Water Pollution Control 
Federation 42: 1883·1910. 

Middlebrooks, E. J., J. H. Reynolds, G. 1. Shell, and N. B. 
Jones. 1971. Modification of existing wastewater treat
ment plants in Utah to meet class "C" water quality 
standards. Presented at the jOint meeting, Inter
mountain Scction, American Water Works Association 
and Utah Water Pollution Control Association, Provo, 
Utah, 23-24 September. 

Miller, I., and J. E. Freund. 1965. PrObability and statistics 
for engineers. Prentice-Hall, Englewood CHffs, New 
Jersey. 

Murty, K. G. 1968. Solving the fixed charge problem by 
ranking the extreme points. Operations Research 
16:268-279. 

Nemhauser, G. L., and Z. Ullman. 1969. Discrete dynamic 
programming and capital allocation. Management 
Science 15(9):26-32. 

Public Health Service. 1962. Drinking water standards. U.S. 
Department of Health, Education, and Welfare, Wash
ington, D.C. 

Rachford, T. M., R. F. Scarlo, and G. Tchobanoglous. 1969. 
Time capacity expansion of waste treatment systems. 
Journal Sanitary Engineering Division, American 
Society of Civil Engineers 95(SA6): 1063-1077. 

Rowan, P. P., K. 1. Jenkins, and D. H. Howells. 1961. 
Estimating sewage treatment plant operation and 
maintenance costs. Journal Water Pollution Control 
Federation 33:111·121. 

Shah, K. L., and G. W. Reid. 1970. Techniques for estimating 
construction costs of waste treatment plants. Journal 
Water Pollution Control Federation 42:176-793. 

Shih, C. S., and P. Krishnan. 1969. Dynamic optimization for 
industrial waste treatment design. Journal Water Pollu
tion Control Federation 41(10): 1787-1802. 

Shih, C. S., and J. A. DeFilippi. 1970. System optimization 
of waste treatment plant process design. Journal 
Sanitary Engineering Division, American Society of 
Civil Engineers 96(SA2):409-421. 

Singh, K. P., and C. G. Lonnquist. 1972. Water treatment 
plant staging policy. Water Resources Bulletin 
8: 239-249. 

Smith, R. 1968. Cost of conventional and advanced treat
ment of wastewater. Journal Water Pollution Control 
Federation 40:1546-1574. 

Spencer, C. C. 1958. MetropOlitan planning for sewers on a 
county basis. Public Works 89(8):83-85. 



Srinivasan, T. N., and A. S. Manne. 1967. Calculations for a 
single producing area. Investments for Capacity Expan
sion, MIT Press, Cambridge, Mass. 

Standard & Poor's Corporation. 1974. Trade and securities. 
Statistics section. New York (monthly). 

Templeton, Linke, and Alsup Consulting Engineers. 1973. 
Water quality management plan, summary fust year 
annual report, Utall Lake-Jordan River hydrologic 
basins. Prepared for the Utah State Bureau of Environ
mental Health, Salt Lake City, Utah. 

Templeton, Linke, and Alsup Consulting Engineers and 
Engineering-Science, Inc. 1973a. Annual progress reo 
port and second year program comprehensive water 
pollution control planning Utah Lake·Jordan River 
hydrologic basins. Volumes I and II. Utah State 
Division of Health, Salt Lake City, Utah. 

Templeton, Linke, and Alsup Consulting Engineers and 
Engineering·Science, Inc. 1973b. Utah Lake·Jordan 
River water quality management study. Brief on 
development and evaluation of municipal waste water 
management alternatives. Prepared for the Utah State 
Bureau of Environmental Health, Salt Lake City, Utah, 
17 December. 

Tihansky, D. P. 1974. Historical development of water 
pollution control cost functions. Journal Water Pollu
tion Control Federation 46(5):813·833. 

Trauth, C. A., Jr., and R. E. Woolsey. 1969. Integer linear 
programming: A study in compu tational efficiency. 
Management Science 15(9):32-40. 

Utah State Division of Health. 1965. Code of waste disposal 
regulations, part II, standards of quality for waters of 
the state. Salt Lake City, Utah. 

75 

Utah State Division of Health. 1971, Summary of class "C" 
water quality requirements. Salt Lake City, Utah. 

Utah State Water Pollution Control Committee. 1974. Notice 
of public hearing on wastewater treatment effluent 
standards. Salt Lake City, Utah. May 10. 

U.S. Department of Commerce. 1974. Construction review. 
Cost and Prices 20(2) :44. 

U.S. Labor Statistics Bureau. 1974. Employment and earn
ings. Table C·2, Transportation and Public Utilities, SIC 
Code 494·7, Water, Steam, and Sanitary Systems 
(monthly publication). 

Veinott, A. F., and A. S. Manne. 1967. Optimal plant size 
with arbitrary increasing time paths of demand. Invest
ments for capacity expansion. A. S. Manne, ed., MIT 
Press, Cambridge, Mass. 

Wanielista, M. P., and C. S. Bauer. 1972. Centralization of 
waste treatment facilities. Journal Water Pollution 
Control Federation 44:2229·2238. 

Water Resources Council. 1973. Principles and standards for 
planning water and related land resources. Federal 
Register 38(174·3): 24651·24653. 

Watters, L. 1. 1967. Reduction of integer polynomial 
programming problems to zero-one linear programming 
problems. Operations Research 15(6): 1171·1174. 

Woolsey, R. E., B. Holcolm, and P. Ryan. 1969. Arriba, and 
all·integer programming system. Control Data Corpora
tion, Palo Alto, California. February 25. 

Young, G. K., and M. A. Pisano. 1970. Nonlinear program
ming applied to regional water resource planning. Water 
Resources Research 6(1):32-42. 





APPENDICES 

77 





Appendix A 

User's Manual 

Wastewater Treatment Optimization Model-WTOM 

Purpose of model 

The dynamic programming model was devel
oped to be used as a planning tool by regional and 
local planners, governmental agencies, and consulting 
firms. It provides information on the sequential 
expansion, upgrading, and regionalization of waste
water treatment plants at a minimum total dis
counted future cost. The required input data are the 
projected populations, the per capita contribution of 
wastewater, the peak flow factor, wastewater treat
ment plant and trunk sewer data, interest rates, cost 
indices, and cost coefficients. The economic effects 
of several alternative future conditions on the treat· 
ment needs of a region can then be analyzed. 

Model options 

The model contains several optional modes of 
operation and also the ability to suppress several of 
the output formats. 

IEDIT. The edit data are used primarily for the 
debugging of the model, but does provide detailed 
information on the mathematical operations of the 
model. I t produces a large volume of data for each 
year, and is not recommended for general use in the 
operation of the model. Definitions of all of the 
headings are presented in Table 35, and a sample 
output listing of the edit data is presented in Figure 
26. 

lLIST. The list data provide an annual summary 
of the capacity, capital debt, expansion costs, annual 
costs, and present worth values for each treatment 
plant and trunk sewer for each alternative. A sample 
output listing is presented in Figure 27. 

IPW. This output provides .the present worth 
values and the optimum back path for each alterna
tive for each year. It is these values which were used 
in the dynamic prograrruning portion of the model to 
select the optimum path. A listing is shown in Figure 
28. 

lRANK. 'This output provides the ranking of 
the final alternatives on the basis of their total 
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accumulated present worth values in the final plan
ning year. A sample listing is shown in Figure 29. 

NRANK. The number of ranking data to be 
printed indicates how many of the final alternatives 
will be listed. This output provides the record of the 
present worth values over the entire planning period 
for the path that produced the given total values of 
final present worth. A sample listing is shown in 
Figure 30. 

NAL TPR. Up to this point ail of the data 
output were produced by the dynamic programming 
portion of the model. NALTPR indicates the number 
of alternatives listed under the ranking data, Figure 
29, for which a detailed analysis is desired. The latter 
portion of the model, that is under the control of this 
index, recalculates all of the costs along the optimum 
path previously selected, and produces the output 
that follows. A summary of annual costs is also 
printed with this option. A sample listing of this 
output is shown in Figure 31. 

[PROf. This option provides a listing of all the 
quality and capacity expansion projects required by 
an alternative or by the alternatives on the optimum 
path calculated by the dynamic programming portion 
of the model. A sample listing is presented in Figure 
32. 

IANUAL. This output produces a detailed 
output listing of the annual operations of each 
treatment plant and trunk sewer. If an item is not 
used, the data are not printed. The index indicates 
how many years these data are to be printed. A 
sample listing is shown in Figure 33. 

NONDYN. This option allows an individual 
alternative to be suboptimized over the planning 
period. The dynamic programming portion of the 
model is bypassed, and all the annual costs of the 
alternative under consideration are calculated. The 
number of alternatives to be analyzed by this method 
is controlled by the NALTPR option, and the same 
output listings are produced. 



Table 35. Definitions of column headings. 

H e~ ding Definition 

ANNUAL Annual repayTIlent of previous years capital debt, mil $. 

BACK Alternative in previous year that provided the minimum total present worth 
cost to provide alternative M this year. 

CAPAC Capacity of treatment plant Or trunk sewer, mgd. 

CAP LIMIT Indicates when a capacity constraint has been exceeded. A '0' is the 
normal condition, a '1' indicates a minimum capacity, and a '2' indicates 
that a maximum capacity has been exceeded. 

DEBT Existing capital debt of the facility, mil $. 

DEMAND Annual increase in the quantity of wastewater, mgd. 

DESIGN Design capacity of .the facility, mgd. 

DESIGN INDEX Indicates which cost coefficients were used to calculate construction and 
o & M costs of treatment plants. 

EXISTING Existing capacity of the facility, mgd. 

EXPANSION Construction cost of proposed expansion, mil $. 

FLOW Quantity of wastewater treated by treatment plant or transported by trunk 
sewer in year L, mgd. 

FLOWL Quantity of wastewater treated by treatment plant or tr,'nsported by trunk 
sewer in year L plus the construction lag time. This quantity used for 
design of future facilities. 

J Wastewater treatment plant number. 

K Destination of trunk sewer from plant J to plant K. 

L Index of year with L = I for the initial year of study. 

LIFT STATIONS Number of lift stations required by trunk sewer. 

M Alternative treatment system be considered. 

MB Alternative in previous year that provided the minimum total present worth 
cost to provide alternative M this year. 

0& M Annual operation and maintenance costs, mil $. 

OPT VAL Cumulative total present worth going from the initial year to the present 
year. 

TOTAL Total capital debt equals existing capital debt minus annual repayment plus 
cost of expansion, mil $. 

Design period of facility, yr. TSTAR 

VALUE Present worth value of alternative M in year L, mil $. 

Input data formats 

The card formats and definitions of the required 
data for the model are presented in Table 36. Some 
of the parameters and their output listings are 
discussed in more detail in the following sections. 

Sample outputs 

Control parameters. The control parameters 
used to operate the model and control the economic 
conditions are listed for each run. A sample of this 
output is shown in Figure 34. The listing of card type 
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and column simplify the process of making runs 
under varying conditions. 

Cost coefficients. The costs of treating and 
transporting wastewater are represented in general by 
the equation - y = k )(!1. Ten treatment options are 
available as shown in Table 37. The '0' level indicates 
the construction of a new treatment plant. Four 
levels of treatment are possible. The definition of 
these levels will change with changing technology. 

The first ten (10) rows of model output record, 
shown in Figure 35, represent these ten treatment 



~1l>T UAIA - HUN 

Ut'IIMUM ALTE~NATIV[S 

M .. ~ J K CAPAC llEbT ANNUAL EXPANSION TOUL VALUE ppl V~l., 

"GO HIL $ MIL $ HIL $ MIL , HIL S '<IlL , 

<2 , S 2.21 0.3004 0.0267 0.0000 0.279 r 
2 , 5 2 4.S'l 0.0000 0.0000 0.~639 (10 5639 

2 ~ 5 2 IHB,), 3.2259 1},2612 96.2314 99.1760 

l :; 5 3 4.';5 O.5~91 O.04oT 0.0000 0.510_ 
2 !> 5 3 2 196.79 0.0000 0.0000 7.7467 1.7467 

2 5 ~ H.oO 0.1136 0.0099 0.0000 0.1039 , 5 5 166.67 0.0000 0.0000 1.54~5 1.5455 

Figure 26. Edit data listing. 

E~ll \,I.a .. HUH 

· · .. 4 K ". flO. H,{}alL OEri"",!,) TITAR oUl'" UrT (;(I$TlHG Ol511$" nUT l.:cPAkU0.1<1 •• NUlL o •• VlL-at 
,-pdt "~!) ••• ••• ... tNOn ITlTtO .. 5 

• > ) 1 Q.Otl ihOO 0.0000 0.00 
1 2 2.61 2.71 O~061t, :l'6~·O 
2 \zl.a~ tzy.e, 2.924. 2{hGO 
) OtOO 1).00 {).oooo 0.00 
) • 16.10 1Jil.42 :.1:.1&1. '0.00 

• > • · thOU 0.00 0.04100 1).00' 

• , 12 .. 6-0 Ttt:.,9 I.UU '1).00 

• > > • 0 • .0(,1 0.00 0,00'041 0.00 
> • lS.Qr 16.65 o.'ne '0.00 

• • • • 4hOl,l 0.00 0.0000 0 .. 00 

• lC.10 )J.O) 1 ~1060 '(hOO 
r ~0.51 22,6" 0.1'42$ 50.00 

• > • • 0.00 (hOO 0.0000 0.00 

• 1 14.t. l!heO 0.,.'6 50~OO 

• > ) • 0.00- 0.00 0.0000 0.00 

• • 1.).f,I ).91 o.nu '0 .. 00 

• • · I 0 .. 00 0.00 0.0000 0.00 
1 2 2.61 2.11 ()'O61' '0.00 

> • Z UI.es- liv.a, 2.9a-44 10.00 
> · • 0.0-0 ,.1.00 0.0000 0,00 

) • 1'6,H.I al.42 2.2&ft so.OO 
• , • · O.vO iI,OO (hOOOO 0_00 

• .. 12.6(1 11.!9 il.16" ,0.0-0 
a ~ · s 0.00 0.00 0,0000 0.00 

S • ".OT H •• o'5 0.S938 ,0.00 

• • • • 0.0'0 4,,00 0.0000 0.00 

• 30.10 ll.1l a.l0.0 "hOO , to.S1 u • ., 0.1.18 so." • s • • 0 .. -00 0,00 0.0000 0.00 

Figure 27. List data. 

alternatives. AK and ALPHA represent k and a for 
the construction cost equation and BK and BALPHA 
represent the operation and maintenance equation. 
AK(ll) and ALPHA(ll) represent the cost equation 
for trunk sewer construction costs per mile, and 
AK(l2) and ALPHA(l2) represent the construction 
costs of a lift station feeding the gravity trunk sewer. 
The quantity of flow, 'X: is measured in million 
gallons per day (mgd). The operation and main
tenance cost of the lift station are in two parts. 
BK(ll) and BALPHA(lI) represent the cost equation 
for the general operation and maintenance costs of a 
lift station, and BK(I2) and BALPHA(I2) represent 
the average cost of power for the lift station. The 
latter equation is represented by y = k XaH, where H 
is the pumping head. BK(12) is presented as k x 
1000.0 to allow the use of the same format in the 
model. The cost equation in the model is adjusted to 
reflect this change in value. 
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MGO • '0 NH, • )Ill I MIL .. I'ItL • "tl " 

2.21 2.,2' (1.10'. O.COOO 0.02'2 'hOOOO 0.0151 
0.00 h59 fl. O()~O o.,on O.{;OQO 0.0000 0,0000 
"~~QO lee.H ,.2259 96.2114 {h26~l a.t9U 2.""3 

" ,)5 4." n.,,9l 0.0000 O.O.~u 0.0000 U.MS9 
c>.OO tU.19 111000'0 1.1' 4 61 o.oeoo 0.0000 ti.eGOI) 

16.(10 16.00 ~. \ 11& o.oaoo 0.0094 0,1)000 C.OOt4 
0.00 "6leT 1'-0000 ,.'H'5.'! 0.0000 0.0000 0.1I000 
1.)0 1.l0 C,Hl~ 0.0000 0.010' 0.0000 G.UOS 
IhOO 46.14 n,OOOl) 0.661, 0.12000 0.001l0 0.0000 
a.oo &.00 nd'H4 0.0000 o.on~ 0.0000 O.oU'f 
0-.00 &9.13 l'hIHiOO l,lU2 0.0000 IhOOCO 0.0000 
0.1)0 'St.U 1'1,0000 a.nu 0.0000 0.0000 0.0000 
l.,O "40 0.0990 O~OOOO C.OOU O.OOCO O.MIl 
0.00 4t.te 0.0000 2.0$11 ihtOoO 0.0000 0 .. 0'000 
1.SO 1.'0 ('hUll 0.0000 O.U,. 0.0000 0.02,.-
0.00 •• ,1 0.0000 0.1091 0.0000 0.0000 0.0000 

1l.OH& 

lhl' IotT 0.)0&4 0.0000 0 • .0.,2 0.0000 o.OlSz 
0.00 ,.U 0.0000 o.nu 0.0000 1).0000 0.0000 

.'.00 " •• U ,.U'S9 96,1114 I).,." 2.''''2 2.·.,91 4." .. " t"SSU 0410000 O.oUt 0.0000 O.oU' 
0,00 1",1', (hOOOO 1,rU7' 0.0000 0.0000 0.0000 

16.00 16.00 thUlA 0.0000 0.00 .. 1),01)00 u.MU 
0.00 11",1 ft.OOOO 11-'." 0.0000 0,0000 ij.oooa 
1.10 r.JO (hll1, 0.0000 0.010' 0.0000 1,).01o, 
O.GO u.u thOOOO 0,661, 0.0000 0.000'0 1l.000O 
1.00 '''00 o.ISU 0.(01)0 o.oatt 0,0(1)0 \1.02&9 
thOO 19.13 6.01)00 !.lela' 0.0000 0.0000 0.0000 
0,-00 st.&3 (hOOOO 0,:1$60 0.0000 0.0000 0.0000 
).60 ,.60 Ih0990 O,OOilO O.OOU 0.0000 0.00-81 

Wastewater treatment plant data. The output 
listing of the treatment plant is shown in Figure 36. 
These data are also required for any proposed 
treatment plants. The plants do not have to enter into 
the model in any order, as the model stores their real 
number and assigns a sequential number to the 
inputed order. 

Trunk sewer data. The data of the existing and 
proposed trunk sewer system is required (Figure 37). 
This includes the length, capacity, and existing debt. 
The values for pumping head and slope are calculated 
and presented along with this output. 

Annual cost factors. The annual values of the 
interest rate, capital recovery factors, and inflation 
indices are output as shown in Figure 38. The interest 
rate and the cost indices are inputed as control data 



PHESENI HORTH VALUES USED TO SELECT OPTI HUH PATH· RUN 3 

L H HACK 

i 5 5 
2 6 5 
2 9 5 
2 4/0 5 

3 5 5 
:3 6 6 
:3 9 9 
:3 ii!0 20 

II 5 5 
4 6 6 .. 9 9 .. ii!o 20 

Figure 28. Present worth values for each alternative. 

RANKINti Of FINAL ALTERN~TIVES • RUN 

SLWUENCt ALTERNATIVE 

1 
2 
:3 
4 

6 
20 

9 
5 

'lPTVAL 

96.7633 
98.1765 
99.3225 
99.3637 

Figure 29. Ranking of final alternatives. 

as shown in Figure 34. These are used to calculate the 
values of Figure 38. 

Population projection data. Population data can 
be entered for any number -of points in the planning 
period. The computer calculates a straight line be
tween these values and nIls in any holes in the data. 
The initial year of the study is presented as period '0' 
and the fifth year as year '5.' Planning periods up to 
50 years can be used. A sample output is shown in 
Figure 39. 

Wastewater quantities. Quantities of wastewater 
produced in each area are calculated from per capita 
contributions and peak flow factors. These results are 
presented in Figure 40. 

Time-phased treatment levels. State and federal 
regulations of effluent quality have established a 

'IALUt: QPTVAL 

2.6329 2.6329 
1.4657 1.4657 
2.9211 2.9211 
3.0550 3.0550 

11,6497 14,2626 
12.1783 13.6440 
12,4591 15.3602 
11.3754 11104305 

10.5348 2408174 
14.7065 26.3505 
11.2766 26.6570 
1102642 25.7147 
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timetable for the upgrading of treatment plants. This 
schedule is entered into the computer to require the 
upgrading of treatment plants at given points in time. 
These data are presented along with the wastewater 
quantities in Figure 40. Individual plants can also be 
given timed treatment levels. A sample listing of this 
output is shown in Figure 41. 

Trunk sewer alternative path table. The last 
section of input data provides information about 
which trunk sewers and treatment plants are being 
used for each alternative. Each trunk sewer used is 
indicated by noting the alternative, m; the origin, j; 
and the destination, k, on the data card. If a 
treatment plant is treating its and others wastewater, 
the destination, k, is set equal to the origin, j. This is 
converted in the output table to a '1' in the last 
column. The input table indicates all areas which 
supply wastewater to a given plant by the use of a '1.' 
This table is shown in Figure 42. The required 
treatment levels are also indicated. 

Operation instructions 

Card sequence. The input cards must be in the 
order indicated on the card format, Table 36. Cards 
with '99' in columns 1 and 2 are required after the 
trunk sewer data, card 8; the population data, card 9; 
the time phased treatment level data, cards 10 and 
11; and the trunk sewer feasible path data, card 12. 

Card layout. In the figure below is the pictorial 
layout of the cards and data. The control cards will 
vary with type of computer. 



NUMBER HANKING or ALTERNATIVEs - RUN 3 

rt.AH I- M VALuE OPT VAL 
MIL I> HIL $ 

1974 1 ~ 0.0000 0.0000 
1975 2 5 2.6329 2.6329 
11176 3 5 11.6497 14.2826 
1977 4 '5 10.5346 ~4.6174 
1(71) 5 '5 !io5343 34<3')17 
1979 6 '5 13.4484 147.8001 
lY811 7 5 12.2567 60.0567 
lY81 8 5 1101t!35 71.2402 
lYSe 'I ') 10.2169 61.4571 
1983 10 5 'h34511 90.6031 
lY84 11 6 5.9602 96.7633 

Figure 30. Annuailisting of present worths for one alternative. 

liUI1HAHY Uf ANNUAL CuSTS - ~UN 3 • 1 

CAPITAL VEilT o & H TOTAL 
Tt.Ak AL TEHNA Tl VE TOTAL ANNUAL ANNUAL ANNUAL 

11 HIL $ MIL S MIL $ MIL S 
..... _--... 

1",75 S 1I,IH26 0.4654 2.3466 2.612:2 
1 ... 76 5 101142919 10.0545 3.2402 13.2947 
1 ... 77 5 96.96'>2 9.3267 3.4669 12.7956 
IYl8 5 90.3255 8.6396 307044 12.3442 
1 ... 7\1 5 112.!:I39l 11.0829 7.4221 18.5050 
1 ... 110 ') 102.611'4 10.2269 7.8050 18.0319 
1 ... 111 5 93.1887 9.4236 801946 17.6164 
lYII2 5 14.5172 6.6715 6.5906 17.2623 
1 ... 113 5 16.5493 7.9619 6.9936 16.~614 

1'111)4 I> 69.2"4 7.3109 4.3761 11.6671 

141.3126 

Figure 31. Summary of annual costs. 

QUAl.HY .. CAPACITY tXPAfiSlOH PKOJEC:TS .. RUN 3'" t 

'fLAM UWlulN DEsT lMArtON CAPACITY, "GO TR[ATKUH LEVEL. C.~PlTAf.. DEBt', HIL , 
J • ExUT Hoili PROPOSEO [XUUNIl PROPOSE!} ExnttHG UtPAHS10N 

1'175 
1915 
ur, 
1'7~ 
liT> 
! vr-s 
lHS 
:'.,," 
t"'/~ 
19/1) 

1'112' 
Uti. " 
lYO. ~ 

'Yd4 lU 

I' 
10 
10 

u.oo 
415.00 
0.00 
0.0'0 
o~oo 
0.00 
d.OC 
0.00 
c~cc 

lOfh" 
0.00 
0.00 
0.00 
0.00 

Figure 32. Quality-capacity expansion projects. 

6.15 
1$&.3. 
196.19 
186.61 
46.3. 
&901) 
5,9.03 
U.6e 
6.51 

181h3. 
U.·41 ,,'.90 
52 .... 

149.01 
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n,oooo 
'.2'ZS9 
0.0000 
0.0.000 
(1.13000 
0.0000 
1).0(10(, 

Of 0'000 
~~O\)OO 

e,.,Ul 
fl .. OOOO 
0.0000 
n.ooOO 
tl.GOOO 

1.01'9 
96,2114 
1.tu·1' 
1.5_55 
O.6td!J 
1.36 '2 
2,Q6;te> 
2.0~3" 
0.70"'1 

1).'96& 
2.01'" 
0.7119 
('h 61fi 49 

10,.4021 

p.w. 
ANNUAL 
MIL $ 

2.6509 
11.1949 
10.66111 

9.65">1 
13.5581 
12.3562 
11.273'1 
10.2'181 

9.4192 
6.0321 

.",.7056 

TOTAL 

1,or" 
t, •• Sf! 

7 .. 1467 
1 ,'5,li'5S 
Q,46Y'!l 
I,JOI? 
l~a62o, 

2.0'511 
Q .. /{.!<!ll 

115.9100 
2.Ql~. 

0.11)9 
0.6969 

16S •• 0n 



Table 36. Listing of input card parameters. 

Card Column Name 

2 

3 

4 

5 

1-2 

1 -2 

IRUN 

NUMPLT 

9-10 NUMYR 

17-18 NUMALT 

25_28 NYEAR 

33-34 IFLOW 

41-42 ITSTAR 

1-2 IEDIT 

9-10 ILIST 

17-18 IPW 

25-26 IRANI' 

33-34 NRANK 

41-42 NALTPR 

49-50 IPROJ 

57 -58 IANUAL 

65-66 NONDYN 

1-4 PERP 

9-10 PERS 

17-20 PERL 

25-26 LAG 

33-40 RATE 

41-48 ANRATE 

49-56 GPDCAP 

57-64 PEAK 

65-72< SLOPEM 

73-80 HEAD 

1-8 PINDA 

9-16 PINDB 

17-24 PINDF 

25-32 SIND A 

Defirdtion 

Run number 

Number of existing and proposed treat
ment plants (max - 10) 

Number of planning years (max 50) 

Number of all<,rnative plans (max - 10) 

Initial year of study 

Flow projt'ction~: - wastcwatcl"t 

o - population 

Design period: 1 optimal, () - capital 
recovery pt·riod 

Number of year!, that edit data is pdntcd 

Number o( year$ that list data :,- printed 

Number of yc;.), t"s that prcSl'l1l 'vorth data 
is printed for optimum altc->rnativt:s 

Print l·ankinr.; of alternatives at end of 
planning period: I - y~5, 0 - no 

Nunlber of alternatives for which annual 
pre bient worths aTe to be printed 

Nurnber o( alternatives to be analY7.cn 
in detail in terlTIS of f1.nnual costs 

Print lis! of quality-capacity "xpansion 
projects: I - yes, 0 - no 

Number of yea .. s that summary of 
optimum operations is printed 

Bypass dynamic programming portion 
and suboptimize individual alternatives: 
1 - yea, 0 - no 

Capital recovery period of treatment 
plants 

Eq 

PER 

Capital recovery period of trunk sewers PER 

Capital recovery period of lift stations PER 

Construction lag time 

Annual rate of interest in base year 

Annual increase in the rate of interest 

Gpd/ capita, of wastewater flow 

Peak flow factor 

MiniInum slope of gravity sewer 

Average pumping head of lift station 

ENR-B cost index for construction of 
treatment plants and lift stations in 
base year of cost data 

ENR-B cost index for initial year of 
study 

Annual increase in ENR-B index 

WPC-S or EPA-S c08t index for trunk 
sewers for the base year of cost data 

84 

LAGP 

R 

ANRATE 

GPDCAP 

H 

INDEXA 

INDEXB 

ANFAC 

INDEXA 

Rei 

(14) 

(14) 

(14) 

(24) 

(13) 

( 13) 

(16) 

(16) 

(61) 

( 15) 

(15) 

(lS) 

(15) 

Units 

yr 

yr 

yr 

yr 

dec 

dec 

gal 

-MOOO ft 

ft 



Table 36. Continued. 

Card Column Name 

6 

7 

8 

9 

10 

33-40 SINDB 

41-48 SINDF 

49-56 OMINDA 

5.1 -64 OMINDB 

65-72 OMINDF 

1-8 AK(i) 

9-16 ALPHA(i) 

17 -24 BK(i) 

25-32 BALPHA(i) 

1-2 

9-16 CAPP(j) 

17-24 DEBTP(j) 

25-32 ELEV(j) 

33-34 LTREAT(j) 

41-72 BNAME(j,i) 

1-2 j 

9-10 k 

17.24 DIST (j, k) 

25-32 CAPS(j, k) 

33.40 DEBTS/j.k) 

1.2 

9-10 n 

17 -28 POP(j. nJ 

1-2 n 

Definition 

WPC-s or EPA -S cost index for initial 
year of study 

Annual increase in WPC-S or EPA-S 
cost index 

Eq 

INDEXB 

ANFAC 

Labor rates or other 0 & M cast ind~x INDEXA 
for base year of cos! data 

Labor rates or other 011 M cost in lex INDEXB 
for initial year of study 

Annual increase in labor rates or other ANFAC 
011 M index 

Cost coefficient of capital costs: Treat 
ment plants, i 1, J 10: trunk sewers, 
i" 11: and lift station, i = 12 

Economy of scale of capital costs: 
Treatment plants, i ~ I, .10; trunk 
sewers, iII; and lift stations, i= 12 

Cost coefficients of 011 M costs: Treat - k i 
ment plants, i 11' ,10: lift station, i 

II; and lift station power i " 12 (Note: 
Power costs are given as 103 times 
true cost I 

Economy of scal" of 0& M costs: Treat- "'i 
ment plants, i = I, • ,10; lift station, 
~ 11; and lift station power, i = 12 

Treatment plant number 

Capacity of treatment plant CAPPj 

DEBTP. 
J 

Capital debt of treatment plant j 

Elevation of treatment plant j 

Level of treatment at plant j LTREAT. 

Name of treatment plant j 

Origin of trunk sewer, plant j 

Destination of trunk sewer, plant k 

Length of trunk sewer 

Capacity of trunk sewer 

Debt of trunk seWer 

Number of treatment plant j 

Year of popUlation data. Use '0' for 
initial year of study, and 'I' for next 
year 

Population projected for plant or area 
j in the nth year of the study. All 
points of time. except first and last 
are optional. Wastewater quantities 
can be used in place of population by 
setting IFLOW 1 

The number of the year in which a state 
or federal effluent standard level will be 
enacted. Use n = 0 for initial year of 
study 

8S 

DISTjk 
CAPSjk 
DEBTS

jk 

J 

Ref 

(15) 

(15) 

( 15) 

(15) 

( 15) 

(56) 

(56) 

(56) 

(56) 

(6) 

(7) 

(I21 

(91 

(10) 

(l6J 

Units 

mil $ 

mil $ 

mgd 

mil $ 

it 

it 

mgd 

mil $ 



Table 36. Continued. 

Card 

11 

12 

Column Name 

9-10 LQUAL(n) 

1-2 n 

9-10 

17-18 LQUALJln, jl 

IPATH{j,k.ml 
1-2 m 

9 -1 0 j 
17-18 k 

Definition 

11 ealment 1~vcl ref'juin.::d for 
E-~lflut.'nt standard 

-rime period 

Treatment plant nan1ber 

Treatment levei required for pL.J.:1t 1 

in period n 

Altcrniltlvc patLs fraln plaw J t:l )Jlall( 
k for aUernati':~' rn~ Set ,j k d tn- H 

ment plant Ls being used 

25-26 MTREAT(j.m) Treatn'1cnt level required hy ,Ii:t:: 
n~tlve Tn tor pl<..nt j 

33-40 

41-48 

CAPMl;"(i,m) 
.. dternativc ITl fur pl;"ti.t j. if th:t-. lin;!t 

is exceeded, th~· CAP Li:"ifT indt'x is 
set equal to ~J dl1d ,-' \dIne (;t J09 t;"> 

ddde.! to the pr!'scnt w(,rth in t!),P 

dYnamic progriH'Iuning portion 

CAPMAX(j, m) Maximum allowahle flow irom plant j. 
If this linlit is f!xceedcci t the CAP 
LIMIT index will be set equal I,) Z, ')1' 

an altern.J.tc tn~nk sev.:cr will h('ltHHt> 

the exces s £lev: 

$v"" •• 1 £If UfltUHht aP(AUI!)H! .. RUN •• I 

' .... R ALI a_hit, out to. flllW 'LO_L OlMA"O lIlAl Ol:uaM \.lfT IxUl DUll .. DttT rX'AN$.lfUI • J • tUen HiD ••• M,D YO hlD'l If if lGJ( "'to .ao wU •• NtL • 

i'll', ~ I 0.00' IhOO 0.00 0.00. 2.21 2.27 0.27'1 0.0000 
U'S S I 2.61 2.11 0.01 ,0.00 (hOO •• 15 t.Or5f1 1.01" 
U" $ 2 o 12l.eS U9.#S 2.92 20 .. 00 .,.00 I.t.l<' ".1164 96.UU 
twf" $ J • (hOD 11.00 0.00 0.00 •. 5' .. ,,, O.~IO. 0.0000 
"lU , • 16.10 62.42 2.29 50.00 0.00 19,.7. 1.14., 1.ft61 
"'1$ , • 0.00 0..00 0.00 thOO 16 .. 00 1 •• 00 0.101. 0.0000 nl, , · 11.60 1I,S9 2.16 SO.OO 'hOO 106", 1.'\U~ I.,US 
1'111$ ~ , 0.00 0.00 0.00 0.00 J',)O: 1.10 O.ln, 0.0000 
lwt~ , S 1,.0' 16.65 0.59 ,0.00 0.00 .'.)4 0.U1,\ 1),661' 19', , • o.o~ 0.00 0.00 0.00 6,00 •• 00 (h120~ 0.0000 
l'i15 , • Jo,10 n.n l.U 5(hOO O.OG .. ,11 t.!Ou t,),U 
tv/) , 1 1,,*'1 22 .. 69 o.r. 50 .. 00- t).OO ,'.13 2.062A 2.062' 
U1S • • 0.00 0.0.0' 0.00 0,00 ).60 1 •• 0 0,090_ 0,00'00 
111/, • • 14.2' 15,60 0.'2 50,00 0.00 .\1, •• 2.O'n t.onr 
U15 • • G,oo (hOD 0.00 0,00 I.'. ldO 0,"_0 0,0000 
1.1) • • )." 1.91 0,0' ,0-,00 t).OO ',It 0.,0-•• 0-.1091 

Figure 33. Summary of optimum operations. 
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I-:q Ref Units 

(l7) 

(18) 

(23) 

mgd 

ANNUAL o •• TOTAL p ••• 
MIl" J MIt. • ilCll I "ft .• 

0,0161 0.0:000 0.02&1 0.0. 
0.0000 ihOOlA 0.0016 
O.U11' !.urt 1.1.0&. t •• , 
0.04&1 0.0000 o.our 0.05 
0.0000 0.0000 0.0000 
0.0099 0.0000 0.0099 0.01 
0.0000 0.0000 0.0000 
(hOlz' 0.0000 ,h03?_ 'ha) 
0.0000 0.0000 (hOOOO 
(hO)06 0.0000 ,hG10e G.Ol 
\1-.0000 0.0000 a.OOOO' 
11.0000 O.OlS~ 0.1)115 
o~oou 0.0000 1),00ft6 0.0& 
O.OGOO 0.0000 1),0000 
0.021'1 (haooo 0.0211 O~ol 
0.0000 0,0000 0.0000 

I.Un 2.6' 



CUNTKOL PARAKETERS • RUN 3 

.) .. RUN NUMIiER 

10 .. NUM~ER Uf EXISTING AND PROPOSED PLANTS 
10 .. NUM~ER OF ~LANNING yEARS 
4 .. NUMBER OF ALTERNATIVE PLANS 

1974 .. INlllAL YEAR OF STUDY 
o .. FLO~S FROM. 1 .. wASTE~ATER. 0 .. POPULATION 
o .. DESIGN PERIOD, 1 .. OPliHAl. 0 .. CAP, REC. PERIOD 

1 .. NUMbER OF YEARS THAT EUIT DATA IS PRINTED 
1 .. NUMbER OF TEARS THAT LIST DATA IS PRINTED 
1 .. PRINT PRESENT WORTH DATA. 1 .. YES. 0 .. NO 
1 .. PRINT RANKING, 1 .. YES. 0 .. NO 
1 .. NUH~ER OF ANNUAL lISTINGS OF PRESENT wORTH 
1 .. NUMbER OF ALTERNATIVES ANALYSED FOR ANNUAL COSTS 
1 PRINT QUALITY-CAPACITY PROJECTS. 1 .. VESt 0 .. NO 
1 - NUMbER OF YEARS UF SUMMARY or OPTIMUM OPERATION 

CARD 

1 
2 
2 
2 
2 
2 

3 
3 
3 
3 
3 
3 
3 
:3 

o .. OPTIMIZE INOIVIOUAL ALTERNATIVES- 1 .. YES. 0 .. NO :3 

iO.O - CAPITAL RECOVERY PERIUO FOR TREATMENT PLANTS.YR 
;0.0 - CAPITAL RECOVERY PERIOD FOR TRUNK SEWERS,YR 
10.0 - CAPITAL RECOVERY PRERIOO FOk LiST STATIONS,YR 

2 • CONSTRUCTIUN LAG TIME.YR 
0.U600 • ANNUAL RATE Of INTEREST 

0.00167~ - ANNUAL RATE or INCREASE OF INTEREST 
100.000 - GPO/CAPITA OF wASTEWATER FLOW 

2.250 • PEAK FLOW fACTOR 
-0.1000 • MINIMUM SLO~E Of TRUNK SEWER. -rT/lOOO FT 

2~.00 • AVERAGE PUH~ING HEAO Of LIFT STATIUNS.FT 

340.6600 - ENR-S INDEX fOR COST DATA 
340.6600 - [NR-S INDEX FOR STUDY YEAR 
26.1700 • ANNUAL INCREASE OF ENR-S INOEX 

211.6600 - WPC·S INOEX FOR COST DATA 
211.6600 - WPC-S INDEX FOR STUDY YEAR 

15.1840 .. ANNUAL INCREASE Of "PC-S INDEX 
4.~600 • 0 & H INDEX FOR COST DATA 
4.~600 - 0 , K INDEX fOR STUDY YEAR 
O.~100 - ANNUAL INCREASE OF 0 , H INDEX 

Figure 34. Control parameters. 

Table 37. Design index selection of treatment alternatives. 

Design index 2 3 4 

Treatment levels 

Initial 0 0 0 0 

Final 1 2 3 3 

87 

5 6 7 

2 3 4 

8 

2 

3 

4 
Ii 
4 
4 
'I 
4 
'I 
4 
Ii 

" 
5 
5 
5 
5 
5 
5 
5 
5 
S 

9 10 

2 3 

4 4 

COL 

1- 2 

1" 2 
9-10 

17-1 tj 
25-26 
33- 34 
41-'12 

1-2 
9-10 

17·11~ 

2,-26 
33-34 
41-42 
'19"50 
57-56 
65-66 

1-4 
9-12 

17-20 
2~-26 
33-40 
41-48 
49-56 
57-64 
65-72 
72-1l0 

1- a 
9-16 

17-24 
25-32 
33-40 
41-46 
49-56 
57-64 
6S-72 



CU~I L~UAIIOH CUEfflCIENtS - HUll 

CON~rRuCTlnH COSTS. MIL , a , H COS1S. "II • 
~UL - 1-0 CIJL - 9-16 COl . n-t. Cill -75-)2 

1.~OIO - AX( II u.TTJO - ALPHA( II 0.0,31 · oK< II 0.77')0 · ~ALP~AI II 
1.')jiU • .X( 21 O.60UO • 4LPHA( ?l 0.0~'i9 ... !iKi ~ ) O.tHtSO .. tULPH"( 21 
101120 - AK( 31 U.I(l90 • .LPHAI 31 0.1070 · ~"l II 0.7060 • dALPHA( H 
l.J6lU .. •• I 0) u"5.0 - ALP"A' 4} 0.1650 • HK I OJ n.7,OO · tU.l.t'rU.( . ) 

Q.J5.0 - AK' 51 \I.~670 - ALt"HA( ~ I 0.0133 - "AI 5> O.Q,,20 - tHI.. PI1.H 51 
,.it )jO-o · AX, 61 O.6trO · Al.f'H,A,( Ii ) 0.0~65 - ",I 6 ) 0 .. 7100 · tHLfJl1A{ 01 
1.1aoo .. AKI 1) 0,141.10 · uP"'( 7 I 0.1160 • aK' 1 ) 0.,,60 · tHI..PMA( 1) 

a.tUbO -AX' ~) 0.6liOO - ALPHA( .) 0.5230 · OK' 0; 0.6.10 · 1:I"t.P~4 ( 6) 
o.o5au · AK' 91 ",6.-90 · AlPHA( 9) 0.11 00 · OKI 9> O.6~91l · rlAL.~.H{ ") 
V.b-THO • A.(101 0.6UO · ALPHA< 101 0.6300 · ""' 10 > 0.7'7.0 · ~ALPHA' 10) 
0.1270 · AK(11 } 1J,.lYUO - ALPHA!II) O.OOI~ · SK ( 1\ J 0 .... 0 · ~ALP"A( II) 
\h lzno • AKtl2} U.61~Q • ALP>lA<121 O.02~C · ~K\ 12) Od!:070 · aAVHAlUI 

Figure 35. Output listing of cost equation coefficients. 

TlilAfHEliT PLANT INPuT UAU - RUN 

pI-ANT !;AI'AC lTY OEIIT ELEVA HON TREATMENT LE\lEl NAIIE 
~ "Go HIL-' fT 

I 2.27 0.3064 11214.00 1 SOUTH OAviS COUNTY • SOUTH WWTP 
2 45.00 3.1/259 4213.00 1 SALT L.AKE. CIH 
~ 11.55 0.5591 42JO.00 I SOUTH SALT LAKE CITY 
/I 16.00 00 t1111 423/hOO I SALT L.AKE CITY 5.5.0. , 1 , 7.~u 0.3i'15 4250.00 I GRANG(R-HUNHR 
c- 11.00 0.]51'1 42116.00 I SAL T LAKE Cuu~TY COTTONWOOO 
7 IIIOU 000000 4243.00 1 MURHAY 
II JlbO 0.0990 4271.00 I TRI"COMMUNITY 
'i> 1.50 0-3111 4300.00 I SANDY 

IU O.O() 0.0000 4236.00 0 NEw REG I U~AL wwTP 

Figure 36. Output listing of wastewater treatment plant data. 
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TttUHK lihER INPUT OATA AHu CALCULATED PAHAHETE~S • IIUN l 

f"KUH TO OlllTAHCt. CAPACITY OllH HEAl) SLOPE 
J 1\ FT MGO MIL-S FT FT/I000 f'T 

1 4! 12500.0U 0.00 0.0000 -1.00 -0.0800 
2 1 12500.00 0.00 0.0000 1.00 0.0800 
2 .s 36300.00 0.00 0.0000 17.00 11.11439 
2 4 111700.00 0.00 0.0000 is.OO 0.5995 
l lu 40300.00 0.00 0.0000 23.00 0.5707 
l ~ )11300.00 0.00 0.0000 -17.00 -0.41139 
l 4 7800.00 0.00 0.0000 8.00 1.0256 
.} 10 '111100.00 0.00 0.0000 6.00 0.63t13 
4 2 41700.00 0.00 o.uaoo -25.00 -u.59i15 
4 .s 7600.00 0.00 0.0000 -11.00 -1.0256 
If !:l 5t100.00 0.00 0.0000 12.00 2.0690 
4 6 9)00.00 0.00 0.0000 6.00 0.8bO? 
4 10 2400.00 0.00 0.0000 -2.00 -0.8333 
S 4 51:100.00 0.00 0.0000 -12.00 -2.0690 
5 lV 3600.00 0.00 0.0000 -111.00 -3.8t169 
6 ill 9)00.00 0.00 0.0000 -11.00 -0.8602 
6 7 2600.00 0.00 0.0000 -3.00 -1.0714 
6 111 10200.00 0.00 0.0000 -10.00 -0.9804 
7 0 2800.00 0.00 0.0000 3.00 1.07111 , a 18600.00 0.00 0.0000 34.00 1.1l2flO 
It , 18000.0U 0.00 0.0000 "34.00 -1.1\2110 
It y llZ00.00 0.00 0.0000 23.00 1.7424 
9 ~ 13200.00 0.00 o.ouoo -23.00 ·1,7424 

1~ " 40300.00 0.00 0.0000 ·23.00 -0.,,)107 
10 J 9400.00 0.00 0.0000 "6.00 -0.6383 
10 Ii 2400.00 0.00 0.0000 2.00 0.8333 
10 :> 3600.00 0.00 0.0000 14.00 3.8889 
10 6 10200.00 0.00 0.0000 10.00 0.91104 

Figure 37. Output listing of trunk sewer data. 

AltNUAI. COSl fACTURS • RUN 3 

HAil UH[I!(ST Cllt CRt" CR. HUILOING S(kER 11 , H 
RAtE STP SEWER LIfT STATION CUST fACTUR CUST fACTOR COST fACToR 

1'lT4 0.0600 0.0812 0.0634 0.1359 1.0000 1.0000 1.0000 
lIIl:i 0.0617 O.OllS'! 0.0649 0.1369 1.0766 1.0717 1.0482 
11110 0.0634 0.01196 0.066~, 0.1 360 1.1 536 1.1435 1.0963 
1'l17 0.0650 0.090~ 0.0679 0.1391 1.2305 1.2152 1.lu!; 
11170 0.0667 0.0920 0.0695 0.1402 103073 1.11670 1.1921 
lY7'i 0.06114 0.0932 0.0710 0.11113 1.31141 1.3567 1.24011 
19811 0.0101 0.0944 0.0125 00142_ 1.460\1 1 .430 .. 1.2890 
1911 0.0711 0.0957 0.0140 0.1435 1.537 6 ! .~ou 1.3372 
1'l1I2 0.0t:J4 0.096~ 0.07SO 0.1446 1.6146 1.':>7H 1.3853 
&\163 0.0751 0.011111 0.0171 0.1457 1.6914 1.0450 I.H35 
1 118 It 0.0768 0.01/94 0.07117 0.1469 1.768? 1.7174 1.41117 

Figure 38. Output listing of annual cost factors. 
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PU~ULAIIUh DAlA . RUN 

PLANT NU"~(R 

~~"IUU n.AH 10 

0 IH4 11222. IHd161. 14602. 116464. 6j4~0. 4302'}, 26646. 44')67. 15236. O. 
I 1.75 11~92. IY1141. 15c!>4' • t 19284. 66'169. 4')177. (79tH. .1320. 15953. o. 
2 IH6 11.61. IY5116. 1629). 12110" 70486. 41330. c9315. ,}OO72. 16669. O. 
3 IH7 12Jl1. 1964VO. 17036. 124Y2" 7400T. 49462. 306.,0. 1)2"2-;, 17384. O. 

lU6 12(00. 2Uld64. 17783. 127744, 71526. ,1614. 3t91;H., '551:)77. ltlO99. O. 
I",. 13014. 203792. Itl209. 12Y295. 79S31. ')2664. 32' It 7. ')7149. 18S06. O. 
1.60 13329. 205120. Its63~. 130647. 81S46. 5qQY". 33'51,)'11. ~812? 18916. o. 
lY81 t )643. 2U7646. 19061. 132396. 815~9. 5532 •• 34272. 60291.i, 1·125. o. 

6 1'162 13957. 209'>77. 19466. 1 ll950. ft'5'!)69. '5(55). 3~OJ4. 61867. 19734. O. 
Y 1'163 142710 21150~. lY<i12. 135501. 67560. ':.77tS3. 351,1. 63439. 20143. O. 

10 1'11)"1 14586. 213433. 20ll •• 11/053. 89591. 59013. 36~5'J. 65011. 20551. o. 
11 1965 14'100. 21~361. 2076", 138b04, 91602. 60243. Jl3a. 66'S64. 20960. O. 
12 1986 15170. 216061. 21360. 140T76. 911417. 61'16'5. 3e)yO. 6t!7M6. 20932. O. 
13 1987 1,)440. 220760. 21\156. 142948, 97233. 63667. 31J"Sth 70987. 20904. O. 
14 l.u6 1~710. 2lJ460. 2l~5j. 14~121. 10004S, 654UIJ. ltU~2), 13189. 20077. O. 
I~ IYb9 I~'UO. ?~61S9. 231 .. '1. 147793. 102863. 671 J1 • ~15Vj. 75390. 2084'. O. 
16 "90 16250. 22ts~~'Y'. 23745. 1.946~. 10')679, 66653. 42661. 77')9? 20821. O. 
17 lYYl 16~20. 2Jl~56. 24341. IS1611. 108494. 70514. 4372'1. 797~4. 20193. O. 
16 1992 Ih7.0. 234256. 2'1""3/. 153809. 111309. T2296. 44797. 619'J15. 20765. O. 
I. 1'93 11060. 13695/. 2~~J4. 15!)9~21 11'1124. 74016. "~664. ~4197. 20130. O. 
~O lYy" 17330. 1)0/>5(. 261)0. 1~615" 116940. 1,740. 46932. 66)96. 20110. O. 
~I 1995 17600. 24lj~6. 26126. 160326. 119755. 17462. -"tlOUO. 66600. 20682. O. 
n lYYb 17cJ6Y. 24~O54. 21322. 16249t1, 1225c74. 791a4. 49069. 90tlOO. 21462. O. 
l3 1991 tAIl(h 24115,. 27917. t6466"'" 12~393. 80906. 50 l)d. 93000. 22242. O. 
l' 19Y. IRoIi07. :/")0450. 2etSl). 166641. 120211. 62628. 51207. 95200. 23022. O. 
l5 1999 18616. 253146. 2911)Y. 169012. I) 1 030. 04350. 5221 •• 97.00. 23602 • O. 
~6 20UO leY451 255H46. 2'1704. 171164. 13)t!49. 66072. 53345. 99600. 24S82. O. 
U 2001 1921'" 2,,)8544. 30.)1.10. I1llS5. 136668. 87794. 54IH". 101800. 25362. O. 
lU lO02 19463. 2b12.Z. 30ts96. 175527. 139_87. 69516. 55463. 10",000, 26142. O. 
29 lO03 19(52. 26)Y41. 31491, 177696. 142305. 91236. 565~2. 10bZOO. 26921. O. 
30 2004 20U21. 26(6)9. 32067. 119870. 145124. 92960. H621. 108400. 21701. o. 

Figure 39. Output listing of population data. 

"A::al t. .. A IlH f L1JIIIIS 10 PLAId!:. IN Hlill - "UN 

t'LNI Uu 't.AI'( It H( t'hA~1 " PLANT NUIof8f.H 
I ~f ATHlN T II v£ L 5 6 10 

1'111,. 2. ~L 4"t.)1'1 Jd) ,6.20 1 It. t'b '1.6" 6. 00 10.03 3."J U. ()O 
1 '117~ 2. b 1 'dol4 3.~0 '16.1l4 15.01 10.16 6.)0 t 0.6') ). ~9 0.00 
1\176 l.6'11 43.r,rO 3.67 27.41 1 ~.tl6 10.65, 6. hO 11.27 ). (5 0.00 
1 'Ill! 2. Tl 44.66 3./iJ 2tl.l1 16.65 11 01 J 6.QO 11. ij9 3.91 () .00 
1'1/0 2.no 4'"1.4;> ..... 00 ]6.74 IT.44 11.6l 7. ?O 12.50 4.OJT 0.00 
I YTI,! ,. ~) 4') .b5 4.10 2'1.0'Y' 17. ':110 11.69 703' 1'1. tl6 Ii. 1 b 0.00 
l'1t:JO 3.00 40.29 4.1"1 2<.1.44 1/j,35 12.1 r 1.'"14 13.21 1,1. t6 0,00 
ll1el J.(17 "f). 7'1 1t,2\1 29.79 to .tlO 1 2. 4~ 7.71 1 ~ 0 5, 1 4. 3~ 0.00 
1 'lltI~ J.I'I /tI,1"> 4.3/i lO.14 1 y, 21) 12. ,? 1.8/j 13 • .,.2 

4. """ 0.00 
1 '1103 3. t I 47. ~v ,,,Ati iQ.4Y 1'11.7, 13.\,)0,.1 0.0') 14 ",7 4. '3 oJ .OJ 

10 ,.,04 J. ttl "'0.01 Ij • .,rt llJ.a4 20. I 0 11.2ti tI.?l 14.0 i .to.62 0.00 
11 l'ltt'> J.j") "'1".40 4.61 31.19 ?0.61 13.':>') 6. liD 14. 'liM ..... 72 O. 00 
Ii hoo j. ",I "''lI. 06 .... 1\1 )1.6' 21.24 13.'>14 H.04 1 ~o 110 .... 71 0.00 
lJ 1 'IIt\ 7 jos.r ltv. or .\I. ~4 ]2.16 21.S • 1"'.3) ti,s6 1'5.97 Of.70 0.00 
I. tyoCj J • ~::d ")v.1K ".07 32.6') 72.51 14.72 ~ ,12 1 fl. ,,7 ... 70 U .00 
l> 1"'d'll )'0\.1 .,,1. "9 Sf 71 33.1" 23.14 I!,. 10 9.36 16. 'lI6 11,69 v.OO 
I. 1'190 3.66 it. 4~ ".34 Hotd 23.7ft 1'5, "'" 'oJ ./10 17.4() 4. eo 0.00 
17 1 \1'111 J.U "1/010 ').4R ]4. t i!' 24 •• 1 tOj,atl 9 _114 17.95 4. Cld 0.00 
I. I'JoV2 J.70 "l.71 ., .61 )".61 25.(14 10.l' 10.06 1 ti. 45 " .~7 o.ot) 
1. IvV] ). all 0; j. J? '>.7'> ]",).10 2~.td' 10.6') 10.32 1/'1. "II 4. ~T O. O~ 
<0 hvoII J. 'lIU ")3.92 ".l.ft/\ )~. ~8 26.31 II, Oil 10,'>6 19.44 If. CIt. v. DO 
<1 ,." ... ~ j.Y6 ~'l.51 6.0t 16.07 26.94 17.43 10.60 1!.J. ~" 4.6') oJ.OI: 
il~ 1 "\It. 4. ul ')'J,14 o. t., lb.~6 27. ~o l' .82 1 t .04 20. II] •• t\j U. OJ 
<3 1 \l9( 4·00 5').74 6.26 )7 .O~ 211,21 1 e.20 11.28 20.91 ~. 00 0.00 .. 1'11'11) ".Ilt ')b.)'5 6.42 J7 .'54 2tJ.8o; IH.)9 11.~2 ? 1.,.2 ~016 o .UO 
<~ l'l1Y'il ... 21.1 '56.96 0.55 3~.O] 2'" .46 1 H,98 11.76 1.1. v2 '5.36 0.00 
<0 lOUO 4.26 OJ! .'51 0.68 16.~2 30012 19.37 12.00 22.41 ~. ~) 0.00 a lOOI "I. J1 "'d .11 0.8l 39.00 30.75 I'll.'') 12.1'1 22.91 5. f1 u.oo <. tu02 .q .1t1 '5K.7t1 6.9') 39.49 )1.38 21,)·14 12 •• " 23.40 ~. tits oJ.oo 
<Y ,(UO) "".,." 'JY.39 , .o~ 19.98 )2.0? 20.'5) 12.72 23,VO 6.U6 0.00 
~o 2UO", 4.~O 5V.9V , .22 40.4' ll.6'> 20. '112 1'2. q6 1 ... .311 6.23 0.00 

Figure 40. Wastewater quantitites and time-phased treatment levels. 
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Hili 1 v 10VAI. THH TMI.NT PLANT Tllll PHASEU TROTHENi LEVELS . RU~ 
"~Hlull flAil PLANT HUMMER 

2 l 5 6 7 e 9 10 

0 1~14 I I I I t I I I I 1975 I I 1 1 1 1 1 I 2 1976 I I I 1 I I 1 1 
3 1977 I ! ! I I 1 1 1 
~ 11176 I I I ! 1 I 1 I ; 1'17'1 I ! I 1 1 I ! I 
6 19dO I 1 I I 1 I 1 I 7 I.,.HI I I I I ! 1 I I d 19~2 1 I 1 I ! 1 I 1 .,. 1963 I t I 1 I 1 I 1 10 1 ~64 I I I 1 I 1 t I It 1965 t ! I I ! ! t 1 12 1966 1 ! 1 I t I 1 1 IJ l~d1 1 I I I 1 I 1 1 

U 1961l I 1 I t 1 t I 1 
15 1'#89 1 1 I 1 1 I I I 16 1990 1 1 1 1 1 I I I 17 1991 I I I I I I 1 1 16 1'192 1 1 I t 1 ! 1 1 19 1\193 I ! 1 I I 1 I I 20 IY"'~ I I 1 1 I ! 1 I 
~I 1995 I I I I ! ! 1 c2 199b I I 1 I ! I I 
~3 H'\l7 I 1 I 1 ! I I l4 1996 I I I I 1 I I 25 1999 I I 1 I I I I 
26 2000 I I I I I ! I 
27 lOUt I I I I I 1 I 
til 2002 I I I I I I I 29 2003 I I I 1 I I I 30 2004 I 1 I 1 1 I 

Figure 41. Individual pIant time-phased treatment levels. 

{HUH" $L.ER AI..TtRH4UIJ( PioT'" lA9LE • RUN 

AI. T PL""T T"[.4T"[H1 MIN CAl' "Ai: CAP ALl INPuT OUfPUT 
I.,.(VEt. 'G" .,. PItTH • ~ • I. S 6 • I. " 

I 0.00 999.<;9 
a 0 .. 00 999.99 • 0.00 999.9'1' 

• 0.00 'i99.99 
~ 0.00 999.99 • 0.00 999.99 
T 0.00 99'.99 

• 0.00: 999.99 

• 0.00 999.99 
;0 0.01) "99,99 

• (hOC 999.9, 

• 0.00 ~9t.9t 

• 0.00 9.9.99 

• 0.1l0 9'9.99 • 0.00 999.99 
• 0.00 999,99 
T 0.00 999.99 • 0.00 999,99 
9 0.00 999.'9 

I. 0.00 999,99 

I 0.00 999.99 • • • • • • • • • I 0.00 999.99 1 I I I I I 0 • • • (hOC 999,99 • I I I I I • I • • 0.00 999,9, • • I I I I 0 • 0 • 0.00 999.9, • • • I • • • • 0 

• 0.00 '99.99 0 • • • I 1 • " • • 0.00 "t.9' " • • • • I • " • I 01-00 99 •• ', • • • • • 0 ; 0 • 0 0,00 999,9' • • • • • 0 • • • ,. • 0.00 999t99 • • • • • • • • • 
a. 1 o.oe 9,'.99 I • • •• • 0.00 99!h99 • • • •• • 13.00 999.99 • 1 .. •• • 0.00 999.99 • I • a. ~ 0.00 9,11.99 0 • • aD • 0.00 9'9,9' • 1 • a. , 0.00 9'9.9. 0 1 1 •• • o.eo 9'9.99 0 0 1 •• • 0.00 9'9." • • I 
a. U 0.00 999f.9 0 • 0 

Figure 42. Alternative trunk sewer path table. 
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ENO 
/99 

If (ALTERNATIVE 2) 
(I,.IMIT _10) 

'CARD TYP!.12 CONNECTING SEWa L.INKS 

/9. 

L (ALTERNATIVE I) / 
'OMf> JYPE: 12 CONNECTlHG Sttl/tUt L. INKS 

/99 

;/ (VARIA8LE LENGTH) / 
'CARD TYPl! 1/ 

/99 

/ (VARIABLE LENGTH) / 
'ClARO TYPE 10 REGIONAL TREATMENT LVLS, 

V /99 

L (VARIABLE LENGTH) / 
/,CARO TYPE 9 POPut.ATI~A'?~ WASTEWATER 

I 
/"99 

// (VARIABLE LENGTH) / 
'- CARD TYPE S TRUNK SEWER DATA 

/ (VARIABLE LENGTH) / 
/CARD TYPE 7 TREATMENT PI..ANT DATA 

II j' (12 CARDS) / 
f CARD TYPE 6 COST COEFFICIENTS 

)"CARD TYPE 5 COST INDICES V 
/CARD TYPE 4 ECONOMIC CONTROL 

./CARD TYPE :5 OPTION CONTROL 

f- CARD TYPE 2 CONTROL PARAMETERS I 
,YCARD TYPE I RUN NUMBER 

/DATA INPUT 

I / / 
SOURCE DECK 

r 
/DATA 

COMPUTER ACCESS a RUN CARDS 

/ 
- -

Figure 43. Pictorial layout of input cards. 
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Appendix B 

Generalized Model Flow Chart 

93 

Calculate \Vastewater Loads at 
L, L + LAG, and L + 20 

Calculate Quantity of Wastewater 
Treated b Plants 

No 

Calculate Annual Increase i.n 
Demand Over 20 Years 

B 



94 

Yeo 

Detennine Temporary Capacity 
For Trunk Sewers and Lift Stations 

No 

Calculate Coat for Gravity 
Trunk Sewer and Lift Station 

Calculate 0 &t M Costs for 



~CalCu1atl.on of All Data For 
Cf~_-,_._ Optl.mll!" Path 

95 

No 

Calculate Quantity of 
Wastewater Treated by Plants 

Calcu.late Atmual Inc rea,.Be in 
Demand Over .20 Years 



Determine Temporary capacity 
For Trunk Sewers and Lift Stations 

No 

Calculate Cost for Gravity 
Trunk Sewer and Lift Station 
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Appendix C 

Program Listing 

•••••••• *** •• ** •• *** •••••••••••••• * •• *** •••• ** •••••••••••••••••••••• * •••• 

WASTEWATER TREATMENT OPTIMIZATION HODEL· wTDM 

tlUkkOUliHS MOO fORTHAN IV 

U1AH STATE UNIVERSITY 

••••••••••••••••••• * ••••••••••••••••••••••••••••••••••••• *** ••••••••••• ** 

FIL.E S-WASTEIN 
FIL.l o-wASTEOUT 

DIMt.NSION AK( 12). ALPHA(12), !SK(12), BALPHA(12) 
0IM[NSION !~L.T(99). JPLT(ll) 
DIMENSION CAPP(lU). OEBTP(10). ELEVelO). LTREAT(lO) 
DIMENSION ANAHE(10.9). BNAME(Y) 
DIMENSION OI5T(10,11), CAPS(lo.11). OEBTSCI0.11). SHEAO(10,11), 

1 bLUPE(10.11) 
DIMENSION RETURN(Sl). CRfP(Sl). CRfS(S!)' C"fL(51) 
OIMtNSION fACCAP(Sl). FACSEW(Sl). fACOMeSl) 
UlHENSION 1'01'(10.71), L.QUAL(71l. QUANT(10.71) 
DIMENSION IPATH(10.11.10), NALTCIO). MTHEAT(la,10l 
DIMENSION 1101(10.10.10). 10UT(10.11.10) 
DIMENSION TCAPP(10,2.10). TUEtlTP(10.2.10> 
DIMENSION TCAPS(10.11.2.10). TOE8TS(10.11,2,10) 
OlMlNSION ACAPP(lO), AOE~TPtl0). FOEBTP(10). LTTRET(10) 
UlM£NSION CUE8TPCI0). AOMP(10). H8ACK(51.10l 
DIMENSIUN A~OHS(ll) 
OIMENSION ACAPS(10.11). AO£8TS(lO,11), fOEBTS(lO.II) 
DIMENSION NUHLS(lO.ll) 
01MENSION BOMS(11). COEOTS(11), BOE8TS(11), OPTVAL(51.10) 
OIMENSION VALUE(51.10), NUMINS(11), MALT(51). KALT(11) 
UIMlNSION KYEAR(100). KORlGN(lOO), KOEST(100), CAP1(lOO). 

1 CA~2(100), KTRET1(100), KTRET2CI00). EXDEBT(tOO), OEBTEX(lOO). 
2 TOESl(100). NUMLSP(100) 

OIMENSION TOTCAP(Sl). TAN(51). TOM(SI) 
DIMENSION ANP(10), OMP(lO), OMS(10.11), ANS(10,11) 
DIMENSION UEBTPF<lO.10). DE8lSF(10.11.10) 
DIMENSION LWUALJ(lO,71). ICMECK(lO.10,10) 
DIMENSION CAPMINCIO.I0). CAPHAX(10.10) 
DIMENSION COLECT(lO). COLLAO(tO). FUTURECtO) 
Ol~£NSION [AL.T(10.10) 
DIMENSION LCHECK(lO) 
DIMENSION TUTPW(71), [CAPS(II). KTREAT(10,2.101 
EWUIVALENCE (IPATH.IOUT) 
EWUJVALENCE (POP.QUANT) 
DATA ASPACE/' 'I 

1 fORMAT (12) 
2 fURMAT ('1CONTROL PARAMETERS - RUN', 141/ 64X, 'CARO', 4X. 'COL'/) 
3 fORMAT ()(12. 6X>. 14, 4X, 2<12. 6X» 
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4 fURMAT (8X. 14,' • HUN NUMBER', 41x. '1" 4X. '1- 2'111 
1 bX, 14. ' • NUMBER Of EXISTING ANn PROPOSED PLANTS', 13X. '?', 
if: 4X. '1- 2' I 8)(. 14, I • NUMBER m< PLANNING YEARS'. 27X,' 2'. 
3 4X, '9-10'/ 8X. 14. ' • NUMBER rr ALTERNATIvE PLANS', 24X. '2'. 
4 Jx. '17-18'1 8X, 14. ' • INITIAL YEAR Of STUDY', 30X. '2'. 
5 JX, '25-28' I 8X, 14. • • fLuwS fROM. 1 • WASTEWATER, 0 • POPULAT 
61UN'. YX, '2', 3X. '33-34' 1 8X. 14. ' • DESIGN PERIOD, t - OPTIMA 
7L. 0 • CAP. REe. PERIOD'. 3X. '2'. 3X. '41-42' II) 

5 fURMAT (9(12. 6X» 
6 fURMAT (8X. 14. ' - NUMBER Of YEARS THAT EDIT DATA IS PRINTED', 

l1UX. '3'. 4X, '1-2' I ~X, 14, , - NUMBER Of yEARS THAT LIST DATA 
21~ PRINTED', lOX. '3'. 4)(, '9-10' I 8X. 14. ' • PRINT PRESENT WOR 
3TH uATA. 1 - YES. 0 - NO', lOX. '3', 3X. '17-1S' I 
4 6X. 14. ' • PRINT RANKING. I • YES. 0 • NO'. 21X. '3', 3X. '25-26 
s' I ~X. 14. ' - NUMBER Of ANNUAL LISTINGS Of PRESENT WORTH'. 
6 9X, ')'. 3X. '33-34' I 8X.I4 ,- NUMBER Of ALTERNATIVES ANALYSED 
1 ~OR ANNUAL COSTS', 3X. '3', 3X. '41-42' I 6X. 14, I • PRINT QUAL I 
6TY-CAPACITY PROJECTS. 1 • YES. 0 • NO', 3X. ')', 3X. '49-50' I 
9 ~X. 14, ' - NUM~EH Of YEARS Of SUMMARY Of OPTIMUM OPERATION'. 4X, 
",'j'. 3X. 'S7-SS' I 6X. 14, , - OPTIMIZE INDIVIDUAL ALTERNATIVES. 1 
1· YES. 0 - NO', 2)(, ')', 3X. '65-66' II} 

7 fURMAT ( 3(f4.1, 4X), 12, 6X, 6f8.4} 
d fUKMAT (8X. f4.1. ' • CAPITAL RECOVERY pERIOD fOR TREATMENT PLANTS 

I,YR'. 4X, '4', 4X. '\-4' I 6X. f4,1. ' - CAPITAL RECOVERY PERIOD 
2fuR TRUNK SlWERS,YR'. 8X. '4'. 4X, '9-12', I 8X. F4.1. ' • CAPITAL 
J RECOVERY PHERIOO fUR LIST STATIONS.VR'. 6X. 'q', 3X, '17-20' I 
4 bx. 14. ' • CONSTRUCTION LAu TIME.YR', 27X. '4', 3X. '25-28' 1 
5 ~X. fl0.4, ' • ANNUAL HATE OF INTEREST', 26X. '4', lX, '33-40' I 
6 ~X, fl0.6. t - ANNUAL RATE Of INCREASE OF INTEREST', 16X, '4', 
7 J)(. '41-46' I 2X. FI0.3. ' • G~O/CAPITA Of ~ASTEWATER FLOw', 22X, 
8 ~4'. 3x. '49-56' I 2X. fl0.3. '. PEAK fLOW fACTOR', 3SX, '4', 
9 3x, '57-64' I 2X, fl0.4. ' • MINIMUM SLOPE OF TRUNK SEWER. -FT/l 
"OUO fT', lOX. '4', lX. '65-72' I 2X, no.2. t .. AVERAGE PUMPING HE 
1AU Uf LIfT STATIONS,fT', llX. '4', lX. '72-80' II) 

y fUKMAT (9F~.4) 
lU fORMAT (2X. f10.4, , .. EHR-S INDEX fOR COST DATA'. 26)(. 's', 

1 4X. '1- 6' I 2X. fl0.4~ , .. [NR-B INDEX fOR STuor YEAH', 25X. 
2 :5', 4)(.'9-16' I 2X, FI0.4. ' .. ANNUAL INCREASE OF ENR-e INDEX', 
3 21X. '5', 3X. '17-24' I 2X. fl0.4, • • WPC·S INDEX fOR COST OATA 
4 :. 25X. '5', 3X, '25-32' I 2X. fl0.4. t .. WPC·S INDEX FOR STUOY Y 
SEAR', 25X, '5', 3X. '33-40' 12X. FIO.4. ' • ANNUAL INCREASE Of ~PC 
6-S INDEX', 21X, '5', 3)(. ·~1·48· I 2X. F10.4. ' • 0 & M INDEX fOR 
7 ~OST DATA'. 26X. '5', 3X, '49-56' I 2X. F10.4. • G 0 & M INDEX 
ufUH STUDY YEAR', 25X. '5'. 3X. '57-64' I 2x. fl0.4. ' • ANNUAL IN 
9CW[ASE Of 0 & H INDEX', 21X, '5'.3X. '65-72'11) 

11 fORMAT ('ICOST EQUATION COEfFICIENTS" HUN', 14 11114)(. 'CONSTRUCT 
liUN COSTS, MIL s'. 33X, 'g & H COSTS. MIL $' I) 

12 ~URMAT <4f8.4) 
13 fORHAT (9X. 'COL - 1-8', 15X. 'COL a 9-16', 16X. 'COL" 17-24', 

t 16X. 'COL" 25-32' I) 
14 fURMAT (2X. fl0.4. ' - AK(', 12, ')', 6)(. FI0.4. ' .. ALPHA(', 12. 

I ')', 6X. FI0.4. ' • BK('. 12, ')., 6X. F10.4. • • BALPHA(', 12, 
It t) ,< ) 

1~ FORMAT ('lTREATMENT PLANT INPUT DATA· RUN " 141/) 
10 fURMAT (' PLANT CAPACITY DEST ELEVATION TREATMENT LEVEL 

1 NAME') 
11 fUR"AT (. J MGO MILO, fT'/) 
1d fURMAT <12, 6X, 3;8.4. 12, 6X, 9A4) 
l' fUHMAT (2X, 12, 2X, f6.2, 2X. fl0.4. 2)(, F8.2, 8X. 14, lOX. 9A4) 
20 fuRMAT (I' INVALID TREATMENT PLANT DATA. SEQ, NUM el, 14, I DATA 

1- " 12. 2X. F8.2. f8.4, f8.2, 2X. 12. 4X, 9A4/) 
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25 fURMAT ('lTRUNK SEHER INPUT OATA AND CALCULATED PARAMETERS· RUN', 
1 hI/) 

26 fURMAT (' fROM TO O.FTANC: CAPACITY DEBT HEAD SLu"E 
l' i 

.. 7 fURMAT (' J K fT MGD fT 11000 
lfl'//) 

2$ fURMAT (12. 6X. 12. 6X. f8.L> f6.2. f12.4) 
2'1 -URMAT (III. 15. fl0.2. f6.2. 2X. flO.4. f8, • F9.4) 
30 fURMAT (I' INYALIO (HUNK SEWf.R DATA· '. 2X. 12. 2x. 12, 2X. 

1 ~fl0.2, f12.4/) 
35 fURMAT ('1 ANNUAL CUST fACTORS - RUN', 14 I) 
36 fURMAT (' yEAH INTEREST CRf CRf 

lLU1~G SEwER 0 & H') 
37 fUHMAT (' RATE STP SEwER 

IfACTUR COST fACTOR COST fACTuR'/) 

CRf 

LIfT STATION 

l~ rURMAT (2X.III. flO.4. FI0.1I. rlO.~. fl0.4. 5X. FIO.II. 3X, 
1 tlO.4, 2X. flO.4) 

45 FURMAT (12. 6X. 12. 6X. F12.0j 

8UI 

COST 

4b fURMAT(/' INVALID POPULATION OATA - '. 14. 2X. 14. 2X. FI0.2/) 
47 fURMAT (I' iNVALID WASTEWATER QUANTITIES· '. 14. 2X. 14. lX. 

1 flO.2/) 
4ij fURMAT (3x,12.4X.Iq, _(f9.0» 
~o fURMAT ('1PUPULATIUN DATA - RUN " 14//) 
51 fURMAT ( *Al. 'PLANT NUMtlER') 
~l fORMAT I' pERIOD YEAR'. _(~X. 12. 3X) I 
55 fURMAT (12. oX, 12> 
~6 fURMAT (' INVALID TIME PHASED TREATMENT LEVEL PARAMETER· " 216/) 
6U fURMAT ('lwASTEWATER fLOWS TU PLANTS IN MGO - RUN " 14//) 
61 fURMAI (' PERIOD YEAR TIME PHASED 'I *Al. 'PLANT NUMBER') 
62 fURMAT (15x. 'TREATMENT LEVEL', *(4X. 12. 2X) I) 
63 fURMAT (3X, 12. 4X. 14. ax. 12, 1X, .O"e.2) ) 
64 fURMAT ( 3(12. 6X» 
6~ fURMAT (I' lNVALID TIME PHASED TREATMENT LEVEL FOR TREATMENT PLANT 

IS .t, 3(14. 6X) I ) 
66 FORMAT ('lINDIVIOUAL TREATMENT PLANT TIME PHASED TREATMENT LEVELS 

1- RUN'. I4 II) 
67 fURMAT It PERIOD YEAR'. *Al. 'PLANT NUMBER') 
6d fURMAT (15X. *(4X. 12, 2X) I ) 
69 fURMAT (3X, 12. 4X. 14. 2X. *(4X. 12. 2X) ) 
1u fURMAT (12. ox. 12, 6X. 12. ox. 12. oX, 2f8.4) 
11 fURMAT (' INVALID TRUNK SEWER LINK DATA· '. 14. 2X. 14. 2X, 14. 

I 2X, 14. 2X. 2FI0.2 I) 
1~ fURMAT ('ITRUNK SEw~R ALTERNATIvE PATH TABLE· RUN', 14 1/) 
76 fURMAT C' ALT PLANT TREATMENT MIN CAP MAX CAP ALT'. *Al, 

I 'INPUT' •• Al, 'OUTPuT') 
77 fURMAT (13x. 'LEVEL'. ox, 'MGO', ox, 'HGO'. 4X. 'PATH', *(14), 

1 2X. *(4) I ) 
eu fORMAT (13. 3X. 12. oX, 12. 4X. F8.2. IX. F8.2' 4X. 12. IX. 

t *(14). 2X. *(14) ) 
82 fORMAT (13. lX. 12. 6X. 12. 4X. F8.2. IX. f8.2. 4X. 2x, tx. 

1 *(14), 2X. *(14) ) 
90 fURMAT ('0') 
92 fORMAT C'lHASTEWATER FLOWS COLLECTED 8Y TREATMENT PLANTS. MGO. RU 

IN • '. 14 II) 
91 fuRMAT (. PERIOD YEAR ALT', -AI, 'PLANT NUMBER') 
94 fURMAT CI9X. *(4X, 12. 2X) I ) 
9~ fU~MAT (3X. 12. 4X. 14, 14. 2X, *(Fe.2) I) 

101 fURMAT ('lEOIT DATA· RUN', 141/ 104X. 'ANNUAL PRESENT WORTH DATA' 
tin 

102 fURMAT (' L M MB J K CAP 
IN LIFT EXISTING DESIGN 

flOw 
DE8T 

99 

fLOWL DEMAND TSTAR DESIG 
EXPANSION ANNUAL 0 & H 



2 VALUE') 
103 fURMAT(16X. 'LlMIT MGO MGO MGO MuD INOEx STATIONS 

1 MG~ MbD MIL ~ :111.$ HiLS MIL$ MIL:',,) 
10; fURMAT (413. 5X. 12. 2fd.2. 

1 ta.2. 2flO.4. 3f9.4) 
fij.4. f7.2" 4X. Il. l1X. fij.2. 

106 fuKMAT (9X. 213. 4X. 2f8.2. f8.4. f7.2. 1lx. 13. lX. 2f8.2. 
1 2fl0.4. 3f''i.4) 

101 fUR"AT 1114X. fto.4 I) 
109 fURMAT ('ILIST DATA· RUN', 14 II~ 
11v fURMAT (' OfTIMUH ALTERNATIVES' II) 
111 fURMAT (' L M H~ J K CAPAC ANNUAL 

lN~lUN TOTAL VALUE OPTVAL') 
112 fURMAT (27X. 'MGU', 5X. 'MIL $'. 4X, 'MIL $', oX, 'Mil $', 

15X. 'MiL $', 5X. 'MIL S'. bX. 'MIL 5'/1 
114 fURMAT (/4I~.7X.f6.2.4fl0.4) 

116 fURMAT iSI4.3X,f6.2.4fl0.4i 
117 fURMAT (7lX,fIO.4.ft4.4) 

ExPA 

11Y fURMAT ('I ~RESENT "ORTM VALUES USED TO SELECT OPTIMUM fATM • RUN' 
1 • I4!) 

120 fURMAT (t L M BACK 
122 fUMMAT (14.16.I6.4X.2flo.4) 
123 fURMAT ('0') 

VALUE 

124 fUHMAT ('lRANKING Of FINAL ALTEKNATIVES • MUN'. 141/) 
125 fURMAT (' SLQU£NCE ALTERNATIVE OPTVAL'/) 
127 FuRMAT (16.~X.I6.2x.r16.4) 

OPT\lAL' n 

130 FURMAT ('INUM8ER '.I4.2X.'RANKING OF ALTERNATIVES - RUN'. 141/) 
131 fORMAT (. lEAR L M VALUE OPTvAL') 
llJ fUHMAT(31X.'MIL $'.11X. 'MIL "~I ) 
135 fURMAT (I6.16.I6.2X.2FI6.4) 
14U fURMAT ('ISUMMARY Of OPTIMUM OPERATIONS· RUN'. 14. ' .', 121/ ) 
141 FURMAT (' yEAR ALT URIGIN OEST CAP FLOW FLOWL DEMAND TSTAR DESI 

lijN LifT EXIST DESIGN OE8T EXPANSION ANNUAL 0 & M TOTAL 
2 P.w.') 

142 fORMAT (' M 
MijO 

J K LIMIT MGO 
MIL $ 

HGO 
HIL S 

MGO 
MIL S 

YR INOE 
MIL S IX STATION MGD MIL $ 

2 MIL s'n 
140 fURMAT (15. 13. 3X. 13. 9X. 

1 12. 7X. F7.2. F7.2. FI0.4. 
147 fURHAT (15. 13. 3X. 13. 3X. 

1 t9.4. 8X. F9,4) 

12. F7.2. F7.2. f6.2. f6.2. 4X. 
F9,4. F9.4, F8.4. F9.4. F9.2) 
13. 41x. 13. f7.2. 7X. flO ••• 9X. 

14~ fURMAT (15. 13. 3X. 13, 3X. 13. sx. F7.2. r7.2. F6.2. F6.2. lOX. 
1 13. F7.2. F7.2. flO,4. f9.4. F904. F8.4. F9.4) 

150 fURMAT (I 114X. f9.4, F9.2 I ) 
156 fURMAT (tlSUMMARY Of ANNUAL COSTS· RUNt, 14. ' .,, 121/) 
15~ fURMAT (24X. 'CAPITAL OE~T 0 & M 

1 1'.1'1.') 
160 fURMAT (' YEAR ALTERNATIVE TOTAL ANNUAL 

lAL ANNUAL ANNUAL') 
161 fURMAT (' M MIL s MIL S 

IS MIL S MIL S') 
162 FURMAT (t ••••••••••••••• ...... - .•...•• 

1.. ._ •• _. • ••••• ·11) 
165 fURMAT (15. 4X, 14. 6X. f12,4. 2X. F12,4' 2x. FI2.4. 2X. 

1 1'12.4. fl2.4) 

TOTAL 

ANNU 

MIL 

. ... 

166 fURHAT (I 61X, 2FI2.4) 
16~ fURMAT ('IQUALITY - CAPACITY EXPANSION PROJECTS· RUN'. 14, • .', 

1 12 II) 
170 fURMAT (. YEAR ORIGIN DESTINATION 

1 TREATMENT LEVEL 
171 fURMAT (. J 

lD EXISTING PROPOSEO 
K 

EXISTING 

100 

CAPACITY. 
CAPITAL OE8T, MIL st) 

EXISTING 
EXPANSION 

MGD 

PROPOSE 
TOTAL 



c 

2') 
172 fURMAT (t •••• -.- .. _- ..-._.-. 

1. ..______ ._ •••• _. _._ .... - .... -... - .-.-. 
2'11) 

176 fURMAT (15, 15. 19X. f12.2,4X. fI2.2.5X. 14. 5X. 14. 6X. f12.4. 
1 'X. f12.4.3X. FI2.4) 

17~ fURMAT (IS. 15. 6X. 15. ~X. f12.2.4X. fI2.Z.1eX. 
1 ox. fI2.4.3X. f12,4.3X. fI2,4) 

C RLAU IN CONTROL DATA 
C 

c 

Rt.AU (5.1) IRUN 
IiklTE <6.2) IRUN 
k~AO(5.3) NUHPL1. NUMYR. NUHALT. NYEAR, If LOW. lTSTAR 
WHIlE (6.4) IRUN. NUMPLT. NUHYR. NUMALT. NYEAR. lrLOW, ITSTAR 
Rt..AU (5.5) aeOIT. ILIST. 11'101. lRANK. NRANK. NALTPR. IPROJ. 

1 IANUAL. NDNUYN 
WHI1~ (6.6) IEOI1. ILl ST. IPW. IRANK. NRANK. NALTPH. IPROJ, 

1 lANUAL. NONOYN 
kt..AU (S.T) ~ERP. PERS. PLRL. LAG. RATE. ANHATE. GPOCAP. PEAK, 

1 ~LuPEM. HEAU 
WHITE (6.8) PERI'. PERS. ~ERL. LAG. RATE. ANHATE. GPDCAP, PEAK. 

1 )LUPEM. HEAD 
R~AO (5.9) PINDA, PINOS. PINDr. SINDA. SINO~. SINDF. OMINOA. 

1 UMINOtl. OM1NOF 
wklTE (6.10)PINOA. PIND~. PINOf, SINOA. SINOB. SINOr. OMINDA, 

1 UHINOlh OMINDf 
wHITE {6,11) IRUN 
R~AO (5.12)({AK(N). ALPHA(N), BK(N). BALpHA(N». N • 1,12) 
WKITE (6.13) 
WHITE (6.14) «AK(N), H, ALPHA(N). N. 8K(N), N. 8ALPHA(N). N). 

1 rl • 1112) 

C ENT[R PARAMETERS fOR WASTEwATER TREATMENT PLANTS 
C 

C 

WKITE (6,15) IRUN 
WHITE (6.16) 
WHITE (6117) 
ou 202 1 • 1. NUMPLT 
R~AU (5.18) J, C. O. [. L. (SNAME(K). K • 1.9) 
If(I.GT.NUMPLT) GO TO 201 
If{L.GT.4) GO TO 201 
If'LHJ) • I 
Jf'L H 1) • J 
CAPP( 1) • C 
O~8TP(I) • u 
ELEVU) • [ 
L 1 KlA H 1) • L 
IJU 200 K • 1.9 
ANAMECl,K) • BNAM[CK) 

200 CUNTINU[ 
WHITE (6.19) JPLT(I). CApP(I). OEBTP(I), [LEV(I), LTREAT(l). 

1 (ANAME(I,K). K • 1.9) 
GU TU 202 

201 WHITE (6.20> I. J. C, O. E. L. (BNAMECK). K • 1.9) 
202 ClJtHINUE 

C ENT[R PARAMlTERS fOR TRUNK SEWER LINKS 
C 

WHITE (6.25) IRUN 
WHITE (6.26) 
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C 

WtillE (6,27> 
LJU l06 I • 1.999 
KtAU (5,28) J. K. COl ST. CCAPS. DOERTS 
1~{J.EQ.99) GO TO 207 
It(J.GT.99) GO TO 205 
If(K.GT.99) GU TO ~05 
IJ • IfU(J) 
It(lJ.EQ.O) GU TO 205 
IK .. IfLHK) 
lr(lK.EQ.O) GO TO 205 
LJ1ST(IJ.IK) • CUIST 
CAPSCIJ.IK) .. CCAP5 
U~~lS{IJ.IK) .. OOE~TS 
~NEAO(IJ.IK) • ELEV(IK) • ELEV(IJ) 
SLOPECIJ.IK) • (SHEAO(IJ.IK) I DIST(IJ.IK) ) * 1000. 
WtilTE (6.29) JPLT(IJ). JPLTCIK). OlSTCIJ.IK). CAPSCIJ.IK), 

1 UEHTS(lJ.IK). SHEAUCIJ.IK). SLOPECIJ.IK) 
GO TO 206 

~05 WHITE (6.30) J.K.CDIST.CCAPS. OOE~TS 
206 CUtHINUE 
~07 CUNTINUE 

C UtTLKMINE ANNUAL FACTORS 
C 

C 

WHITE (6.35) IRUN 
I'ilHH. (6)36) 
WKlTE (6.37> 
HI:.TUHN(l) !8 RATE 
Ou 210 L .. 1. NUMYK + 
It(L.EQ.l) GO TO 209 
HI:.TURN(L) • RETURN(!) + ANRATE * (l-l) 

2011 CUNTlNUE 
CKrpCL) • (HETURNCL) * , 1.0 + RETURNCl}) ** pERP} I 

1«(1.0 + RETURN(L» ** PERP)- 1.0) 
CKr~(L) • (RETURN(L) * (1.0 + HETURN(L» ** PERS) I 

1«(1.0 + RETURN(L}) ** PERS)- 1.0) 
CHfL(L) .. (HETURNCL) * ( 1.0 + RETURN(L» ** PERL) I 

1'«1.0 + RErURNeL» ** PERL)- 1.0) 
fACCAPCl) • (PINOS + PINUf * (L-l) ) I PINOA 
fACSEW(L) .. (511'108 + SINOr * (L-l) ) I SINDA 
FACUMCL) .. (OMINGB + OMINOf * (L-l) ) I OMINOA 
1lEAR • l + NlEAR • 1 
WHITE (6.36) IYEAR. RETURNCL). CRrpeL). CRrSCL). CRflCL). 

1 ~ACCAP(l). fACSEWCL). fACOM(L) 
210 CUNTINUE 

C ENTER POPULATION DATA 
C ENTER WASTEWATER QUANTITIES INSTEAO IF IPOP • 1 
C 

OLI 219 K .. 1.999 
KtAO (5,45) J.N.POPUL 
1~'J.EQ.99) GO TO 220 
I~(N.GT.50) GO TO 215 
It(J.LE.o) GO TO 215 
I. .. N + 1 
I .. I PL T( J) 

It(l.EQ.O) GO TO 215 
ItlI.GT.NUMPLT) GO TO 215 
PLlPCI.L) • POPUl 
I.A1) TYH • N 
<.iLl TO 219 
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c 

215 l~'IPOP.GE.l) GO TU 216 
wrtiTE (6.46) J. N. POPUL 
GU 10 219 

210 wKITE (b.47) J. N. POPUL 
0:!19 CUNTlNUl 
220 CONTINUE 

OU 225 J • 1.NUMPlT 
l~{POP(J.l).EQ.O.O) GO TO 22~ 
tJu 224 L • 1.70 
uu 223 N • L+l. 71 
Ir(PUP(J.N).EG.O.O) GO TU 223 
111M. N-L 
PUPGNT = (POP(J.N) • POP(J.L» I ITIM 
UU 222 NUM • 1.ITIM • 1 
PUP(J.L+l) • POP{J.Ll + POPQNT 
L • I. + 1 

222 I,;UNT INUE 
IOU TU 224 

223 CUNTINUE 
&!24 CUNTINUE 
225 CUNIINUE 

It(LASTYR.LE.O) I.ASTYR • NUMYR 
tJu 226 J • 1.NUMPLT 
It(POP(J.LA&TYR+l).EQ.O.O) GO TO 228 
PUPQNR • POP(J.LASTYR+1) • POP(J.lASTYR) 
UU 227 L • LASTYR+2. lASTYR+21 
PUP(J.L) • POP(J.L-l) + POPQNT 

227 CUNTINUE 
221$ CUNTINUE 

C LiST POPULATION INPUT DATA 
C tJU NOT LIST IF WASTEWATER QUANTITIES ARE ENTERED INSTEAD or POPUI.ATIONS 
C 

C 

It(IPOP.GE.l) GO TO 230 
WKITE (6.50) IRUN 
ISPACE • 6 * NUMPI.T - 3 
WKITE (6.51) ISPACE. (ASPACE. I • 1.lSPACE> 
WHITE (6.52) NUHPLT. (JPLT(I). I • 1,NUMPLT) 
Ou 230 L • 1.NUHYR + 21 
II'EI'< • L - 1 
ITEAR .. NYEAH + L - 1 
.KITEC6.48) IPER. IYEAR. NUHPLT* (POP(J.L). J .. I.HUMPLT) 

231.1 CUNTINUE 

C TIME PHASED TREATMENT LEVELS 
C 

LioIUAL(l) • 1 
UU 235 1 .. 1199 
R~AU <5*55) N. LQ 
1~(N.EQ.99) GO TO 236 
ItCN,GT.50) GO TU 234 
It(LQ.EQ.O) GO TO 234 
It(LQ.GT.4) GO TO 234 
L .. N ... 1 
LiolUAUL) It LQ 
au TO 235 

234 ~KITE (6.56) N. LQ 
23~ CUNTINUE 
230 CUNTINUE 

00 240 L .. 2.NUMVR + 21 
It(LQUALCL).EQ.O) LQUAlCL) .. LQUAL(l-t) 
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l40 CUN TI NUE 
C 
C CALCULATE FLOWS fROM POPULATION DATA 
C 

c 

!~(lPOP.GE.l) GO TU 246 
UU 246 J • 1.NUMPLT 
OU 244 L • 1,NUMYR • 21 
QUANT (J.L) • POP(J,Ll * GPOCAP * PEAK I 1000000.0 

0/44 CUNTINU£ 
~46 CUNTINUE 

IiIJ TO 2149 

C CALCULATE flOWS fROM WASTEWATER QUANTITIES 
C 

C 

DU 248 J • 1.NUMPLT 
UU 247 L • 1. NUMYH • 21 
QUANl{J.L) • POP(J.l) * PEAK 

247 CUNIINUE 
24~ CUNTINUE 
249 CUNTINUE 

C UUTPUT ~ASE flOWS TO TREATMENT PLANTS 
c 

c 

WHITE (6.60) IRUN 
ISPACE • 4 * NUMPlT • 4 
"~lTE (6.61> ISPACE. (ASPACE, 1 • 1.ISPACE) 
WKITE (6.62) NUMPlT. (JPLT(I). I • I.NUMPlT) 
UU 250 l • 1.NUMYR • 21 
II'EH • L • 1 
IYEAH • NYEAR • l • 1 
WHITE (6,63> {PER. IYEAR. LQUAL(L). NUMPlT. (QUANT(J.L>, J • 1. 

1 NUHPLT> 
Itel.NE.51) GO TO 250 
WHIlE (6.60> IRUN 
WHIlE (6.61) ISPACE. (ASPACE. 1 • 1.ISPACE) 
WHITE (6.62) NUMPlT, (JPLT{I), I • 1.NUMPLT) 

25U CUNTINUE 

C ENTER TIME PHASED TREATMENT LEVELS rOR EACH PLANT AS NEEDED 
C 

UU 252 ..I • 1.NUMPLT 
OU 251 L • 1.NUMYR + 21 
L.I.IUALJ(J.L) • 1 

251 CUN Tl NUE 
252 CUNTINUE 

l.lU 254 K • 1.999 
HtAl.l (5.64) N. J, LQ 
lr(N.Ew.99) GO TO 255 
lreN.GT.50} GO TO 253 
If(J.GT.NUMPLT) GO TU 253 
lr(J.LE.O) GO TO 253 
It(lQ.EG.O) GO TO 253 
It(LQ.GT.4) GO TO 253 
L • N • 1 
I • IPLT(J) 
It(l.LE.O) GO TO 253 
lr41.IiT.NUMPLTl GO TO 253 
LIolUALJ( 1.L) • LQ 
bU TU 254 

253 WHITE (6.65) N.J.LQ 
254 CUNTINUE. 
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c 

255 CUNTINUE 
UU 257 I '" 1.NUMPLT 
UU 256 L • 2. NUMYR + 21 
It(LQUALJeI,L).EQ.l) LQUALJ(I.L) • LQUAlJ(I,L-l) 

256 \;UNTINUE 
~51 CUNTINUE 

C UUTPUT INDIVIDUAL TIME PHASED TREATMENT LEVELS 
C 

WKIlE (6,66) IRUN 
l~PACl '" 4 * NUMPLT • 4 
WHITE (6.67) ISPACE, (ASPACE. 1 '" t. ISPACE) 
WHITE (b.6S) NUMPLT, (JPLT(l), I • 1.NUMPLT) 
UU 25~ L '" 1. NUMYR + 21 
11"(11 • L • 1 
Il~AR '" NYEAR + L - 1 
WHITE e6.69) IPER, IYEAR. NUMPLT. eLQUALJ(I.L).l • 1.NUMPLT) 

25~ CUNTINUE 
C 
C ENTER ALTERNATIVE CONNECTING TRUNK SEWER LINKS 
C 

c 

DU 263 M • 1. NUMALT 
259 RlAU (5.70) MA. J. K. LT. AMIN, AMAX 

l~(AMAX.LE.O.O) AMAX • 999.99 
IfeMA.lG.99) GO TO 263 
It(MA.EG.O) GO TO 261 
I.CJ.(Q.O) uO TO 261 
It(~.EQ.O) uO TO 261 
It(LT.GT.4) GO TO 261 
IJ '" IPLHJ) 
ItCIJ.EG.o) GO TO 261 
It(IJ.GT.NUMPLT) GU TO 261 
11\ '" IPLTCK) 
It(J.EG.K) IK. NUMPLT + 1 
ItCIK.EQ,O) GO TO 261 
It(IK,GT,NUMPLT + 1) GO TO 261 
NALHMl • MA 
It(lPATH(IJ.NUHPLT+l,Ml.EQ.l) GO TO 260 
MT~lAT(IJ.M) • LT 
CAPMIN(IJ,M) • AMIN 
CAPMAX(IJ,M) • AMAX 

~6U \;UNTINUE 
l~ATH(lJ.IK.M) • 
ijU TO 262 

261 WHITE (6.71) MA. J. K. LT. AMIN. AMAX 
262 GU TO 259 
263 CUNTINUE 

C ~UILO PATH TABLES fOR EACH ALTERNATIVE M 
C IN(I.J.M) • INPUT TABLE 
C lUUT(J.K.Ml • OUTPUT TABLE (COMMON wITH IPATH(J.K.M) 
C 

OU 266 M. 1.NUHALT 
00 265 J '" 1.NUMPLT 
UU 264 K. 1.NUMPlT 
IN(J.K.M) • IPATH(J.K.M) 
If(J.NE.K) uU TO 264 
HHJ.K.M) • 1 

264 \;UNTINUE 
,,6:' CUNTI NUE 
266 CUNTINUE 
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C 
t LUAU INPUT TABLE WITH ALTEHHATIV( DEMANDS 
C 

C 

uU 260 M g 1.NUHALT 
IHI 279 L • 1.5 
UU 276 J • 1.NUMPLT 
l~('APHAX(J.H).LE.O.O) CAPHAX<J.H) • 999,99 
DU 272 K • 1.NUHPLT 

C fUR PLANT J fINO OUTPUT HOuTE. K Nor EQUAL J 
C 

C 

l~(K,[~.J) GO TO 272 
ItlloUTeJ.K.H) ,Eg. I> GU TO 274 

"-72 CUNTINUE 

C NU CHANGE FOR THIS J 
C 

GU 10 276 
C 
eNG OESTINATION Of WAsTE LUADS 
C 

c 

27 .. N • K 
It(lOUT(J,NUHPLT91.HI,NE.l) GO TU 21S 
lALHJ.MI .. K 
L uu It .;. K, H 1 to 0 
IN(J,K,H) " 0 
ioU TO 276 

215 CUNTINUE 

C S~AHCH NODE J FuR NUMBER. 1 AND TRANSfER Tu NUOE N OF IHPUl TAbLE 
C 

c 

DU 276 I • I.NUHPLT 
lrll.Ew.K) GU To 216 
H(INlI.J.M).EQ,l) IN(I.N,IO II 1 

276 CUHTINUE 
2711 CUNTINUE 
27~ CUI'H INUE 
il!6U CUNTINUE 

C OUTPuT TABLES 
C 

ltiPACE c HUHPLT ~ 2 • 4 
LSPACE • HUMPLT ~ 4 • 2. 
WHITE (6.7S) IHUN 
WHITE (6.16) ISPACE. (ASPACE. I • 1.ISPACE). LSPACE_ 

1 'A5PACE. I m 1. LSPACE) 
NUHOUT • NUHPLT + 1 
J~LT'NUMOUT} • NUHPLT + 1 
w~lTE (6.17) NUMPLT. (JPLT(Il, I-l.NUHPLTl. HUMOUT" (JPLT(I). l' - 1.NUHOUT> 
DU 290 H • I.NUMALT 
DU 2~6 IJ D 1. NUHPLi 
11\ • lAue IJ.,O 
1.(IK.LE.O) GO TO 264 
£f(lK.uT.NUHPLT) GU TO 26. 
WHIlE (6.80) NALTCH). JPLT(IJ). HTREAT(IJ,M). CAPHIN(IJ,H), 

1 ~APMAX(IJ,H). JPLT(IK). NUHPLT. (INCr.IJ. M). I II 1, NUHPLT). 
~ HUMour. (IOUT(IJ. K. M)' K • 1. HUMOUT) 

(tu TO 266 
284 wHITE (6.82) NALT(H). JPLT(IJ). HTREAT,IJ,H}. CAP~IN(IJ.H), 

1 'A~HAX(IJ.H). NUHPLT. «(N(I.iJ. H). I • 1, NUHPLTl. 
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c 

2 ~UMUUT, CIUUT(IJ. K. M). K • 1. NUMOUT) 
266 CUNTINUE 

WKIlE (6.90) 
290 CUN Tl NUE 

C ~YPASS DYNAMIC PROGRAMMiNG SECTION Of MODEL 
C 

1~'NUNDYN.GE.l) GO TO 500 
c 
C INITIALIZE SYSTEM PARAMETERS 
C 

C 

Du 306 M • 1,NUMALT 
H~ACK( 2.M) • 1 
VALUE(1.M) • 0.0 
U~TVAL(l'M) • 0,0 
OU 304 J • 1.NUMPLT 
rCAPP(J,l.M) • CAPP(J) 
TUEBTP(J.l.M) • DE6TP(J) 
KIKEAT(J.l,M) • LTHEATeJ) 
OU 302 K • l,NUMPLT + 1 
l~APS(J.K.l.M) • CAPS(J.K) 
TU[6TS(J.K.l.M) • OE~TS(J.K) 

302 CUNTINUE 
304 CUNTINUE 
306 CUNTINU[ 

C O~TIMIZE ALL PLANTS AND INTERCEPTORS fOR EACH YEAR L 
C 

c 

AUUVAl • 1000. 
UU 440 L • 2.NUMYR + 
VU 400 M • I.NUMAlT 
TlHPA • 99999Y99999. 

C DlTERMINE LOAD ON PLANTS AT L. L + LAG. AND L + 20 
C 

C 

UU 307 J • 1. NUMPLT 
CULt.cHJ) • 0.0 
(;ULLAG(J) • 0.0 
fUTURE.(J) • 0.0 

307 CUNTINUE 
DU 309 J • 1.NUMPLT 
OU 308 I • 1. NUMPLT 
CUL[CT(J) • CULECT(J) + QUANTCI.L) * IN([.J.M) 
CULLAGeJ) ~ COLlAG(J) + QUANT(I.L+LAG) * IN(I,J,M) 
fUTUME(J) • fUTURE(J) + QUANT(I.L+20) * INtI,J,M) 

lOij CUNTlNUE 
l09 (;U~TINUE 

C AUO EXCESS fLOWS FROM PLANTS wITH MAXlMUMS CAPACITIES 
C 

OU 310 J • 1. NUMPLT 
It{IOUT(J.NUMPLT+l.M).NE.l) GO TO 310 
K • IALHJ.M) 
l~(K.EQ.O) GO TO 310 
If~K.GT.NUMPLT) GO TO 310 
W • COLECT(J) • CAPHAX(J,M) 
l~(Q.LE.O.O) Q • 0.0 
QL ~ COLLAGlJJ • CAPMAX(J,M) 
l~(QL.LE.O.O) WL • 0.0 
Of • fUTURE(J) • CAPMAX(J.M) 
It(QF.LE.O.O) Qf • 0.0 
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C 

CULECT(K) • COLECT(K) + Q 
CULLAG(K) a COLLAQ{K) + QL 
fUTURECK) = fUTURE(K) + Wf 

31U CUNTINUE 

C OUTPUT fLOWS COLLECTED AT TREATMENT PLANTS 
C 

C 

1~(lEDI1.lE.O) GO TU 312 
WHITE (6,92) IRUN 
I~PACE • 4 * NUHPLT - 4 
WHITE (6,93) ISPACE. (ASPACE. I • 1, ISPACE) 
WHITE (6.94) NUMPLT. (JPLTCI). I • 1.NUMPLT) 
II't:R • l • 1 
IlEAR • NYEAR + L • 1 
WHITE (6,95) IPEH, IYEAH, NALT(M),NUMPLT,(CULECTeJ).J.l.NUHPLT) 
11" • IPER + LAG 
Il a BEAR + lAG 
WHITE (6,95) IP, IY. NAlT(M). NUMFLT. (COLLAG(J). J • 1, NUMPlT) 
It' • IPER + 20 
lY • IYEAR + 20 
wHITE (6.95> IF, IY. NAlT(H). NUMPlT, (fUTUK(CJ), J • l,NUMPLT) 

312 CUNTINUE 
It(IEDIT.LE.O) GO TO 313 
WKlTE (6.101) [RUN 
wHITE (6.102) 
WI'IITE (6.103) 

313 CONTINUE 

C S~lECT BEST BACK PATH 
C 

c 

MbACKCL.M) • 1 
OU 390 MB • I.NUHAlT 
HAlUE • 0.0 

C fiNO CuSTS AND CAPACITY fOR EACH TREATMENT PLANT 
C 

C 

UU 3aO J • l,NUMPLT 
THEAT • CDLECT(J) * IOUTeJ.NUMPLT + 1.M) 
TnEATL • COLLAG(J) * IOUrCJ,NUM~lT+l.M) 
'~H(CK<J.M.MH) • 0 

C U~T(RMINE ANNUAL OEMANO OVER 20 YEARS 

C 

U~MANO • CFUTUREeJ) • COLECT(J» I 20.0 
U~MP • DEMAND * IOUT(J,NUMPLT + 1, M) 

C INiTIALIZE PARAMETERS 
C 

c 

A~APP(J) • TCAPpeJ.l.MH) 
AOEbTPeJ) • TOEBTP(J.l,MB) 
fOEIHP(J) .. 0.0 
LllHET(J) .. KTREAT(J.l.MB) 
INDEX • 0 
llREAT .. MTREAT(J.MB) 
IfelQUAL(L+LAG).GT.MTREATeJ.MB» tTREAT • lQUALCL+LAG) 
IttLQUALJ(J. L + LAG).GT.ITREAT> tTRfAT • LQUALJ(J.L+LAG) 
TSTAR .. 0.0 
COSh. 0.0 
CU51B • 0.0 

C CHECK TREATMENT PLANTS fOR MINIMUM fLOWS 
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C 

315 

316 

317 
C 
C 
C 

316 

319 

320 

321 
322 
:.:123 

C 
C 
C 

l~(TRlATL.GE.CAPMIN(J.M}) GO TO 316 
It(ICHlCK(J.H.MB).EG.l) GO TO 315 
I~HlCK(J.M.MB) • 1 
TVALUE • TVALUE + AUUVAL 
CUNI1NUE 
GU TO 317 
CUNTINUE 
l'(lCH£CK(J.M,MB).NE.l) GO TU 317 
I~HECK(J'M.M~) • 0 
rVALUE • TVALUE • ADUVAL 
CUNTINUE 

UlTERMINE DESIGN INDEX 

It(lTREAT.lE.LTTRETlJ» GO TO 323 
GU TO l319. 320. 32l} LT1RET(J) 
I NOEX • lTREA T 
GU TU 322 
INDEX • ITR~AT + 3 
GU TO 322 
INDEX. ITREAT + 5 
GU TO 322 
INDEX. ITREAT + 7 
CUNTINUE 
CUN TI NUE 

DuES PRESENT CAPACITY AND TREATMENT LEVEL Of PLANT MEET DEMAND? 

l;(THEATL.LE.O.O) GO TO 336 
l~(TREATL.Ll.ACAPP(J).AND.ITREAT.lE.LTTRETlJ» GO TO 336 

C 
C DETERMINE OPTIMUM DESIGN PERIOD fOR TREATMENT PLANTS 
C 

C 

TbTAR • PERP 
It(lTSTAR.LE.O) GO TO 328 
If(INDEX.lE.O) GO TO 328 
au 327 ITIME • 1.25 
TSTAH • (ALUG«TSTAR * RETURN(l) / AlPHA(INOEX». 1.0»/RETURN(L) 

327 CUNTINUE 
320 CUNTINUE 

IttTREATl.LT.ACAPP(J» GU TO 332 
A~APP(J) • TREATl + DEMP * TSTAR 

C CHECK TREATMENT PLANTS AijAINST MAXIMUM FLOWS 

C 
C 

If(ACAPP(J).l[.CAPMAX(J.M» GO TO 330 
A'APP(J) • CAPMAX(J,M) 
ItCIALT(J,M).GE.l) GO TO 330 
It(lCHECK(J,M.MB).EQ.2) GO TO 329 
l~HECK(J.M,MB) • 2 
TVALUE • TVALUE • AUOVAl 

329 CUNfINU[ 
liU TO 331 

330 CUNTINUE 
It(lCH[CK(J.M,MB).NE.2) GO TU 331 
1~HECK(J'M.M6) • 0 
TVAlUE • TVALUE • AODVAL 

331 CUNTINUE 
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C UlTEHHINE THE COST TO INCREASE CAPACITt Of PLANT 
C 

c 

CUSTA • 0.0 
l~(ACAPP(J).LE.TCAPP(J,l'M~» GO TO 332 
l'(LTTRET(J).EG.O) GO TU 332 
CUSTA .(AK(LTTRET(J» * (ACAPP(J) • TCAPP(J,l,MB» ** 

1 AlPHA(LTTRiT(J»)* FACCAP(L) 
33;l CONT INUE 

C UlTERHINE COST Of UPGRAUING TREATMENT PLANT 
C 

c 
C 
C 

C 
C 
(; 

C 
C 
C 

C 

'~&lTHEAT.LE.LTTRET(J» GO TO 336 
It(INO£X.EQ.O) GU TU 336 
CuSTS • (AK(IND£X) * (ACAPP(J» .* ALPHA(INDEX»* fACCAP(L) 
LITRET(J) • IT~EAT 

336 CUNTINUE 

Ut.TE-RHINE TE HPORAR Y FUTURE COST Of EXPANSION 

FUEI:lTP& J) • COSTA + COSTS 

DE-TERMINE AMOUNT Of ANNUAL CAP IT AL 

CU£.tHP(J) .. AOEBTP(J) .. 'CRfP(L-l) 

CALCUL.ATE 0 & H COSTS roN TREATMENT 

AUMP(J) .. 0.0 
l;(~TREAT(J.l.MB).EQ.O) GO TO 338 

PAYMENT UN LAST YEARS DEBT 

PLANT 

AUMP(J) .. BK(KTREAT(J,l.MB» .. (TREAT *. BALPHA(KTREAT(J.l,MB»). 
1 tACOM{L.) 

HIS CUNIINUE 

C OlTERMINE THE TEMPURARY OISCOUNTED COSTS fOR DEaT AND 0 & M or PLANT 
C 

c 

AVGREl • (RlTURN(l) + RETURN(L.» I 2.0 
8U~~IP a CDEBTP(J) I «1.0 + AYGRET) ** (L-l') 
8UM~ • AOMP(J) I «1.0 + AVGHET) •• (L-l» 
TVALUE = TYALuE + ~OEBTP + ~OMP 
T~w~ .. (FDESTP(J) • CRfP(L» I «1.0 + AVGRET) ** (l}) 
TVALUE = TVALUE + TPWP 

C OlTERHIN£ THE LOAOS ON THE INTERCEPTORS 
C 

c 

If(IAL.T(J.M).LE.O) GO TO 339 
KUUT • IALT<J,M) 
fLOW. COLECT(J) • CAPMAX(J,M) 
1~'fLOw.LE.O.O) FLOW .. 0.0 
fLUWL • COLLAG(J) • CAPMAX(J.M} 
It(fL.OWL.L.E.O.O) fLOWL • 0.0 
GU TO 341 

339 CUNTINUE 
KUUT • NUMPlT + 1 
DU 340 K • l,NUMPLT 
l~(K.EQ.J} GO TO 340 
l'(IOUT(J.K.M).EQ.l) KOUT • K 

340 CUNTINUE 
n.OW • COL£CHJ) 
fLOWL. • COLLAG(J) 

.$41 CUNTINUE 
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C SlNC£ THE THEATHENT PLANTS HAVE ONLY ONE DISCHARGE ROUTE 
C Ok A MAXIMUM CAPACITY, THE TRUN~ SEriER HAS .TH[ SAME VALUE 
C fUR DEMAND 
C 

C 

CUSTS • 0.0 
llTARS • 0.0 

C DUES CAPACITY or TRUNK SEHER MEET DEMAND? 
C 

C 

UU 344 K s 1. NUMPLT 
ACAPS(J.K) • TCAFS(J.K,l.Mij) 
AOE~TS(J.K) • TDEBTS(J,K.l.M8) 
fUEBTStJ,K} D 0.0 
BUEBTS(K) : 0.0 
8UMI(K) • 0.0 

344 CUNTINUE 
l'(KOUT.EQ.NUMPLT+l) GO TO 358 
l'(fLOHL.LE.ACAPSeJ.KOUT» GO TO 351 

C D~TERMINE OPTIMUM DESIGN PERIOD fOR TRUNK SEWERS 
C 

TITARS • PERI 
l~(lTSTAR.Ll.O) GO TU 346 
UU 346 ITIHE D 1.25 
TITARS. (ALOG«TSfARS*RETURN(L»/ALPHA(ll) + 1.0»/RETURNCL} 

346 CUNTINUE 
C 
C U~TlRHINE OPTIMUM DESIGN PERIOD rDR LIFT STATIONS 
C 

c 
c 
C 

c 
C 
c 
C 

C 
C 
C 

C 
C 
C 

TSTARL • PERL 
It(ITSTAR.LE.O} GO TO 348 
UU 346 ITIME • 1.25 
TITARL • (ALOij«TSTARL*RETURN(L»/ALPHAel1) + 1.0»)/RETURN(L} 

34ij CUNTINUE 

350 

OlTERMINE TEMPORARY CAPACITY Of INTERCEPTOR SEWER 

ACA~S(J.KOUT) • FLUwL + UEMAND * TSTARS 

UlTERMINE COST Of EXPANDING CAPACITy OF TRUNK SEHER 
(lNCLUDING OISTANCl ANO lLEVATIUN DIFfERENCE) 

CUSTS a 0.0 
l~(DEMANO.EQ.O.O) GO TO 358 
If(SLOPE(J.KDUT).GT.SLOPEM) GO TO 350 

ijkAVITY FLOW 

CuSTS a(AKC11) * (ACAPS(J_KOUT) • TCAPS(J.KOUT.l,H8» ** ALPHA(11) 
1 * fACSEW(L» * (OIST(J,KOUT) I 5280.0) 

uU TO 356 

GKAVITY fLOw PLUS LIfT STATIONS 

CUNTINUE 
PHEAU • SHEAOeJ.KOUT) • COIST(J.KOUT) * SLOPEM I 1000.0) 
1~(PHEAO.LE.O.O) PH£AO • 0.0 
NUHLS(J,KOUT) = (PHEAO I HEAD) + 0.5 
I~(NUMLS(J,K).LE.l) NUMLS(J,K) • 1 
CUSll • fACSEW(L)* ({ AK(11) *(ACAPS(J.KOUT) • TCAPS(J.KOUT,l,Me» 

1 ** ALPHA(11»* (OISTeJ.KOUT) I 5260.0) ) 
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C 

CUST2 • rACCAP{L>* ({ AK(12) *(ACAPS(J,KOUT) • TCAPS(J,KOUT,l~M~» 
1 ** ALPHA(12» * NUMLSeJ.KOUT) ) 

CUSTS • COSTI + COST2 

C CALCULATE THE U & M COSTS Of THE TRUNK SEWER AND LIfT STATIONS 
C 

l51 AHEAD. 0.0 
It(NUMLS(J,KOUT),lE.O) GO TO 352 
AHEAO • PHEAU I NUMLSeJ.KOUT) 

352 CUNTINUE 
A~OMS(KOUT) • fACOM(l) * (e~K(ll) * fLOW ** BALPHA(11) + 

1 '~K(12) I 1000,0) * flO~ ** BALPHA(12) * AHEAD) * NUMlS(J.KOUTJ) 
C 
C U~TEHMINE TEMPURARY fUTURE COST Of TRUNK SEwER EXPANSION 
c 

C 

356 CUNTINUE 
fUE~TS(J'KOUTJ • COSTS 

C CALCULATE AMOUNT Of ANNUAL REPAYMENT Of CAPITAL fOR LAST YEARS DEBT 
C 

C 

356 CUNTINUE 
UU 360 K • I.NUMPlT 
COE~TS(K) • ADEsTS(J.K) * CRfS(L-l) 

360 CUNTINUE 

C U~TERMINE THE TEMPURARY DISCOUNTED COSTS fOR OEBT AND 0 & M 
C 

C 

AVGkET • (RETURN(l) + HETURN(l» I 2.0 
DU 362 K • 1.NUMPlT 
~OEHTS(K). COE8TS(K) I «1.0 + AVGRET) ** (l-l» 
TVALUE • TVALUE + BDESTS(K) 

J62 CUNTINUE 
It(KUUT,EQ.NUMPlT + 1) GO TO 364 
BOHS(KOUT) • ABOHS<KOUT) I «1.0 + AVGRET) ** CL-!» 
TVA~UE • TVALUE + BOMS(KUUT) 
T~w~ • (rDEBTS(J,KOUT) * CRfS(L» I «1.0 + AVGRET) ** ell) 
TV ALOE • TVALUE + TPWS 

364 CUNTINUE 

C OUTPUT EDIT DATA 
C 

C 

l~CIEUIT.LE.O) GO TO 380 
TuTAL • BOE6TP + BOMP 
1rCTOTAL.LE.0.O.ANO.fDEBTP(J).LE.O.0) GO TO 370 
WKITEC6.105) L.NALTCM),NALT(MB).JPLT(J).ICH(CK(J,M,M8), TREAT. 

1 IHEATL. DEMP. TSTAR. INUEX, TCAPP(J.l,MB). ACAPP(J). ADE8TP(J). 
~ ~DEBTp(J). BDESTP, "BOMP, TOTAL 

370 TUTA~ • 0.0 
DU 374 K • l,NUMPLT 
TUTAL • BOEtiTS(K) + BOMSCK) 
I~CTUTAL.LE.O.O.AND.fDEBTS(J'K).LE.O.O) GO TO 372 
WHITE (6,106) JPLT(J). JPLT(K). fLOw. flOWL, DEMAND. 

1 ISTARS, NUMLS(J,K), TCAPS(J.K,l,MB). ACAPS(J.K). ADEaTS(J,K), 
~ fOEBTSCJ,KJ. BOEBTS(K). BOMS(K), TOTAL 

372 TUTAl • 0.0 
374 CUNTINUE 
3dU CUNTINUE 

lrClEDIT.lE.O) GO TO 382 
WKITE(6.107) TVALUE 

382 CUNTINUE 
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C S~llCT OPTIMUM BACK ROUTE 
C 

C 

T~MPB • UPTVAl(l-t,Mtl) + TVAlUE 
l~(TEMPB.GE.TEMPA) GO TO 390 
T~MPA • TEMf'S 
M~A(;K(l,M) • MB 
VALU(CL.M) • TVAlU( 

C SIORE OPTIMUM DATA 
C 

c 

00 386 J • 1.NUMPLT 
T~APpeJ.2,M) • ACAPpeJ) 
TOEtlTPeJ.2.M) • AOE8TP(Jl 
OLBTPflJ.M) • fDEBTPeJ) 
KIRlATCJ.2.M) • LTTRETCJ) 
OU 384 K • 1. NUHPLT + 1 
r~APS(J.K.2.M) • ACAPS(J.K) 
TUE~TS(J.K.2.M) • ADEBTS(J.Kl 
O~aTSf(J.K.M) • FDEBTS(J.K) 

384 CUNTINOE 
0$80 CUNTINUE 
390 CUNTINU!:: 

1l:.MPH II 0.0 
DU 396 J • 1.NUMPLT 
T~MPR • TEMPH + COEBTPF{J.M) * CRFP(l»/{(1.0+AVGR(T) •• L) 
DU 394 K • 1.NUHPLT 
II:.MPR • TEMPH + (OE6TSFeJ.K.M)*CRFS{L»/«1.O+AVGRET)**L) 

394 CUNTINUE 
J96 CUNllNUE 

VALUECL.H) • VALUECL.M) - TEHPR 
T~MPA • TEM~A • TEMPR 
OPTVALCL.M) • TEMPA 

400 CUNTINUE 

C Y~ARLY UPDATE OF OPTIMUM OATA FILES 
C R~TIRE DEBT 
C OUTPUT DATA FOR THIS YEAR 
C LUT OATA 
c 

It(ILIST.LE.O) GO TO 421 
~RITE e6.109) IRUN 
Wl(lTE (601 10) 
Wl(lTE (6.111) 
WIOTE (00112) 
I PH .. L - 1 

421 f.:l.INTINUE 
OU 426 ~ • 1.NUMALT 
UU 426 J • 1.NUMPLT 
rCA~p(J.l.M) .. TCAPf'{J.2.H) 
K1REATCJ.t.M} • KTREAT(J.2,M} 
ANNP • TOESTPeJ.2.M) * CRfP{l-l) 
TUEBTPCJ.1,M) .. TOE6TP{J.2.M) - ANNP + OEBTPfCJ.H) 
I~(ILIST.LE.O) GO TO 422 
1~'TOE6TPeJ.l.M).EQ.O.0) GO TO 422 
WKltE(6.114) L.NALTeM).NALT(HBACK(L.H».JPLT(J),TCAPP(J.l.M). 

1 IOEBTP(J.2.M). ANNP. OE8TPFCJ.M), TOEBTP(J.l.H) 
422 UU 424 K • 1.NUHPLT 

T~APS(J.K.t.H) • TCAPS(J,K.2.H) 
ANNS • TOEBTS(J.K.2,M) • CRfSCL-l) 
rUEBTSeJ.K,l.M) .. TOEBTSf.J.K.2.M) • ANNS + OEBTSF(J,K.H) 
I~(ILlST.LE.O) GO TO 424 
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l~(TOE~TS(J,K,l.M) .EG.O.O) GO TO 424 
WkITE(6.116) L.NALT(M),NALT(MBACKCL.M»,JPLTCJ).JPlT(K).TCAPSCJ. 

lK.l.M). TDE~TS(J.K.2.M). ANNS,DEBTSF(J,K.M).TQEBTS(J.K.l.H) 
424 CUNTINUE 
420 CUNTINUE 

lr(lLIST.LE.O) GU TO 426 
Wri1TEC6.l1?) VALUE(L.H). OPTVAL(l,M) 

421) CUNTINUE 
1+30 CUNTINUE 

It.DIT • IEOIT -
11.1ST • lUST -

440 CUNIINUE 
C 
C OUT~UT SUMMARY 
C 

C 

ItCIPw.LE.O) GO TO 452 
WHITE (6.119) IRUN 
WRITE (6.120) 
VU 4S0 L • 2. NUMYR + 1 
UU 448 M • 1. NUMALT 
WRITE (6.122) L. NALT(M). NAlT{MBACK(L.M}). VALUECl.M),OPTVAlCl.M} 

448 CUNTINUE 
WtiIT~ (6.123) 

450 CUNI1NUE 
45~ CUNTINUE 

C HANK O~TIMAL VALUES OF LAST PLANNING YEAR 
(; 

C 

OU 456 I • 1. NUMALT 
NUMINSCI) :a I 

450 CUNTINUE 
ItCNUMALT.lE.l) GO TO 463 
DU 462 NI • l,NUMALT • 1 
I • NUMINS(Nl> 
OU 400 NJ • HI + 1. NUMALT 
J • NUM!NS(NJ) 
1tCUPTVAL(NUMYR+l.1).LE.OPTVALCNUMYR+l.J» GO TO 460 
NUHIN5( NI) • J 
NUMINS(NJ) • I 
1 • NUMINS( NI> 

460 CUNIINUE 
462 CUNlINU£ 
463 CUNTINUE 

It(IRANK.LE.O) GO lO 470 
WHITE (6.124) IRUN 
1'11'\1 TE (6,125) 
UU 470 N • 1, NUMALT 
1'1 • NUHINSCN) 
WKITE (6,127) N. NALT(M), OPTVAl(NUMYR + 1, 1'1) 

470 CUNTINUE 

(; OUT~UT OPTIMUM VALUES 
C 

l~(NRANK.lE.O) GO TO 490 
OU 490 IOPT • 1.NRANK 
MALT(NUMYR + 1) • NUHINS(IOPT) 
M • MALT(NUMYR + 1) 
OU 480 N • 1.NUMYR 
L • NUMYR - N + 2 
M • MBACK(L.M) 
MAI.HL-l) • M 
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C 

480 CUNTINUE 
WHITE (6.130) lOPT. IRUN 
WHITE (6.131) 
WHITE (6.13j) 
UU 486 L • 1.NUMYR + t 
It'EH • L 
lYEAH • l + NYEAR • 1 
M • MAL HL) 
WHITi(6.135) IYEAR.IPER.NAlT(M).VAlUE(L.M). OpTVAl(L.M) 

466 CUNTINUE 
49U CUNliNUE 

C C~LCULATE ALL DATA fUR O'TIMUM PATH 
C 

C 

~OU l~CNAlTPR.lE.O) GO Tu 67U 
au 670 MSUM. 1.NAlTPR 

C RtCAlCULATE THE OPTIMUM PATH 
c 

C 

l~(NONDYN.GE.ll GO To 511 
MAlTeNUMYR + 1) • NUMINSCMSUM) 
M • MAlTCNUMYH + 1) 
au 510 N. I.NuHYR 
L • NUMYR • N + 2 
M .. Mt;ACK(L.M) 
MALHL-1) • M 

~10 CUNTINUE 
GU TU 513 

~11 uu 512 IN • I.NUHYR + 1 
MALHlN) .. MSUM 

~1:C CUNTINUE 
513 CUNTINUE 

C INITIALIZE SYSTEM PARAMETERS 
C 

UU 516 J ~ 1.NUHPLT 
ACAP"'(J) • CAPP(J) 
AUE~TP(J) • OE8TP(J) 
fIJEIHP(J) • 0.0 
Ll1klTeJ) • lTREAT(J) 
CUlf.CT<J) • 0,0 
CULLAG(J) .. 0.0 
FUTURUJ) • 0.0 
LI,;HE.CIHJ) • 0,0 
DU 514 K. l,NUHPlT + 1 
ACAPS(J,K) = CAPS(J.K) 
AUEt;TSeJ.K) • OEBTS(J.K) 
fU~t;TS(J,K) • 0,0 
NUMlS{J,K) .. 0 

514 CUNTINUE 
516 CUtH INUE 

ou 520 N. 1.100 
KYEAR(NJ • 0 
KUIUGN( N) .. 0 
KIJ£.SHN) .. 0 
CAPHN) .. 0.0 
CAP2(NJ • 0.0 
Klt{ETHN) • 0 
KIRET2tN) • 0 
(XOE.fH(N) • 0.0 
ot.aTEX(NJ .. 0.0 
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C 

TUESHN) • 0.0 
NUML.SP(N) II 0 

~20 (;iJNTINUE 
UiJ 526 L .. 1.NUMYR + 1 
TUTCAP(L.) II 0.0 
rANtL.) ,. 0.0 
TUM(I.) • 0.0 
TUTPH<L.) .. 0.0 

SC!6 CUNTINUE 
I'd .. 1 

C U~TIMllE ALI. PL.ANTS AND INTEWCEPTORS fOR EACH YEAR L 
C 

c 

UU 650 L .. 2.NUHYR + 
I/"Ek • L • 1 
IYEAR • I. + NYEAR • 
M • MALT( L.) 
TVAI.U[ .. 0,0 
TANUAL .. 0.1.1 

C O~TERMINE LOAD ON PLANT AT I., L + I.AG • AND L + 20 
C 

c 

UU 530 J a 1,NUMPLT 
CULt.CHJ) IS 0.0 
CULI.AG(J) :II 0.0 
fUTUR£<J) • 0,0 

530 CUNTINUE 
UU 532 .I .. 1, NUMPLT 
Du 531 I • 1. NUMPI.T 
CULlCTtJ) .. COI.ECT(J) + QUANT(I,L) * IN(I.J,M) 
CULLAG(J) .. COI.LAG'J) + WUANT(l.L+LAG) * IN(I,J,M) 
fUTukE(J) .. fUTURE(J) + QUANT(I,L+20) • IN(I,J,M) 

531 CUNrlNUE 
532 CUNTINUE 

C AUO EXCESS fLOWS fROM PLANTS WITH MAXIMUM CAPACITIES 
C 

C 

OU 533 J .. 1. NUMPLT 
Ir(!OUT(J,NUMPLT+l,M).NE.l) GO TO 533 
K • IALHJ,M) 
lr(K.EQ.O) tiO TO 533 
Ir(K.GT.NUMPLT) GO TO 533 
Q .. COLECT(J) • CAPMAX(J.M) 
It(W.LE.O.O) Q • 0.0 
QL .. CUI.LAG(J) • CAPMAx(J,M) 
Ir(WL.LE.O.O) wL • 0.0 
Qf • fUTURE(J) • eAPMAX(J,M) 
l~(QF.L[.O.O) Qf • 0.0 
COLEeT(K) • COLEeT(K) + Q 
CULLAGCK) = COLLAG(K) + ijL 
fUTURE(K) • fUTURE(K) + QF 

5);; CUNllNUE 

C OUTPUT FLOWS COLLECTED AT TREATMENT PLANTS 
C 

lr(IANUAL,LE.O) GO TO 534 
WHITE (6,92) IRUN 
l~PACE • 4 * NUMPLT • 4 
W~ITE (6.93) lSPACE, (ASPACE, I .. 1, ISPACE) 
WKITE (6.94) NUMPLT, (JPLT(I), I • 1.NUMPLT> 
WKI1E (6.95) IPER, lYEAR, NALT(M),NUMPLT,(COLECT(J),J-l.NUMPLT) 

116 



C 

11' .. It'ER + LAG 
IV .. IYEAR + LAG 
WHITE (6.95) 1P. IY. NALT(M). NUHPLT. (COLLAG(J). J .. 1. NUMPLT) 
11" • II"ER + 20 
IY • IYEAR + 20 
WKITE (6.95) IP. 11. NALT(M). NUMPLT. (fUTURE(J). J .. I.NUHPLT) 

5)q CUNTINUE 
It(IANUAL.LE.O) GO TO 535 
WHITE (6.140) IRUN. MSUM 
WHITE (61141) 
WHITt:: (6114£) 

535 CUNTlNUE 

C flNU CUSTS AND CAPACITY fOR EACH TREATMENT PLANT 
C 

C 

au 642 J .. I.NUMP~T 
TKEAT .. COLECT(J) * IOUT(J.NUMPLT+l,M) 
THEATL c Cn~LAG(J) * IOUT(J.NUMt'LT+l.M) 
LI'HtS • LTT~ET(J) 

TVALUE .. 0.0 
CUSTA c 0.0 
CUSTB • 0.0 
HIEtlTI"(J) • 0.0 

C DtTERMINE ANNUAL DEMAND OVER 2u lEARS 
C 

C 

UtMAND • (fUTURE(J) - COLECT(J» I 20.0 
DlMP • DEMAND * IOUT(J,NUMPLT + I, M) 

C CHECK TREATMENT PLANT fOR MINIMUM fLOWS 

C 

I~(TREATL.G£.CAPMIN(J.H» GO TO 538 
l~(LCHECK(J).EQ.l) GO TO 537 
LCHECK(J) • 1 

537 CUNTINUE 
liU 10 53'J 

53b CUNTINUE 
It(LCHECK(J).NE.l) GO TU 539 
LCHECK(J) .. 0 

53'11 CUNIINUE 

C UtTERMINE DESIGN INDEX 
C 

54U 

542 

544 

546 
S41S 
550 

C 
C 
C 

INDEX .. 0 
IlRlAT • MTREAT(J,M) 
I~(LQUAL(L+LAG).GT.MTREAT(J.M» ITREAT .. LQUAL(L+LAG) 
If(LQUALJ(J.L + LAG).GT.ITREAT) ITREAT • LQUALJ(J.L+LAG) 
It(ITREAT.LE.LTTRET(J» GO TO 550 
GU TO (542. 544. 546) LTTRET(J) 
INDEX. !TREAT 
GU TO 546 
INDEX .. ITREAT + 3 
GU TO 548 
INDEX .. ITREAT + 5 
GU TO 548 
INUEX • ITREAT + 7 
CUNTINUE 
CUNTINUE 

DUES PRESENT CAPACITY AND TREATMENT LEVEL Of PLANT HEET DEMAND? 
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C 

HAPP .. ACAt'P(J) 
l::'TAR • 0.0 
It(TREATL.L~.O.O) GO TU 572 
It(TREATL.LE,ACAPP(J).ANU.lTkEAT,LE.LTTRET(J» GO TO 572 

C UlTEHMINE OPTIMUM UESIGN PERIOD fOR TREATMENT PLANTS 
C 

C 

T::'UR .. PERP 
I'{lTSTAR.L€.O) GO TO 555 
l;(INDEX.LE.O) GU TO 555 
DU 554 ITIME" 1.25 
T::.TAR • CALOGC(TSTAR * RtTURN(L»1 ALPHA(INOEX) + 1.0»/RETURNCL) 

~51+ Cu~TINUE 
555 CUNTINUE 

~ O~TERMINE CAPACITY Uf THE PLANT 
C 

C 

KlEAfHN) .. lYEAR 
f\URIGNCN) .. J 
CAP1(N) • ~CAPP(J) 

CAP2(N) • ACAPpeJ) 
K1HET1(N) .. LTTRETeJ) 
KIRET2eN) .. LTTRET(J) 
EXOEBT{N) .. ADEHTP(J) 
Ut.tHEX(N) .. 0,0 
TUE~T(N) .. AOEHTP(J) 
CUSTA " 0.0 
It(THEATL.LT.ACAPP(J» GO TO 556 
A~APP(J) • TREATL + OEMP * TSTAR 
CAP2(N) .. ACAPP(J) 

556 CUNTINUE 

C ChECK TREATMENT PLANTS AGAINST MAXIMUM fLUwS 
C 

C 

ItCACAPP(J).LE.CAPMAX(J.M» GO TO 556 
ACAPP(J) • CAPHAX(J,H) 
CAP2(N) .. ACAPP(J) 
It(lALT(J,M).G[.l) GU TO 558 
ltLLcHECKeJ).EG.2) GO TU 557 
L.I.HECK(J) .. 2 

557 ~UN r INUE 
(iU TO ~S~ 

556 I,;UN fINU[ 
ItLL.CHECK(J).NE.2) GO TO 559 
I.~HECK(J) "' 0 

5511 CUNTINUE 

C Dt.TERMINE THL COST TO INCREASE CAPACITY Of PLANT 
C 

C 

It(ACAPP(J).LE.ECAPP) GO TO 564 
It(LTTHET(J),EQ.O) GO TO 564 
CuSTA • AK(LTTHET(J» * 'ACAPP(J) • CAP1(N» ** 

1 AL~HA(LTTRET(J» • fACCAP(L) 
561+ CUNTINUE 
566 CUNTINUE 

C OtTERMINE COST Of UPGRADING TREATMENT PLANT 
C 

It(lTR[AT.LE.LTTRET(J» GO TO 570 
ItllNOEX.EQ.O) GO TO 570 
CUST~ • (AK(lNOEX) * (ACAPP(J» ** ALPHA(INDEX». fACCAP(L) 
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c 

KIHET2\N) • ITREAT 
LITKET(J) • ITR[AT 

570 I,;UNTINU[ 

C O~TERMINE TEMPORARY fUTURE COST Of EXPANSION 
C 

c 

ULBIEX(Nl • COSTA + eDsTB 
lUlBT(N) • AOEBTP(J) + COSTA + COSTS 
FUEBTP(J) • COSTA + COSTB 

C UlTlRMINE AMOUNT Of ANNUAL CAPITAL PAYMENT ON LAST YEARS 0[6T 
C 

c 

572 CUNTINuE 
ANPLJ) • ADEBTP{J) * CRfP(l-l) 
fAN(L) • TAN(l) + ANP(J) 

C CALCULATE 0 & M COSTS fUR TREATMENT PLANT 

c 

UMt>(J) .. 0.0 
lr(lPR~s.EQ.O) GO ro 575 
UHP(J) .. BK(LPRES) * (TREAT ** BAlPHA(LPRES» * fACOH(L) 
TUM(l) .. TOM(l) + UMP(J) 
TANUAL s TANUAL + ANP(J) + OMP(J) 

575 CUN1INUl 

C U~TERMINE DISCOUNTEO COSlS fOR DEBT AND U & M Of PLANT 

C 

AVijRET .. (RETURN(1) + RETURN(L» I 2.0 
BUEBT? • ANP(J) I '(1.0 + AVGRET) ** (l-l» 
BUMP. UMP(J) I «1.0 + AVGRET) ** (L-l» 
IVAlUl • BDEBTP + BOMP 

C UETERMINE THE LOADS ON THE INTERCEPTORS 
C 

C 

If(IALT(J,M).lE.O) GO TO 577 
KUul • IALT<J,M) 
f~u~ • COLECT(J) - CAPMAX(J,M) 
l~(fLOw.LE.O.O) flUW • 0.0 
fLO~L • COLLAG(J) - CAPMAXeJ,M) 
l~(fLUwL.lE.O.O) fLOWl • 0.0 
GU 10 ';H9 

577 CUNT lNUE 
KUUT • NUMPLT + 1 
YU 578 K. 1,NUHPLT 
l~{K.EQ.J) GO TO 578 
If{IOUT(J,K,M).EQ.l) KOUT • K 

571:1 CUNflNUE 
H.UW • COLECHJ) 
fLQWl • COLLAG(J) 

57'1 CUNTINUE 

C SINCE THE THEATMENT PLANTS HAVE ONLY ONE DISCHARGE ROUTE 
C UK A MAXIMUM CAPACITY, THE TRUNK SEWER HAS THE SAME VALUE 
c ~UK DEMAND 
C 

C 

1l)TAHS • 0,0 
KALHJ) • KUUT 
KLIESHN) • 0 

C aUES CAPACITY Of THUNK SEwER MEET DEMAND? 
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c 

OU 580 K .. 1. NUMPlT 
fUEHTStJ.K) • 0.0 
tiUEtiTS(IO .. 0.0 
tiUMS~K) .. 0.0 
l~APS(K) • ACAPS(J.K) 
UMS(J,K) • 0.0 
Al'4:HJ.K) .. 0.0 

580 CUNTINUE 
CUSTS .. 0.0 
If(KOUT.EQ.NUMPLT+1l GO TO 596 
It(fLOHl.LE.ACAPS(J.KOUT» 60 TU 589 

C U~TERMINE OPTIMUM DESIGN PE~IOD fUN TRUNK SEWERS 
C 

TSTA~S • PERS 
l~(lTSTAH.LE.O) GO TU 564 
UU 564 ITIME. 1.25 
fSTANS = (AlOG«TSTARS*RETURN(L»/ALPHA(ll) + 1.0»/RETURN(L) 

~84 CUNTINUE 
C 
C UlTEHMINE OPTIMUM DESIGN PER IUD fOR LIfT STATIONS 
c 

c 

r::iTAHL = PEHl 
1~(I'STAR.LE.O) GO TO 581 
DU 586 ITIME = 1.25 
15TARL .. (AlUG«TSTAHL*RETURN(L»/AlPHA(lll + 1.0»/RETURN(L) 

586 CUNTINUE 
587 CUNTINUE. 

C UlTERMINE TEMPORARY CAPACITY Of TRUNK SEWER 
C 

C 

KYEAR(N) .. {YEAR 
KUIUGN(N) .. J 
KUlSHN) .. KOUT 
CAP1(N) • ACAPSeJ.KOUT) 
NIHtLSP(N) • 0 
EXU£8TIN) .. ADEBTS{J.KOUT) 
D~IHEX(N) • 0.0 
lVE~T(N) • ADEBTS(J.KOUT) 
ACA~S(J,KOUT) • fLUWL + DEMAND. TSTARS 
CAP2(N) • ACAPS(J.KOUT) 

C UlTERMINE CUST Of EXPANDING CAPACITY Of TRUNK SEWER 
C (lNCLUOING DISTANCE ANn ELEVATION DIffERENCE) 
C 

C 

CUSTS • 0.0 
1~(UEHAND.EQ.O.O} GU TO 592 
If(SLOP[(J.KUUT).GT.SLOPEM) GO TO 588 

C GRAVITY fLOw 
C 

C 

CUSTS • (AK(11) • '(ACAPS(J,KOUT)-ECAPS(KOUT»** ALPHA(11» 
1 * FACSEW«(» * (OISTeJ,KQUT) I 5280.0) 

GU TO 592 

C GRAVITY FLOw PLUS LIfT STATIONS 
C 

568 CUNTINUE 
~HEAU • SHEAD(J,KOUT) • (DlST(J,KOUT) * SLOPEH I 1000.0) 
l~(PHEAO.LE.O.O} PHEAD • 0.0 
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C 

NUMLS(J.KOUT) • (PHEAD I HEAD) + 0.5 
It(NU~LS(J.KOUT).LE.l) NUHLS(J.KOUT) • 1 
CU~Tl • fACSE~'L) * «AKe1l) * eACAPS(J.KOUT) • ECAPS(KOUT» 

1 ** ALPHA(11»* (DlST(J.KOUT) I ~280.0l ) 
~UST2 • fACCAP(L) * «AKC12) * (ACAPS(J.KOUT) • ECAPS(KOUT» 

1 *. ALPHA(12» * NUMLS(J.KOUT) ) 
CUSTS • COST1 + C05T2 

C U~rlRMINE fUTURE COST Of TRUNK SEwER EXPANSION 
C 

C 

592 CUNTINUE 
fUEbTS(J,~OUT) • CUSTS 
U~~f(X(N) • COSTS 
TU~bT(N) • AUEBTS(J,KOUT) + COSTS 
N • N + 1 

C CALCULATE THE 0 & M COSTS Of THE TRUNK SEWER AND LIfT STATIONS 
C 

c 
C 
C 

C 
C 
C 

C 
C 
C 

c 

569 AHEAD • 0.0 
I~(NUHLS(J,KOUTl.LE.O) GU TO 590 
AHEAO • PHEAD I NUMLS(J.KOUT) 

590 CUNTINUE 

596 

597 
600 

UMS(J.KOUT) • FACUM(L) * (CSK(11) * FLOW .* 8ALPHA(11) + 
1 (bK(12) I 1000.0) * fLOW ** SALPHA(12) * AHEAD) * NUMLS(J.KOUT» 

rUM(L) • TOM(L) + UMS(J.KOUT) 
TANUAL • TANUAL + OMS(J.KUUT) 

CALCULATE AMOUNT OF ANNUAL REPAYMENT Of" CApITAL FOR LAST YEARS DEBT 

CUNTINUE 
UU 591 K • 1.NUMPLT 
ANS(J,K) • ADEBTS(J,K) * CRFS(L-l) 
CUNTINUE 
CUNTINUE 

TUTAL ANNUAL DEBT fUR CAPITAL 

ou b06 K • 1,NUMPlT 
JAN(L) • TANel) + ANS(J,K) 
TANUAL • TANDAL + ANS(J.K) 

b06 CUNTINUE 

ULTERMINE THE DISCOUNTED COSTS fOR DEBT AND 0 & M 

AVGHET • (RETURN(1) + RETURN(L» I 2.0 
OU 610 K • 1,NUHPLT 
~UEHTS(K) • ANS(J.K) I {(l.O + AVGRET) ** (L-1» 
TVALUE • TVALU( + ~OEBTS(K) 
CUNTINUE 
It(KUUT.EQ.NUMPLT+1) GO TO 612 
8UHS(KUUT) • OM5(J.KOUT) I «1.0 + AVGRET) ** (l-l» 
TVALUE • TVALuE + BUMS(KOUT), 
CUNTINUE 

C RLTIRE DEBT 
C 

TUTCAP(L) • TOTCAP(L) + ADEBTP(J) • ANP(J) 
AUE~TP(J) • AUEaTP<J) - ANP(J) + fDEBTP(J) 
l~(AUEBTP(J).LE.O.O) ADEBTP(J) • 0.0 
DU 622 K. 1.NUHPLT 
rUTCAPCl) • TOTCAPeL) + ADEBTS(J.K) - ANS(J.K) 
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C 

AUE~TS(J,K' • AOEeTS(J.K) • ANS(J.K) + fOEBTS(J.K) 
It'AD~aTS(J.K).lE.O.O) AUEBTS(J.K) • 0.0 

622 \;UNTINU[ 

C l.lSl OATA 
C 

C 

It(JANUAL.lE.O) GO Tu 640 
TUTAl. ANP(J) + UMP(J) 
If(fUE~TP(J).GT.O.O) GO TO 624 
IttTOTAl.LE.O.O) GU TO 626 

624 CUNTINU[ 
WKITE(6,146,!YEAH.NALTCMALT(L»,JPLT(J).LCHECK(J).TREAT,TREATL, 

1 U~MP. TSTAH. INUEX. ECAPP. ACAPP(J). AOE8TP(J). fUEBTP(J). 
~ AN~(J). OMPlJ). TOTAL. TVALUE 

626 rUTAL • 0.0 
Uu 636 K. 1.NUMPlT 
JUTAl. ANS(J,K) + OMS(J.K) 
I~(fUE~TS(J.K).GT.O.O) GU TO 630 
It(TUTAL.LE.O.O) 60 TO 634 

630 CUNliNUE 
Ir(K.EQ.KOUT) GO TU 632 
WHITE (6.147) !YEAR. NALTCHAlT(l». JPlT{J). JPLT(K), NUMLS(J,K). 

1 LCAPS(K), ADEBTS(J,Kl. ANS(J.K), TOTAL 
(iU TO 634 

632 WHIlE (6.t48) IYEAH, NALT(MAlT(l». JPlT(J). JPLT(K). fLOw. 
1 tLUWl. DEMANO.TSTARS.NUMlS(J.KOUT). ECAPS(KOUT). 
2 ACAPS(J.KOUT). AOE8TSCJ.KUUT). fOEBTS{J,KOUT), ANS(J,KOUT). 
3 UMS(J.KOUTJ. TOTAL 

634 lUT AL. .. 0.0 
636 CUNTINUE 
040 CUNTINUE 

TUTPW(L) .. TOTPw<l) + TVALUE 
642 CUNTlNUE 

l~(IANUAL.LE.O) GO TO 646 
WHITE <6.150) lANUAl. TOTP~<L) 

640 CUNTINUE 
IANUAl • IANUAL • 

65U C UN II NUE 

C SUMMARY or ANNUAL COSTS 
C 

C 

iA .. 0.0 
Tt' • 0.0 
WHITE (6.156) IRUN, MSUM 
WIHTE (6.158) 
Wi'll IE (6.160) 
WtiITE (6.161) 
WtiITE (6.162) 
TUTAL • 0.0 
UU 660 L • 2.NUMYR + 1 
IYEAR • NYEAH • 1 + l 
TUTAl • TAN<L) + TUM(L) 
TA • TA + TOTAL 
Tt' .. TP + TUTPW(l) 
WHITE (6.16~) IYEAK. NAlT(HALT<L». TOTCAPCL), TAN(L), TOM(l), 

1 JUTAl. TOTPW(L) 
660 CUNTINUE 

WHITE (6.166) TA. TP 

C WUALITY • CAPACITy EXPANSION PROJECTS 
C 
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r~(lPROJ.NE.1) GO TU 670 
~KITE '6.t6b) IRUN. MSUM 
Wt(ITt. <6d70) 
wr<IT£ (6d 71> 
WI'CIl£ (6.172) 
NUI1I'IW • N 
Uu 670 N. 1.NUHPRU • 1 
l~(KO£ST(N).NE.O.O) uO TU 664 
WKI1E (6,176) KYEAR(N). JPLT(KORIGN(N», CAP1(N), CAP2(N). 

1 KrkET1(N). KTRET2(Nl. EXOE~T(N). OEHTEX(N). TOE8T(N) 
IOU TU 670 

664 wklTt. (6.17B) KYEAk(N). JPLT(KORIGN(N». JPLT(KOEST(N». CAP1(N). 
I CA~2(Nl. EXOEMTCN). OESTEX(N). TOE~T(N) 

670 CUNTINUE 
SlOP 
lNO 

*******.************************ ••••• ***.******************************** 

uATA WASTEIN 

OJ 
HI 10 04 1<;74 00 00 
01 01 01 01 01 01 01 01 00 
20.0 50.0 10.0 02 0.060 .001675 100.0 2.25 -0.100 25.0 
3 .. 0.66 340.66 26.17 211.66 211.66 15.184 4136 4.36 0.21 
1.201 0.773 0.0537 0.775 
1.532 0.800 0.0599 0.605 
1.112 0.189 0.1070 O. -746 
&!.362 0.756 0.1650 0.730 
0.J5ij 0.867 0.0133 0.942 
0.53ij 0.1117 0.0585 0.738 
1.18d 0.740 0.1160 0.718 
0.206 0.660 0.523 0.681 
0.65tl 0.649 0.1100 0.61:19 
l.I.b1ij 0.646 O.Cl3Q 0.722 
0.127 0.3'11.1 0.0011:1 1.1.664 
0.121:1 0.615 0.021:18 0.697 
01 ~.27 0.3064 4214. 01 SOUTH DAVIS COUNTY • SOUTH WWTP 
02 45.0 3.2259 4213. 01 SAL T LAKE CITY 
OJ 4.55 1.1.5591 4230. 01 SOUTH SALT LAKE CITY 
1.11+ 16.0 0.1138 42.;8. 01 SALT LAKE CITY S.S.O. Il 
!J~ 7.3 003115 4250. 01 GKANGER-HUNTER 
Ub 6.0 0.3514 4246. 01 SALT LAKE COUNTY COTTONl'iOUD 
01 4.0 0.1.1 4243. 01 MURRAY 
01:1 3.6 0.0990 4277 • 01 TRI-COMMUNITY 
QY 1.5 0.3111 4300. 01 SANOY 
11.1 0.0 0.0 4236. 1.10 NEl'i REGIONAL WHTP 
loll 02 12500. 0.0 0.0 
02 01 12500. 0.0 0.0 
02 OJ )8300. 0.0 0.0 
Oil! 04 41700. 0.0 0.0 
02 10 40300. 0.0 0.0 
UJ 02 3ti300. 0.0 0.0 
I.IJ 1.14 7tiOO, 0.0 0.0 
OJ 10 9'100. 0.0 0.0 
01+ 02 lItTOO. 0.0 0.0 
04 UJ 7BOO. 0.0 0.0 
04 05 5800. 0.0 0.0 
04 06 9300. 0.0 0.1.1 
04 10 2400. 1.1.1.1 0.0 
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05 04 5600. 0.0 0.0 9" 
0' 10 3600. 0.0 0.0 OJ 02 
06 1)4 9300. 0.0 0.0 00 04 
0(;1 07 2dOO. 0.0 0.0 9'1 
U6 10 10200. 0.0 0.0 ." .. 
Of Ob 21l00. 0.0 0.0 O~ 01 02 
or Ot! 111600. 0.0 0.0 05 02 02 01 
ou 07 IHbOO. 0.0 0.0 0' 0;-1 ot' 
ou 09 13200. 0.0 0.0 oS 04 03 
0 .. OH 13200. 0.0 0.0 O~ 05 04 
111 02 40300. 0.0 0.0 1.1:> 06 04 
11.1 OJ 9400. 0.0 0.0 u5 07 06 
HI Olf 21100. 0.0 0.0 05 08 01 
10 05 3600. 0.0 0.0 05 0'01 08 

lv Ob 10200. 0.0 0.0 "Sf 
9'1 00 01 02 
u1 00 11222. 06 U2 02 01 

01 04 12700. 06 03 10 

01 11 14900. 00 0'1 10 

01 21 17600. 06 05 10 
01 51.1 25400. 1.10 Ob 04 

O~ 00 1118367. 06 07 06 
O~ 0'1 2°1864. 1.10 08 07 
Ool 11 215361. 06 0'1 06 
U, 21 242356. 00 10 10 04 
02 50 320600. ..0; 

O~ 00 1'1802. 0'1 01 01 01 

UJ 04 17763. 0'1 02 02 01 
03 11 20764. 0'1 03 02 
OJ 21 26726. UY 04 03 

UJ 50 44000. 00; 05 04 
04 00 116464, 0'1 llb 04 
QIj 04 127744, 0'1 Of 06 
U'I 11 136604, 0\1 011 Oli 01 

011 ~1 160326, 0\1 09 08 
011 50 223300. 9Y 
05 00 63450. 20 01 01 01 
O!l 011 77526. 20 Oi:! Oi:! 01 

05 11 91602. ell 03 04 

115 21 119755. 211 011 06 
0:> 50 201500. 211 OS 04 
00 00 43025. 20 06 07 
Go 04 51634. 2Q 07 07 01 
00 11. 60243. 2U 011 07 
00 21 77462. 2U 09 00 
00 50 127400. 9\1 
or 00 26646. 
07 04 31984. ***************************, 
or 11 37322. 
01 21 48000. 
Of 50 7'>1000. 
UI) 00 411567. 
(1) 0'1 55577 • 
(1) 11 66564. 
Od 21 88600. 
00 51.1 152400. 
09 00 15238. 
0'1 011 lli099. 
0'1 11 20960. 
00; 21 20682. 
01' 50 43300, 
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