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ABSTRACT

River basin planning is the first and most important
step toward the water quality management of a resgion. Various
alternatives are available to the planners. Treatment of
wastes before discharge is one of the most effective methods
of water pollution control. This method is easy to implement,
and a water pollution control program based upon it is con-
venient to administer. Such & program generally consists of
waste load allocations where the assimilative capacities of
streams in a river basin are allocated to individual waste
dischargers for the disposal of their wastes, in such a fashion
as to maintain a required level of guality in the stream
waters.

In the past, the quality of stream waters has been
analyzed by simulating several water quality parameters. The
simulation models applied are generally large and complex and
require a large amount of input data. The planners need a
model that is regional in nature, is capable of working with
essentially inadegquate data, and requires a minimum of man
and ccmputer time. Such a model was developed by Professor
George Reid.and others. This model is employed to analyze
the quality of stream water in the Verdigris River basin.

iii



A linear prograrming model was developed for making
the optimal waste load allocations. The objective of the
model is to minimize the total cost of waste treatment to a
region. The costs of waste treatment are determined by the
models developed by Shah and Reid. These models provide a
basis for comparing various allocation programs in terms of
the cost incurred to construct the required waste treatment
facilities.' The linear program of the optimal waste load
allocation model is solved using the Mathematical Programming
System.

A sensitivity analysis is performed by varying the
value of the "judgement" parameter k2‘ The changes in k2
produce changes in the allocations of waste loads. A higher
.value of,k2 leads to a program of allocations with a lower
degree of treatment required.

The results of the present waste load allocation
program are compared to the allocations made previously under
the "Comprehensive River Basin Planning" project. The results
indicate that the present method of waste load allocations is
superior because it takes a less amount of data and man and

computer time to apply to a river basin.
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A MATHEMATICAL MODEL FOR OPTIMAL WASTE LOAD ALLOCATIONS
CHAPTER I
INTRODUCTION

A larée amount of pollution of streams results from
man's activities in the home, in the factory or industrial
plant, and on the farm. .Man's activities are the producers
of waste. Human fecal matter no longer constitutes the
bulk of pollution. Technology is fast advancing and new
products are developed every day. Thus with the growth of
industry, the sources and complexity of wastes are expected
to increase.

Pollution of rivers and lakes is a major threat to
the economic use of cur water resources. Pollution endangers
public health and esthetics. A direct result of pollution
is the significant increase in the costs of subsequent utili-
zation of polluted water. Gross organic pollution may threaten
the existence of aquatic life. Several alternatives can be
presented to combat pollution.

1. Treatment of water containing wastes (water treatment

plants).
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2. Treatment of wastes before discharge (waste treatment
plants).

3. Complete elimination-of a waste at the point of origin.

4, Abandoning the use cf pollution causing substances (such
as insecticides).

5. Abandoning the subsequent use of the water receiving a
waste.

Depending on the circumstances, one cr more of these
alternatives are put into practice. Economics of water supply
and demand play a major role in this kind of decision. If
an inexhaustible supply of clean water was available, fight-
ing water pollution would be easier; however we are faced
with a relatively fixed or déclining supply of water and
concern is voiced by Professor George Reid (45).

Pollution can be just as effective in reducing

or eliminating a water resource as a drought or con-
sumptive withdrawl. Thus, water quality management

is the key to reuse and water available in the future
for all needs. The multiple uce and reuse of water
results in a high degree of interaction between users
{(pollutors) within a common basin, making it difficult
to assess individual responsibility for the ultimate
or total damage to. the stieam.

Combating water pollution is a part of the conserva-
tion movement that embraces the totality of man's environment,
focusing on pollution, populaticn, ecology and the urban
environment. A deteriorating environment has awakened the
citizens to a curiosity, if not a concern, in ecology, the

ecosystem, the biosphere, and the environment as a whole.

Ecology is the science of the intricate web of relationships
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between living organisms and their living and non-living
surroundings. These interdependent living and non-living
parts make up ecosystems. - A stream is a good example of an
ecosystem.

Water pollution was the first, among different types
of pollution, to draw serious concern from the federal govern-
ment. U.S. Congress enacted the "Rivers and Harbors Act of
1899" which prohibited the discharge of any kind of solid
refuse matter into the navigable waters of the United States.

. Since that early statute, the regulation of water polluting
activities has become more comprehensive and sophisticated.
The first comprehensive legislation on water pollution control
was passed by the Congress in 1948. Additional laws have been
adcpted since in 1952, 1956, 1961, 1965, 1966 and 1970. 1In
1970, President Nixon signed into law the "National Environ-
mental Policy Act" which created the "Council on Environmental
Quality" and the "Environmental Protection Agency." The follow-
ing abstract from the U.S. Congress records (58) shows the
determination of the U.S. Congress and the Federal Government
to eradicate water pollution.
~ United States Congressional Policy contemplates the
enhancement of the gquality and value of our national
water resources through the prevention, control, and
abatement of water pollution. It is also federal policy
to recognize and preserve the primary responsibilities
and rights of the states in preventing and controlling
water pollution through aid to them in technical research,
services and financing. Grants are available to state
and local governments to assist in the development of
projects which demcnstrate new or improved methods of
controlling the discharge into any waters of untreated

sewage, and development of advanced waste treatment and
water purification methods.
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The Federal Water Pollution Control Act Amendments
of 1972 have established a time table to abate water pollution
“and in accordance, the Environmental Protection Agency has
set guidelines to achieve best practical treatment by 1977,
best available treatment by 1983, and no pollution by 1985.
All of this has provided an enormous impetus to water quality

management.,

Purpose and Scope of the Present Study

Any attempt at water quality management on a local

or fragmented basis is not only expensive but futile. Such

an attempt defeats its very purpose of water pollution control.

A cocrdinated effort on a regional basis is the key to effec-

tive water quality management. Allen Kneese recognizes

three aspects of the water quality management (23):

1. Determination of the quality of water to be maintained
in the waterways. (We can denote this aspect as "Goals.")

2, Devising an optimal system of technical management
measures to achieve a specified pattern of water quality.
This must be done within the context of overall water
resources management. (We can denote this aspect as
"Technology.")

3. Making optimal institutional or organizational arrange-
ments for managing water gquality. (We can denote thié
aspect as "Legal Management.")

All these aspects are related, forming steps in the

water quality management. The choice of quality levels must



5
depend on the costs of available, practicél technology of
achieving those levels, and the costs largely depend on how
effective the management agency is.

Though the three aspects are interrelated, each aspect
can be examined in isolation. It is an excessively huge task
to study all the aspects in one study! As a matter of fact,
the majority of the studies in the regionallwater quality
management field have attempted to solve one or two of the
issues involved! Any attempt at examining the whole spectrum
of water quality management of a region has led to a very
general discussion of the issues which is not very useful to
planners who wish to solve specific problems.

The author has had the benefit of a year's experience
working with the Department of Pollution Control, State of
Oklahoma and Environmental Protection Agency on the "Compre-
hensive River Basin Planning for the State of Oklahoma"
project under the guidance of Dr. Leale Streebin at the Bureau
of Water and Environmental Resources Research, University of
Oklahoma. The planning group felt a strong need for an
approach or a planning model to deal with particularly the
second aspect of water quality management within the State of
Oklahoma. A search of the literature showed that little work
existed that could meet the requirements of the project. ‘The
state agencies are without a comprehensive planning approach.
Environmental Protection Agency is not without this need.

Recently, it sent out a request for proposals to develop a
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management model for optimal waste load allocations (46).
This study, thus, is the result of the need felt by
the State water pollution control agencies and E.P.A. It is
the purpose of this study to deal with the development of an
oztimal system of technical management measures to achieve

a stated quality of waters in a given region.



CHAPTER II
RIVER BASIN PLANNING

River and stream waters were first used for the
removal and transportation of municipal wastes in southwest
Aéia at the dawn of history. After some 5000 years of human
history and engineering analysis, we continue to use our
natural waterways for the disposal of wastes. Every water
course has a self-purification capacity or a waste assimila-
tive capacity and it restores its own guality over a period
of time. It is this valuable asset that man has used to his
advantage. However, this self-purification potential is
limited and problems occur when the wastes are increasingly
discharged in excess of the waste assimilative capacity of
the streams.

The self-purification process is complex and involves
many physical, chemical and biological subprocesses, including
sedimentation of suspended matter, coagulation of colloids,
precipitation and absorption of organic and inorganic dis-
solved substances, and the life processes of aquatic organisms
such as respiration, growth, reproduction and death. The
biochemical processes in a stream polluted by wastes occur as
the wastes are transported downstream. Saprophytic bacteria

7



8
decompose organic molecules of large dimensions and use the
energy of the reaction for grthh, locomotion and reproduction.
- Both aercbic and anaerobic bacteria operate in the natural
purification process. Aerobes require free oxygen for their
life processes whereas anaerobes do not. When an ecosystem,
such as a river, is overloaded with organic wastes, the supply
of dissolved oxygen may be exhausted. As the anaerobic zone
expands, aerobic organisms die or emigrate and waste decomposi-
tion and stabilization proceed at much slower rates. Offensive
or toxic substances such as hydrogen sulfide may be produced
and the entire process is retarded until more oxygen is made

available.

Types of Waste Discharges (61)

The five main types of wastes discharged into receiv-
ing streams are: (1) organic; (2) microbial; (3) radioactive;
(4) inorganic; and (5) thermal.

Organic wastes constitute by far the major stream
pollution problem. Much of the urban and industrial wastes
comprise of unstable organic matter subject to decay. The
agricultural and natural pollution also contributes organic
fractions and in aggregate they are large but widespread,
whereas the urban industrial organic loads are concentrated.

The microbial wastes of primary concern in stream
sanitation are bacteria, viruses and other pathogenic organ-

isms. The major sources of microbial wastes are community
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sewerage, storm water drainage and wash waters from the urban
areas. Some industries, depending on the source and kind of
raw product processed, may contain microbial contaminants in
their waste waters. Agricultural sources, particularly from
the livestock production, are also contributors of micxrobes.

Radioactive wastes are generally rigidly controlled
at the source. The increasing use of radioactive tracers
in industry and research has increased the danger of stream
pollution by the radioactive materials. Increasing replace-
ment of the fossil fuels by the aﬁomic fuels has posed new
problems in stream sanitation.

Inorganic wastes have numerous sources: urban,
industrial, agricultural and natural. Inorganic wastes are
in the form of dissolved, colloidal and suspended matter.
Inorganic wastes are relatively stable and do not decompose
or decay. Storm drains and combined sewers usually discharge
large quantities of inert, suspended matter which forms de-
posits in the streams. The largest portion of inorganic
materials is discharged by the chemical industries. The
chlorides, for example, are persistent, cumulative, and
resistant to treatment. The agricultural and natural sources,
although widespread, contribute large qguantities of inorganics
from land erosion and residual agricultural chemicals.

Heat or thermal wastes are almost entirely associated
with the industrial sources, primarily the electric utility

industry. The steam electric power plants require large
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quantities of condenser water, resulting in enormous amounts
of waste heat loads. To give an example, a 4000 MW generating
station would produce a thermal waste load of 17.6 billion
Btu/hr at full capacity. This would require about 2 million
gallons/minute of circulating condenser water.

Although the above classification of the types of
wastes is essential, the most useful classification of wastes
distinguishes between those that are nondegradable or con-
servative and those that are degradable or nonconservative.

Nondegradable wastes are usually diluted and may be

changed in form, but they are not appreciably reduced in
weight in the receiving water. They are mainly composed of
inorganic chemicals such as chlorides, synthetic organic
chemicals, and inorganic suspended solids.

Degradable wastes are reduced in weight by the biolog-

ical, physical, and chemical processes which occur in natural
waters. They include organic wastes of various kinds from
domestic and industrial operations, bacteria, and thermal
discharges.

Actually, the classification into degradable and non-
degradable wastes is a simplification (23). Some types of
substances, such as radioactive materials and some of the
organic chemicals that appear to be inert are degradable to
some degree. Viruses appear to be in the in-between category.
Some radioactive materials decay rapidly while some extremely

slow. Some of the synthetic organic compounds, such as alkyl
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benzene sulfonate (ABS) detergents, are not strictly non-
degradable, but they resist attack by stream biota. On the
other hand, the new detergents based on linear alkylate\sul-
fonate (LAS) are degradable, both in streams and waste treat-

ment plants.

Waste Assimilative Capacity Models (11)

The movement and reactions of waste materials through
streams are a result of hydrodynamic transpért and biological
and chemical reactions by the biota, suspended materials,
plant growths, and bottom sediments. These relationships can
be expressed by mathematical models that reflect various inputs
and outputs in an aquatic system.

Considering the oxygen balance, the general relation-

ships for the "oxygen sag curve" are expressed as (11)

ic _ - 9C -

]

where c concentration of dissolved oxygen

= time at a stationary point

(=N
|

= velocity of flow in the x direction

e = turbulent diffusion coefficient

S = sources and sinks of oxygen

x = distance downstream

The above model assumes that the concentration of any
characteristic is uniform over a stream cross-section and

that the area is uniform with distance.
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The sources and sinks of oxygen can be listed as
follows:
Sources of Oxygen
1. Dissoived oxygen in the incoming or tributary flow
2. Photosynthesis. |
3. Reaeration.
Sinks of Oxygen
1. Biological oxidation of carbonaceous organic matter.
2, Biological oxidation of nitrogenous organic matter.
3. Benthal decomposition of bottcm deposits.
4. Respiration of aquatic plants.

5. Immediate chemical oxygen demand.

Oxygen Sources

The degree of photosynthesis depends upon sunlight,
temperature, mass of algae, and available nutrients. The
photosynthesis exhibits a diurnal variation. Oxygen is also
added to the water body by the natural reaeration process.
Reaeration is primarily related to the degree of turbulence
and natural mixing in the stream.

The oxygen transfer from air to the water surface is
generally expressed as

dc

-dT = k2 (Cs - C) (II-Z)

where k, = reaeration coefficient

oxygen saturation concentration

Q
n

oxygen concentration

Q
[



13

Oxygen Sinks

In the biological oxidation of carbonaceous organic
matter, the rate of removal, kl' is related to amount of

unstabilized organics present, as

-klt
L = LO e (II-3)

where L = concentration of organics present at time t
L, = concentration of organics present at time zero
t = time
kl relates to the removal of organics by oxidation

alone. A composite coefficient relating to the sedimentation,
oxidation, and volatilization can be substituted for kl to
represent more nearly the processes taking place in a stream,
The rate of oxidation of the organics in a BOD bottle is
usually less than kl because longitudinal mixing, the presence
of bottom growths, and suspended biological solids increase
the reaction rate. Values of k, the BOD bottle coefficient,
depend upon the characteristics of the waste. It decreases
with treatment or removal of readily oxidizable organics.
The range of k is generally from 0.10 to 0.60/day while kl
may have values in excess of 20 per day!

When unoxidized nitrogen is present in the wastewater,
nitrification results with the passage of time or distance
downstream. Nitrifying organisms (Nitrosomonas and Nitrobac-

ter) are sensitive to pH and function best over a pH range
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of 7.5 to 8.0. The rate of nitrification decreases rapidly
at dissolved oxygen levels below 2.0 to 2.5 mg/L, so that at
low oxygen levels in the waterbody little or nc nitrification
occurs. Denitrification has been observed to occur in
stretches of zero or near zero oxygen concentration.
The usual operational model for a stream nitrifica-

tion process may be represented as

-knt
N=N e B (II-4)

where N = concentration of nitrogen at time t
No = concentration of nitrogen at time zero
kn = nitrification coefficient

Oxygen depletion due to nitrification lags the deoxy-
genation from carbonaceous organics. In the effluents of
secondary sewage treatment plants, the quantity of carbona-
ceous organics is greatly reduced, but much larger numbers of
nitrifying organisms are present. Under these condition,
nitrification is more rapid and may exert a significant oxygen

demand.

BOD-Oxygen Sag Model

When considering streams, the turbulent diffusion,
i.e., longitudinal mixing, is generally insignificant. Under
steady state conditions and assuming only deoxygenation by
organic matter oxidation and natural reaeration, Equation

II-1 can be rewritten as
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dc

8] ax " le + k2 (cs -c) =0 (I1-4)
Through mathematical manipulations we obtain
k.L k k
B 1%o _f1 _ _ %2
c = cg E;:EI [exp ( g x) exp ( T x) ]
)
- (cS - ¢c) exp (- T x) (II-5)

The critical points, Dc (critical deficit of dissolved
oxygen) and tc (time to reach critical DO level), are often

of significance.

w

_ 1 1l7c
D=3 L, - 10 (II-6)
2
k D_(k, - k,)
_ 1 2 o' %2 1
tC = E—_:_k—- lOg -k—- 1l - R (II—7)

The role of photosynthesis in the dissolved oxygen
balance of receiving waters is a complex one. The contribu-
tion of photosynthesis to the oxygen content is complicated
by the problem of respiration. A further complicating factoxr
with respect to organic waste and photosynthesis is the
diurnal variation in dissolved oxygen. The crritical dissolved
oxygen deficit point is an important factor in planning or

designing a waste treatment facility.
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River Basin

A river or drainage basin is the entire area drained
by a river or a system of connecting streams such that all
streamflow originating in the area is discharged through a
single outlet. Multiple channels through alluvial delta
deposits constitute a single outlet. The basin is necessarily
completely bounded by a "divide" which separates it from
adjacent basins. The divide follows the ridge line around
the basin, crossing the stream only at the outlet point. It
marks the highest points between basins, but isolated peaks
within a basin may reach greater elevations than any point
on the divide.

Streams are commonly classed into three types (29):
1. Perennial or continuous streams.

2. Intermittent streams.
3. Ephemeral streams.

Perennial streams contain water at all times and
receive their low-water flow from groundwater. Intermittent
streams carry water most of the time but cease to flow
occasionally because evaporation and seepage into their bed
and banks exceed the availabkle streamflow. Ephemeral streams
carry water only after rains or periods of snowmelt. They
are above the groundwater table at all times.

For use on the “Comprehensive River Basin Planning"

project, following classification of streams was adopted:
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l. Return flow - special mixing zone streams.
2. Perennial streams.

The return flow streams are defined to be those
streams that are composed entirely of waste effluents during
the critical flow conditions. A special mixing zone stream
is defined by the Oklahoma Water Quality Standards (40) as
a stream in which the combined stream and waste flow is less
than four times the waste discharged to the stream. Perennial
streams are the streams in which the combined stream and
waste flow is greater than fcur times the waste discharge

into them.

Stream Channel Characteristics

Streams vary radically in configuration, cross-section,
depth, and hydraulic gradient. The smaller streams, tribu-
taries and creeks generally travel through rugged terrain
descending in irregular gradients. In contrast, the larger,
main channel rivers that generally travel through the lower
portions of the drainage basin, descend gradually in regular,
flatter gradients.

In the calculation of stream assimilative capacity,
three relevant channel parameters are considered reach by
reach. They are: (1) the occupied channel volume; (2) the
surface area; and (3) the effective depth. From these param-
eters are calculated two additicnal parameters: (1) time

of travel and (2) mean velocity. It is beyond the scope of
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this paper to describe the practical methods of measuring
these parameters in field. Interested readers should refer
to "A Practical Guide to Water Quality Sﬁudies of Streams."

For use on the "Comprehensive River Basin Planning"
project, Oklahoma Water Resources Board provided data on tﬁe
average width and depth of’streams in Oklahoma. A stream
cross-section is generally very irregular and varies over
the length of the stream. It is not possible to determine
the cross-section reach by reach for each stream; instead a
geometric shape is assumed for the ease of computations.
In previous studies, a wide rectangular or triangular shape
has been used usually. Other more difficult channel sections
have been used. A parabolic section approximates the natural
stream section best. Chow (6) states that the parabolic sec-
tion is the one most used as an approximation of sections of

small and medium sized natural stream channels.

~Triangular

Parabolic

=
Wide Rectangular 7

Figure II-1l. Stream Channel Cross Sections.
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A quadratic form of the equation is most suitable for

describing the section. The general form of the eguation is

y=a x2 (II-8)

where y = depth of the channel
x = width of the channel
a = cross sectional constant

If "H" is the depth and "d" the width of the channel, then

the area of the channel section is given by:

3

A= % ca-d (I1-9)

The hydraulic radius of the stream channel section is given
by:
R=%.a-a? (I1-10)
Velocity of flow in a stream depends greatly upon
the stream channel characteristics. Manning's model is a
popular one for calculating velocity.

v = lﬁig (r%/3 . s1/% (II-11)

where S slope of the channel bed

n = Manning's roughness coefficient
For a stream with cross sectional constant "a" and average

width "d", the velocity of flow is given by



20

.49 4/3 1/2

v= 23 [(2/3)27/3 . a2/3 . g¥/3 | §1/2 (TI-12)
If Q is the flow in a stream, then
0 = 1;149 [0.509 - a%/3 . g13/3 . g1/2 (II-13)

Time of travel between any two points is determined
by dividing the distance between the two points by the aver-

age velocity of flow between the two points.

Stream Flow

Quantitative determination of runoff along the course
of a stream is based on the records of streamflow. Some
drainage basins are homogeneous so that runoff along the
course is directly proportional to the tributary drainage
area. Other drainage basins are composed of heterogeneous
areas of varying flows and the estimation of streamflow is

rather complex.

Critical Flow Characteristics

Where urban and industrial development relies on
natural, unreqgulated stream runoff, the character of critical
flow or low flow is the restricting element in growth poten-
tial. Any level of development carries a risk of uncertainty
of severity of low flow. The levels of community and indust-
trial development, the required degree of wastewater treatment
and downstream water quality objectives, all rely on the

critical flow characteristics of a region.
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Low flow characteristics at a gaging station are
described by frequency curves of annual or seasonal minimum
flows, by duration curves, and by base flow recession curves.
Estimates of low flow characteristics at ungaged sites are
generally quite inaccurate because the low flows are highly
dependent on the lithology, the structure of rock formations,
and on the amount of evapotranspiration, none of which has
been adequately described.

Low flow is generally expressed in terms of a recur-
rence interval and a period of a number of days. The Environ-
mental Protection Agency has recommended the use of a recur-
rence interval of two years and a period of seven days for
river basin planning purposes. Riggs (49) in "Low Flow
Investigations" describes the method of estimating low flows
at gaging stations. This method was followed for the low
flow calculations for the river basin project mentioned
earlier. A model was developed to predict the low flows at
ungaged sites.

At P
9, =0, () (II-14)

A
9 “g

where Q. = low flow in a tributary without a gaging station

Qg = low flow at a gaging station in appropriate
neighborhood of the tributary under study

A, = drainage area of the tributary

Ag = drainage area above the gaging station

low flow index

o)
]
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'p' is a complex function of lithology, structure of
rock formations, and the amount of evapotranspiration. 'p'
is also affected by the recurrence interval and the number of
days. A search of the literature yielded values of p ranging

from 0.2 to 1.2!

River Basin Planning

River basin planning is the first and most important
step toward the water quality management of a region. The
purpose of this paper is to devise a fair and scientific
system of management measure for a region or a river basin.
Central in the study is the abatement of water pollution with
an economically optimal system of management in a river basin.
The situation in a river basin can be depicted by a highly

simplified diagram as follows.

Figure II-2. A River Basin with Waste Discharges.
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There are a number of industrial and municipal waste treat-
ment plants that discharge into a river system at various
points in the basin. Various alternatives are available to
abate the problem of water pollution in a river basin, some
of which are:
1. Reduction of waste discharge =~ process change.
2. Alteration of wastes after generation - waste treatment,
material recovery.
3. Flow augmentation.
4. Reservoir mixing.
5. Stream reaeration.
6. Regional plants - collective treatment.
7. Effluent redistribution.
8. Regulated discharge
9. Multiple outlets from reservoirs.

Essentially, river basin planning is the analysis of
these alternatives and development of a management system
comprising one or more of these alternatives. The biggest
challenge in the planning process arises from the lack of
complete data! Not only is the available data inadequate,
but there is also a factor of uncertainty involved in it. A
program to collect an adequate amount of precise data is
almost an impossible task! Added to this is the probabilistic

nature of events in a river basin.
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The Alternatives

The alternatives enumerated above fall into one of

two categories (23):

1. Reduction of waste loads discharged to streams.

2. Increasing or making a more effective use of the assimila-
tive capacities of streams.

Improving the quality of receiving waters by reducing
waste loads can be accomplished in two ways:

1. Reducing the generation of wastes.
2. Modifying the residual wastes.

Methods of reducing waste generation include:

1. Changing the input raw materials.
2. Changing the production process.
3. Changing the output products.

4, Recirculation of water in plant.

Methods of reducing wastes after generation include:

l. Recovery of materials.,

2. By-product innovation.

3. Waste treatment.

4. Effluent reuse - ground water recharge; waste water
reclamation or renovation.

It is clear that a government planning agency has
little jurisdiction over the implementation of any one of
these alternatives. Individual waste discharger adopts one
of the methods of reducing wastes based upon the economics of

his operations. However, a regulatory agency can require an
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individual waste discharger to treat his wastes to a certain
level before discharging them to a waterbody. Therefore, the
treatment of wastes after generation shall ke expiored further.

Four types of waste treatment are generally recognized:
l. Preliminary treatment. |
2. Primary treatment.

3. Secondary treatment.
4, Tertiary treatment, advanced treatment.

Preliminary treatments include those processes which
do not significantly reduce the pcllutional strength of a
waste but do serve to protect or prepare the waste for subse-
quent treatment by altering the waste characteristics.

Coarse screening, grit removal, comminution and preaeration
are common preliminary treatment processes.

Primary treatments include those processes that reduce
the floating and suspended solids present in wastes by mechan-
ical means or by the action of gravity. Fine screens and
sedimentation tanks are common primary treatment processes.

Secondary treatments utilize biological processes to
reduce suspended and dissolved solids. Trickling filter and
activated sludge processes are typical secondary treatment
processes.

Prior to 1965, primary and secondary processes were
used to produce a plant effluent for discharge and disposal.
This was supplemented occasionally by use of additional

processes such as disinfection or intermittent sand filtration.
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It has become evident now that municipal and industrial wastes
contain many substances that are resistant to or unaffected
by the conventional waste and water treatment processes. Such
substances, called refractory substances, include both organic
and inorganic ﬁaterials. Such wastes require advanced or
tertiary treatment processes such as adsofption, electro-
dialysis, extraction, foaming and ion exchange.

In addition to treatments described above, a number
of other processes are used for the disposal of sludges from
both primary and secondary treatment processes. These include
sludge concen”ration, digestion, filtration, drying and in-
cineration.,

Methods of increasing or making a more effective use
of the assimilative capacity of streams include (23):
1. Flow augmentation.
2. Multiple outlets from reservoirs.
3. Reservoir mixing.
4., Stream reaeration.
5. Effluent redistribution -~ regulated discharge.

Low streamflows generally coincide with high tempera-
tures, and this phenomenon places a great burden on the
stream that receives a significant amount of waste discharges.
The most common practice of increasing the streamflow during
the low flow periods is by controlled releases from reservoir
storage. Flow can also be increased by withdrawing water

from groundwater sources or lakes and releasing it into water
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courses. The effectiveness of augmenting flow depends on
both the type of waste and the type of receiving water
involved.

The U.5. Corps of Engineers has been engaged in plan-
ning, construction and operation of a multitude of projects
involving flow augmentation. The effects of reservoir storage
on the water quality may be favorable and/or unfavorable. It
is learnt that the bacteriological quality of the water is
stabilized due to storage. This improves the quality of
water impounded. However, releases from deeper parts of reser-
voirs are not adequate for effective dilution because the
water in deeper parts of a reservoir is, often, devoid of
oxygen. This phenomenon is due to the combined effect of the
biochemical oxygen demand and reservoir stratification.

There are several ways to handle this situation.
Multiple outlets are installed on the dam so that water can
be released from different levels of a reservoir in various
combinations to achieve a desired water quality. Another
method is reservoir mixing which prevents stratification of
the reservoir waters.

Artificial aeration of streams with either air or
oxygen is an effective way to increase the assimilative
capacity of streams. Mobile or fixed azerating devices can be
installed in reaches of streams where needed to prevent an-

aerobic conditions from occurring.
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Effluent redistribution is the method where effluents
from a plant are taken to a distant proint on a stream where
stream conditions are more favorable for waste discharges,
instead of a nearby point on the stream where the stream con-
ditions do not permit the discharge of wastes. This is due
to the fact that a stream may be sluggish and shallow on some
upstream reaches but becomes rapid with a good amount of flow
downstream. Thus, a plant located on an upstream reach may
be required to pipe its wastes to a distant, downstream
point for discharge.

Regulated discharge is the temporary storage of waste
effluents for discharge at some more favorable flow conditions
in a stream. This procedure is used by a number of food
processing plants, pulp and paper industries, and petroleum
refineries.

Recognizing the various alternatives available for a
water quality management system and making a plan to optimally
combine them is an extremely difficult task. Planning and
implementation are complicated by the fractionation of deci-
sion making responsibility for various possible components
of such a system. Some measures are within the purview of in-
dividual water users and waste dischargers alone, as noted
earlier, while other measures fall under the jurisdiction of
one or more state, regional or federal agencies. This often
leads to confusion and conflict. Some measure may not be

under the jurisdiction of any agency!
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The operation of dams and reservoirs falls under the
authority of the Corps of Engineers or sometimes some specific
river dam authority. None of these is generally in charge
of water pollution control. It is the experience of the
author that, generally, a state water pollution control agency,
engaged in the river basin planning, has only one option to
control pollution of streams - that of requiring the individual
waste dischargers to treat their wastes to certain levels
through a waste discharge permit program!

Therefore, in this paper, for the river basin planning
process, the alternative of treatment of wastes shall be
adopted. It is the purpose, then, of this paper to develop
a mathematical model to determine the levels of treatment for
each individual waste discharger in a river basin, in such an
optimal fashion that the total cost to the region for treat-

ment of wastes is minimized.



CHAPTER III
WATER QUALITY PREDICTION MODELING

Water quality is an important consideration in the
planning for a river basin. A planner needs to have at his
disposal a systematized procedure for simulating water quality
changes in both time and space. The quality of a watercourse
changes continuously due to the various uses of water. The
changes caused by one use may make the water unsuitable fqr
another use! The relative locations of various users is élso
an important factor in determining the effects of water pollu-
ting substances discharged to a stream. A mathematical model
of water quality changes becomes necessary to evaluate effec-

tively the water quality patterns in a river basin.

Water Quality Data (31)

Quality of a river water is measured by a number of
water quality indices. Sporadic measurements of these indices
are insufficient for water quality analysis because these
indices can fluctuate in their values greatly over a short
time interval. Through mathematical formulations of physical,
biological, and chemical processes occurring in the aquatic
ecosystem, the spatial and temporal variations of water quality

30
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indices can be simulated. A coﬁtinuous analysis of a river
system is necessary to evaluate the fitness of water for a
particular use; however for most water quality indices this
task is prohibitively expensive! Thus, water quality modeling
can be seen to complement data collection programs in deter-
mining the usefulness of a river system.

The simulation model that the planner wishes to use
should be capable of repréSenting changes in several param-
eters of water quality as they are influenced by natural and
human factors impinging on the hydrologic system of a river
basin. Several parameters of water quality are important and
they have been modeled extensively. It is not possible to
represent water quality through any one single physical,
chemical or biological parameter. A number of water gquality
parameters must be used jointly. A basic list of parameters
would include the following:

1. DissolvedOxygen Content (DO)

2. Biochemical Oxygen Demand (BOD)
3. Chemical Oxygen Demand (COD)

4, Fecal Coliforms-

5. Total Dissolved Solids (TDS)

6. Ammonia |

7. Chlorophyll a

8. Chloride

9. Sulphate

0. Nitrate
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11. Phosphate
12. Turbidity
13. Alkalinity
14. pH
15. Temperature
1l6. Fecal Streptococci
17. Z2ooplankton, etc.
Additional water quality indices such as heavy metals, pesti-

cides, etc., may be required for sﬁecial purposes.,

Review of the Existing Water Quality Models

A mathematical model of a river system generally
consists of a series of elements, each corresponding to a
discreté stream segment. These segments are so arranged that
the output from one segment or element is the input to the
next. The transfer function is determined by performing a
mass balance of a given water quality parameter over a time
interval on a segment of the river, along the length of the
river. The mathematical model is generally a partial differ-
ential equation, which is often replaced by a set of ordinary
differential equations with time as the independent variable.
The solution to these equations is taken as the solution to
the partial differential equations at points 'dx' apart. A
significant problem is to determine the closeness of the solu-
tion of the ordinary differential equation to the solution of
the partial differential equation, the spacing, and the number

of sections (26).
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A comparison of water quality models should be based
on several capabilities of the models. Desirably, a model
shculd be capable of:

1. Simulating the desired water quality parameters.

2. Simulating an entire region or a river basin.

3. Simulating over a period of time.

4, Producing a desired output.

5. Responding to the dynamic nature of a river basin.

6. Operating at a low cost.‘

7. Operating with essentially inadequate data.

8. Accounting for the probabilities and uncertainties
involved.

9. Minimizing the number of 'judéement' parameters.

An ideal model would have all the capabilities listed
above. However, such an ideal model does not exist yet!
Elaborate models of river basins tend to be complex and expen-
sive to operate. Also, the amount of input data becomes very
large. A program to collect such data would be prohibitively
expensive! On the other hand, the simple models are restricted
in the number of quality parameters they can simulate. Also,
often the output from such models is not the desired one.
With this background, following models were reviewed for this
paper.

QUAL-1 Mathematical Modeling System (53), developed
by the Texas Water Development Board, is designed to simulate

water quality parameters, and is one of several simulation
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systems being developed by the Board to assist in more refined
water planning and management. QUAL~1 was extensively tested
for use during the initial stages of the "Comprehensive River
Basin Planning" project. QUAL-l is a fair representative of
the simulation models in the water quality field. Therefore,
a detailed review of this modeling system is in order.

The primary objective of the modeling system was to
develcp a set of interrelated water quality models capable of
routing the following water quality parameters through a
stream subsystem:

l. Temperature.

2. Biochemical oxygen demand (BOD) and dissolved oxygen (DO).
3. Conservative minerals.

The modelers believed that this objective would be best served
by structuring separate models for each quality parameter

and then coupling these models into an "integrated system"
simulation package.

The basic equation describing the mass transport of
conservative and nonconservative constituents, for a stream
or canal segment, assuming steady state, nonuniform flow, was

represented as

9c
3 (AD, ==) -
dc _ L 3x’ _ 3 (Auc) wen _
Agt = e+ A"s (III-1)
X
where A = cross sectional area of the stream, ft2
¢ = concentration of the constituent, mg/L or

temperature, °F
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u = mean velocity of the stream, ft/sec

Dy, = longitudinal dispersion coefficient, ftz/sec

t = some point in time, sec

X = some point along the longitudinal axis of the
stream, ft

"s" = sources or sinks of a nonconservative constituent,

mg/L or temperature, °F
The first term in the above equation represents the temporal
change in concentration, the second term represents the trans-
port due to longitudinal dispersion, the third term represents
the transport due to longitudinal advection, and the fourth
term represents the sources or sinks if the constituent is
nonconservative.

The term "dispersion" is generally used for transport
associated with spatially-averaged vglocity variation, as
opposed to "diffusion" which is reéerved for transport that
is primarily associated with time averaged velocity fluctua-
tions. Elder developed the following expression for the dis-
persion coefficient as

DL = 5,93 D u* (I1I-2)

where D mean depth of the channel

u* steady-state open channel flow, given by

u* = ¢ fﬁ'%; (I11-3)
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where ¢ = Chezy's coefficient
R = the hydraulic radius
S_ = the slope of the energy grade line

e
Chezy's coefficient is given by

R1/6

c === (III-4)

where n is the Manning roughness coefficient. An expression

for the slope of the energy gradient is given as

U n

2
S = [1.486 R2/3} (111-5)

where symbols represent the variables as stated before.
Substituting Equations III-3, -4 and -5 into Equation
III-2, and assuming R = D for a wide channel yields the

expression

D, = 22.6 n g p?-833 (I1I-6)

Manning roughness coefficient for natural river
channels varies from 0.025 to 0.030 for clean and straight
channels to from 0.075 to 0.150 for very weedy, winding and
overgrown channels. The dispersion coefficient varies for

2 to 3 ftz/sec and for

flumes and small streams from 3 x 10
large rivers from 3 to 3 x 10% ftz/sec.
The most important consideration in determining the

waste-assimilative capacity of a stream is its ability to
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maintain an adequate dissolved-oxygen concentration. The
authors felt that the most accurate oxygen balance-would con-
sider all significant factors. But for their work they

thought that

many of the factors are very difficult, if not impossible
to define accurately; and unless unusual conditions are
present, fairly reliable predictions of the 'self-
purification process' of a water body can be obtained
through simulation of the simultaneous processes of
reaeration (natural or artificial) and deoxygenation

as measured by the biochemical oxygen demand.

The reaeration process was expressed as
M - -k, (c. - c,) (I1I-7)
ot 2 s t '

where D = (cs -—ct) oxygen deficit, mg/L

k2 = reaeration coefficient, 1l/days

Q
]

solubility of oxygen in water, mg/L

Q
{

£ = existing concentration of oxygen at time t, mg/L
The solubility of oxygen in water is primarily dependent upon
temperature, piessure, and the concentration of dissolved
salts. At standard pressure, the solubility of oxygen in

water can be given by

cg = 24.89 - 0.426T + 0.00373T2 - 0.0000133T3

(I11-8)
where T is the temperaturé of water in °F. For elevations
less than 2000 feet, the variation in the solubility of oxygen

in water due to the atmospheric pressure can be given as



°s' = % 75.97 (111-9)

where P_ is the barometric pressure in inches of Hg.

The variation in the value of the reaeration coeffi-
cient due to the variation in temperature has been determined
by Eckenfelder and O'Connor. It is given as

20
2

T
2

T

kT =k (1.047) 20~ (III-10)

where T is the temperature of water in °C. Authors have
enumerated five different models to determine the reaeration
coefficient based on stream geometry and stream character-

istics. Most of these follow the general form

ﬁn

where U = mean stream velocity, ft/sec

D

mean stream depth, ft
c,n,m = constants for a given stream
The rate of oxygen utilization due to biochemical
oxygen demand (BOD) was expressed as a first-order bio-kinetic

reaction

oL _ _ -
I - k1 L (II1-12)

where kl = BOD rate constant to base e, mg/L

|
i

£ concentration of BOD {ultimate), mg/L, at time ¢
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The effects of temperature on kl-are represented as

20
1

k,T = k

1 (1.075)20-T (III-13)

where T is the temperature of water in °C.
Assuming complete mixing, the authors represent the

Equation III-1 for BOD-DO balance with internal mixing as

9cC
9 (AD, ==) -
A 2% = L 8x” _ 3Auc) , , "Spo" (III-14)
X 90X
where "sDo" = ky(cg - c) - (kl)L, mg/L-sec
c = concentration of dissolved oxygen in mg/L
and
oL
3 (AD. ==) -
"A 3% = L 9x _ 3(AulL) +A"s." (I11-15)
9x 9x
where "sL" = —le, mg/L-sec
L = concentration of BOD (ultimate), mg/L

for conservative mineral routing, the authors felt
that the concentration of a conservative mineral varies with
the stream discharge, Q; thus, routing a conservative mineral
requires no more than a material balance. Therefore, Equation
III-1 without a source or sink term is sufficient to describe
the behavior of a conservative mineral within a stream or
canal system and it is given as

As—-=

ac
dx 9x
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where c is the concentration of the conservative mineral in
mg/Le

No amalytical solution can be found to Equation III-1
under most prototype situations. Therefore the authors used
a finite difference method to solve the model.

The input requirements of QUAL-1 are rather extensive.
Physical properties such as the location of waste loadings
and withdrawals, the location of stream or canal junctions,
and the location and identification of headwater sources
available for potential flow augmentation, are required.

Input water quality data include biochemical oxygen demand,
dissclved oxygen concentrations, temperature, and conservative
mineral concentrations. Hydrologic data include headwater
flows, waste discharges or withdrawals,tributary inflows,
incremental flows (runnoff), and depth-velocity-discharge

relationships. Reaction rates such as k., k, need to be esti-

1
mated by field data or equations from literature.

The output from QUAL-1l yields a time history and
spatial description of the distribution of a selected quality
constituent throughout the stream or canal system of interest.

The kind of data that were available to the planning
group of the "Comprehensive River Basin Planning" project
were inadequate for use with QUAL-1. However, field studies

were made on the Bird Creek to collect data for testing the

QUAL-1 modeling system. In terms of cost, the data collection
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program was expensive. So was the computer time required for
testing the QUAL-1l. It became soon apparent that the QUAL-~1
mathematical modeling system was not appropriate for the
planning process due to the limitations of time, money,
personnel and precise data. The need was for a different
kind of model that would perform the required task within
the limitations described above.

A multi-constituent mathematical model of water
quality in rivers was developed by M. E. Harper (19) in
1972. This model is applicable for steady-state hydrologic
conditions, although with modifications, the model can handle
non-steady flows. The model reéresents a river system divided
into a number of elements with water flowing from one element
to another.

Each element is assumed to be completely mixed and
for each time interval, a multiple step explicit sclution is
used to solve the partial differential equations describing
the water quality processes. The model is capable of simulat-
ing the following parameters:

1. Temperature.

2. Dissolved oxygen.

3. Biochemical oxygen demand.

4. Conservative minerals.

5. Nitrogen-nitrate.

6. Total inorganic phosphorous, ortho phosphate.
7. Phytoplankton'

8. Benthic algae, etc.
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Dissolved oxygen changes are calculated by considering
the following:

1. Reaeration coefficient is determined by

K" = ‘“5’1.""5""‘ (ITI~-17)

for streams displaying low velocities and isotropic

conditions, and

20 480 Dg.S SO.25
K2 = Dl.25 x 2.31 (ITI~-18)

for streams displaying high velocities and non-isotropic

conditions, where

So = slope of the streambed
D = mean stream dep:h, ft
u = mean velocity, ft/day
Dm = molecular diffusion coefficient, ftz/day, which

is computed by

pD_ = 1.91 x 10~3 (1.037)T"20

n (I11-19)

Isotropic conditions are satisfied when Chezy's coefficient
is greater than 17, and non-isotropic conditions exist
when Chezy's coefficient has values less than 17.

A temperature correction of the type (III-10) is used
to account for the variations in the K, due to tempera-

ture changes.
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2. BOD decay is modeled as the first order bio-kinetic

process

3L _ _ _
5t = “KyDy (III-20)

with a temperature correction of the type (III-13).

3. Benthal oxygen demand is computed by

0.3
D. = k ¢ e(T—20)

B " (ITI-21)

where Dy = benthal oxygen demand, mg/L
k = demand coefficient
¢ = dissolved oxygen concentration, mg/L
H = water depth, ft
8 = temperature correction factor

4. Algal production and respiration including phytoplankton
and benthic algae are determined by a simple equation
which sets the changes in dissolved oxygen equal to a
factor times the rates of these two processes.

The author assumes that the conservative constituents
do not react; therefore the concentration of a conservative

constituent is given by

...,Qw
CS = CW -Q—;—_T—Q—; (III"'22)

where CS = concentration of the conservative constituent

in the stream water after discharge, mg/L
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Q
]

concentration of the conservative constituent

W
in the waste,

Qw = waste flow

Qs = stream flow

The model emphasizes the determination of the time
interval for evaluation of the equations describing the water
quality processes and minimizing dispersion errors. The
author developed two criteria:

1. Travel time through an element cannot be greater than

time interval of simulation:
At = ;’j— (III-23)

where u is the stream velocity and x is the element
length.

2. Dispersion stability is expressed by

DLAt
— < 1/2 (I11-24)
(Ax)

where DL is the dispersion coefficient. When this require-

ment is not met, mass is generated.

The author applied his model to the Green River,
Washington. Temperature simulations were well in agreement
with the observed field data; however the simulation of other
quality constituents was qualitative only because of the large
variations in the field data. The general response of the

model indicated that the simulation of the temporal and
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spatial variations of the water quality parameters by the
model was reasonably good.
R. V. Thomann is a well known author in the field of
water quality modeling. Thomann made a study of water pollu-
tion control in the Delaware estuary (55). Early in the
study, he realized that the task could be accomplished in a
meaningful fashion only by modeling the entire system in a
rigorous mathematical manner. He saw two basic objectives
for comprehensive planningi
1. To develop an evaluation of the cause and effect relation-
ships between the external environment (waste discharges,
temperature, etc.) and the quality of water (in terms
of its dissolved oxygen); and

2. To utilize a portion of this evaluation to develop
further a rationalvapproach to the attainment’of various
water quality goals.

The simplest systems analysis of a water body is the
classical dissolved oxygen sag equation. The input to the
system is the oxygen demanding material at the point of waste
discharge, the output from the system is the DO deficit below
saturation level, and the transformation component of the
system includes reaeration, time of travel (flow velocity),
and the decay of the organic matter. The classical DO sag
equation representing the system in a differential equation

form is
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dec _ - -
gt = kg (eg = ¢) - KL (III-25)

Through manipulation, this equation can be represented as
u (&) + k,c = k,c_ - k,L (III-26)
dx 2 27s 1

where u is the velocity and x the distance. This static
system is composed of the input 'kzcs - le'; the output fc';
and the transformation given Ly the differential operator

'lu (d/dx) + k2]'. In qualitative terms

(Transformation) (Output) = (Input)
or
we=F¢f (III-27)
Now if the output is desired, Equation III-27 is
solved as
c=wls (II1-28)

where w-l is the reciprocal or inverse operation of differen-
tiation, namely integration. The output response is directly
proportional to the input level and the system parameters

are the velocity and the reaeration coefficient. This model

can be applied to an estuary as well as to a nontidal stream.
The most important additional consideration is that of tidal

diffusion. One useful way of considering this problem is to

write a sequence of differential DO balance equations around
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a number of finite sections or reaches of the estuary under
study. For a one~-dimensional system where the sections are
strung out longitudinally down the length of the stream, the

equation can be written as

dc
k _
Ve & T %-1,x Uok-1,k(Ok-1) * (1 = By i )ed

= % k-1 D8 k-1 0 7 By ) Ckaa ]

* Btk (k-1 7 %) Bi ke Cker T %!
+ kak(t) (ITI1I-29)
where Cp = dissolved oxygen in segment k
Vi = volume of segment k
Qij = net flow from section i to section j
Eij = eddy exchange (diffusion) coefficient between
sections i and j
gij = dimensionless mixing parameter between i and j
fk = all input sources and sinks acting in section k

Equation III-29 states that the rate of change of DO
in segment k is given by the net amount of oxygen transported
via the flow mechanism plus the oxygen carried into or out
of the section as a result of tidal diffusion plus any actions
within the segment that may increase or decrease the oxygen
content. Atmospheric reaeration and biochemical oxygen demand

are included in such actions.
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If there are n segments in a stream or estuary, the

following set of equations can be written:

n -1
-C, = L ¢, J.
e | i=1 il i
n
-1
-Ch = I ¢ J.
2 i=1 i2 i
n -1
-C = Z ¢- J-
n jop in i (IXII-30)

2
o
0
A}
(1]
Q
il

DO response in segment j, mg/L

3
¢ij_l = transformation in input J; to output c;
(input-output coefficients, mg/L response/
mg/L/day input)
Jy = waste load input in segment i, mg/L/day

For spatially varying fresh water inflow and diffusion
rates, the transformations cannot be determined explicitly,
but must be computed via high speed digital or analog tech-
niques. The author sees three advantages of the model
presented:

1. The model can compute the DO time response to any time
varying input which may include, for example, a batch
discharge of organic matter.

2. The model is easily ekxtended both mathematically and
gomputationally to more than one dimension, which allows

for inclusion of tidal tributaries or embayments.
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3. The steady state response due to steady state inputs is
amenable to a linear programming formulation.

In the application of the model to the Delaware River,
the author divided the estuary into 30 reaches, each having
a length of either 10,000 or 20,000 feet. A computer program
was written to handle the equations. The program could easily
incorporate two dimensional aspects provided the basic infor-
mation on lateral diffusivity and flow exchanges is available.
The author admitted that there is a lack of this type of input
prototype data.

The steady-state waste input-DO output ccefficients
can be computed by a relatively simple computer program. In
case of the Delaware river, the author had to invert two
30 x 30 matrices and then compute the product of the inversion
giving a new 30 x 30 matrix. The author felt that critical
judement and consideration should be used in the interpretation
of the results.

An iqteresting paper was written by Novotny on mathe-
matical modeling of water quality changes in a river basin
(37). Novotny represented the general equation of mass

balance of flowing water as

y

ot

2
d T A = -
+Dm-a:%+u3x ky = 0 (IT1~31)

concentration of a substance under study

il

where y

t = time
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D, = a longitudinal diffusivity coefficient
u = mean velocity of flow in x direction
k = decay coefficient

The author felt that for most streams, the effect of diffu-
sivity may be omitted. The distribution of BOD in natural

streams was expressed as

aL — - BL - . - -
3T V=-(L+ = Ax)Q + LQ JjAxB (kl + k3)LV (III-32)
where Q = discharge or flow in the stream
V = volume of water = Ax - H - B

B = width of flow
j = flow rate of organic matter on the boundary

bottom surface

ky = deoxygenation coefficient (laboratory bottle
test)
k, = rate constant for BOD removal by sedimentation

3
H = depth of flow

The dissolved oxygen concentration model can be

exprassed as

0C  _ _ oC _ s _
g V= (c + = Ax)Q + cQ - jAxB leV

- DBAxB + kz(cs - )V (ITI-33)

where ¢ = dissolved oxygen concentration

D, = oxygen demand by benthal deposits
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k2 reaeration coefficient
/

Cg = oxygen saturation level

For conservative pollutants, the equation of mass

balance becomes rather simple.

QL

Zv=-(z+ -g—fz AX)O + 20 (III-34)

where z is the concentration of a conservative pollutant.

In a steady state situation, Equations III-32;VIII—33
and III-34 can be solved by letting 3y/3t = 0 in Equation
ITI-31. Equation III-32 becomes

dL

35 = ~(ky + k3 + J/HL)L = - KL (11I-35)

the ratio j/HL can be approximated by

j/HL = v & (ITI-36)
H
thus
_ _11/4
k = kl + k3 + \);71- (III"37)

where v coefficient representing the ability of stream's

bottom to deyelop biological growths

L
I

energy gradient in the stream

The solution to Equation III-33 becomes

= -kt _ _-kat
L_(k-ky) (e °° - e 2%) _ gy D
D= -2 3 + De kot o (1-e kat) Egﬁ
k, - K 2"

(ITI-38)
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where D deficit of dissolved oxygen in time t

deficit of DO at time zero

)
]

initial concentration of BOD in stream

=
il

The author applied his models to a dynamic situation
such as exists in a natural river network. The mass balance
equations were modified and called dynamic water quality
model. The time step of solution At was set equal to 1/3
hour. The author divided the river network into sections
connected by junctions. It was assumed that the self purifi-
cation processes take place in the scotions while waste
effluents and tributaries are situat. . at junctions; Each '
section is divided into a certain number of elements and mass
balance in the time step At is carried out in each element.
The author recommended that the division of each section into
elements should be finer in small streams compared to that
in an estuary or a large river because the self-purification
rate in small streams is greater than that in an estuary.

The dynamic water quality model for BOD was expressed
as

(L

AL(i,t) (i-l,t—At)Q(i-l,t—At)

At
= L, e-at) (4, t-At) ] VZ;;é?
1/4

i

H(i,t)

(III-39)



53

and the dissolved oxygen concentration changes were expressed

as
B (s vy = [C(io1,e-at)Q(i-1,t-at) = C(i,t-2t) (i, t-0t) ] N
;. 1/4
i
= (kg + v —37% ) At L(i,t—At)
Hei )

* gy = Cri,e-at)) F X210 T Pp/P(i,e it
(IIT-40)

where i is the number of element in section.

The main drawback of these models is that they require
a great computer storage capacity and a great amount of cen-
tral processing unit (c.p.u.) time, thus making it an expen-
sive model to run. Also, the required input data is quite
large and a ccllection program for input data would certainiy
be expensive.

Lombardo and Franz constructed a model to simulate
water quality dynamics in rivers and impoundments (31; 32).
This model is linked to the Hydrocomp Hydrologic Simulation
Program (HSP) which was developed by the Hydrocomp, Inc., of
Palo Alto, California, in 1969 to simulate the hydrologic
response of a watershed. Thus, through the use of both models,
the hydrologic and water gquality interactions of a watershed
could be simulated.

In HSP, a watershed is divided into land segments and

stream reaches. The HSP system consists of three modules,

LIBRARY, LANDS and CHANNEL. LIBRARY handles the input data
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while LANDS calculates the channel inflow volumes from input
rainfall and evapotranspiration. CHANNELS calculates the
flow at the end of each reach. This model is applicable to
impoundments'and streams not subject to tidal influence.
QUALITY is a separate module which is capable of
simulating quality changes in the channel flows. A stream
is represented in the model as a series of reaches. Disper-
sion effects are assumed to be negligible. The model consists
of a set of partial differential equations which are solved
by a multiple step explicit solution method.
The water quality indices simulated by the model are:
1. Temperature.
2. Biochemical oxygen demand.
3. Coliforms (total, fecal, fecal streptococci).
4. Algae - chlorophyll a.
5. Zooplankton.
6. Sediment.
7. Organic nitrogen.
8. Dissolved oxygen.
9. Total dissolved solids.
10. Conservative constituents, etc.
Dissolved oxygen was considered to be influenced by
the following factors:
1. Reaeration coefficient is calculated by the method of

Churchill, Elmore and Buckingham:

kgO 0.969 < D—l.673

= 5,026 u x 2.31 (III-41)
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20

where k2 = reaeration coefficient, l/day, at 20°C
u = average velocity in the stream, ft/sec
D = average depth of the stream, ft

A temperature correction of the type (III-10) is used to
account fdr the variations due to temperature changes.

2. BOD decay is represented by the first order biokinetic
reaction as shown in Equation III-20.

3. Nitrification.

4, Denitrification.

5. Photosynthesis and algal respiration.

6. Zooplankton respiration.

7. Benthal oxygen demand is represented by the method of

Fillos and Molof:

(1 - o-1-22D0

Benthal OD = Benthal ODT ) (II1-42)

where Benthal ODT = temperature corrected oxygen demand

DO = dissolved oxygen concentration.

Total dissolved solids and conservative constituents
are assumed to be unaffected in water and are represented by
a model of the type (III-22).

All three groups of coliforms are assumed to decay

according to a first order decay reaction

dB _
IE - kB B (IXI1-43)
where B = concentration of bacteria-coliforms
K., = rate constant
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Rate constant for each coliform type becomes an input to the
model.

The model was applied to the Green River in Washington.
Temperature simulation due to the thermal wastes of a hypo-
thetical thermal power plant was successful. Reasonable
accuracy was obtained when the author simulated other quality
parameters using the data collected by Harper (18).

The estuary model developed by Chen and Orlob (31)
consists of a network where the links are represented by one-
dimensional channels and the nodes are represented by the
volume elements. The model calculates tidal velocities,
discharges and elevations for an estuary from the input data.
The model is capable of simulating non-steady systems in which
river flows, waste discharges and tidal influences are changing.

The quality constituents simulated by the model are:
temperature, toxicity, total dissolved solids, coliform; BOD,
oxygen, phosphorus, alkalinity, nitrogen (ammonia, nitrite;
nitrate), algae, zooplankton, fish, etc. As can be expected,
the model requires a large number of input parameters. The
hydrologic input data include: river flows, tide flows,
waste discharges, outflows, etc. The river parameters input
data include: 1length, width, depth, friction factor, surface
area, side slopes, elevations, volumes, etc.

In the simulation of quality parameters, total dis-
solved solids are treated as a conservative constituent due

to the difficulty of simulating all of the processes affecting
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total dissolved solids concentration. Though the total
dissolved solids can be treated as a conservative parameter
in many watersheds, the author cautions against its indis-
criminate use., The validity of that assumption should be
checked in each case.

Coliforms are simulated according to a first order
decay reaction. In the reaeration process, the reaeration

coefficient is computed by

1/2
= (DV -
k2 = (E-) (I11-44)
where D = molecular diffusivity, metersz/sec
V = water velocity, meters/sec
H = depth of water, meters
k2'= reaeration coefficient, meter/sec

The dissolved oxygen concentration is considered to be affected
by the following factors besides reaeration: BOD, nitrifica-
tion, algal growth, zooplankton and fish respiration, bacterial
and benthal respiration, etc.

The nitrification process is assumed to be a first
order reaction in the simulation of inorganic forms of nitro-
gen. The factors having effect on the nitrification are:

BOD degradation, algal uptake and respiration, zooplankton
excretion, and bacterial regeneration.

The solution to the mass transfer equations is obtained
by a step~forward explicit technique. The model was applied

to the San Francisco Bay~Delta system. The authors felt that
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though the.trends could be simulated, the true utility of the
models could not be demonstrated due to the limitations of
data.

In 1971, Environmental Protection Agency published a
report (20) that was prepared by the Hydroscience, Inc., of
Westwood, New Jersey. This report was intended to assist
and facilitate interim planning for water quality management
of a river basin by presenting a general simplified methodology
for the application of mathematical models to the analysis of
water quality.

In the analysis of dissolved oxygen, the location and
magnitude of the maximum deficit of dissolved oxygen are con-
sidered to be very essential features of the dissolved oxygen
concentration profile for a river. The following equatious

were given for the magnitude and location of the critical DO

deficit.
k -k .x
_da d®c _
D, = -k—; L, e — (I11~-45)
and
x_ = u in Ji?- (III-46)
o] ka - kd kd
where Dc = maximum DO deficit
Lo = BOD concentration at x = 0

e
I

a deoxygenation coefficient

reaeration coefficient

~
I

x_ = distance to location of maximum deficit
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Through manipulations of Equations III-45 and III-46,
the following equation was derived.
D

=< = (f)
o

£/(1-£) (IIT-47)

t

where f = ka/kd. A practical range of £ was indicated to be
from 0.1 to 20.

For the purposes of planning, EPA recommended in the
report that substances such as total dissolved solidé, chlor-
ides and nutrients (total nitrogen and total phosphorus) be
considered as conservative substances. This classification
could be extended to include any constituent which may be
assumed to decay, in accordance with a single reaction, such
as bacteria concentrations, radiocactive matter, suspended
solids, etc. Although these constituents aré non-conservative,
the most indicative concentration is at the outfall and hence
is independent of the reaction effect.

The maximum value for this type of constituent is

given by
_ W
¢ =g (IT1-48)
where W = mass rate of waste discharge
Q = total freshwater flow
Co = maximum concentration of a conservative substance

The non-conservative substances such as coliform
bacteria, BOD, nutrients, etc., are governed by a first order

reaction, viz.



c =c.e (ITII-49)
where ¢ = concentration of a non-conservative substance
Co = initial concentration of the substance
k = reaction coefficient
x = downstream distance
u = stream velocity.

The initial concentration was considered to be of basic im-
portance in assessing the effectiveness of a waste treatment
program for maintaining water quality standards. An interest-
ing equation was developed for the determination of the initial

concentration of a substance:

. (IXI1-50)

where f1 = population growth factor

£, = per capita waste flow contribution

f4 = per capita waste load contribution

£4 = residual fraction after treatment

f. = flow/drainage area

DA = drainage area

P_ = present population
Tables are presented to determine the fl' f2' f3, f4. The
authors felt that in this form, the initial concentration
depends on the primary variables of present population and
drainage area which presumably are the two basic items that

are known with "certainty."
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The technical data required for analysis fall into

two categories:

1. Waste discharges:

a.

b.

Population, growth factor.

Per capita waste flows and quality: water gallons/
cap-day, ultimate BOD lbs/cap-day, suspended solids
lbs/cap-day, nutrients lbs/cap-day, coliform MPN/cap-
day.

Treatment efficiencies and residuals: marginal
secondary, highrate biological, secondary with nitri-
fication, advanced, ultimate. Percent removal of .
carbon, nitrogen, lbs/capita of ultimate oxygen demand

remaining, etc.

2. Characteristics of drainage basin:

a.

b.

in the

Temperature.,

Natural background quality: land use, runoff effects
on water quality.

Fresh water flow: velocity, low flows, average annual
flows.

Characteristics of river channel and bed: classifica-
tion of streams, surface and bed conditions.

Channel geometry: average depth, surface area and
volume.

Dispersion coefficients.

Numerous tables, nomographs, and figures are included

report to help the use of mathematical models for water
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quality analysis. It is a useful document for planning of
streams and estuaries for such parameters as coliform organisms,
nutrients, oxidation of carbonaceous and nitrogenous compounds,
dissolved oxygen and certain dissolved solids.

The models discussed above are very good representa-
tives of the recent efforts made in the field of water quality
modéling. The literature contains a rather large number of
studies made to date. It is not necessary to review all of
the models developed so far because a majority of them consist
of similar approaches to the ones already discussed. The model
development in most cases depends on the same basic principles
and methodology with slight variations. Therefore, the follow-
ing studies shall be reviewed briefly, mentioning only the
interesting and pertinent points of methodology and techniques
employed in the models.

Tirabassi (54) employed mathematical statistics to
formulate a model to predict the quality of water in rivers
without a reference to the causal chemical, biological and
physical relationships existing in the river flow. The approach
adopted by Tirabassi is popularly known as a "black box"
approach where with a known input, one tries to predict the
output with a certain amount of reliability. This model can
provide accurate predictive information with a minimum of
time and money, if a sufficiently large data base can be made

available for the river system.
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Unfortunately, such a large data base is, generally,
not available and the data collection, as mentioned previously,
could be expensive! Thus, the "black box" may not ke able to
provide accurate predictions of water quality.

Tucker and Goodman (57) concentrated on stream flow
routing for streams with moderate to iow discharges. They
designed a special flow routing procedure which focuses on
the discharge, velocity and time output. These data are
necessary to study the effects of unsteady flows on stream
pollution. The authors noted that previously available rout:-
ing methods primarily estimate water surface elevations for
floods. The input data required by the model are the hydro-
graph data at an upstream station and discharge-velocity
relationships for various reaches of the stream. An electronic
digital computer processes a largely empirical program that
determines the hydrograph at any specified station.

Weeter (64) incorporated diurnal photosynthetic effects
in his dissolved oxygen concentration prodiction model; The
model can predict the minimum and the maximum dissolved oxygen
values. . Weeter developed a log-log relationship between the
time of travel and the reaeration coefficient and flow. The
authbr applied his model to the Wabash river. From the avail-
able data however, he could not quantify the oxygen demand
by the benthal sludge deposits, the incremental runoff from

the land and the nitrification coefficient.
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Mumme (36) used an interesting concept. He considered
a river as a chemical reactor. The DO content of the water
is compared to either the reactor prbduct or to an excess
reactant to be maximized. In order to control such a reactor,
Mumme employed a mathematical model. The input to the model
is a given biochemical oxygen demand loading while the output,
as predicted by the model, is the DO response. The model is
capable of adapting itself to changing environments. This
assures, the author believes, that the model, at any point
in time, shall provide an acceptably accurate representation
of the actual BOD-DO relationship in a natural stream.

Lee and others (24, 25) applied forecasting techniques
such as quasilinearization and invariant imbedding to the
water quality modeling. Lee and Hwang considered the param-
eter estimation problem as a two point or multipoint boundary
value problem. They used the classical least squares criter-
ion to determine the parameters. Lee, in the other study with
Erickson and Fan, used a.model with axial mixing. By properly
adjusting the axial diffusion coefficient, the authors could
simulate streams, with the help of the model, with any degree
of mixing. The authors employed second order differential
equations to represent a stream system with intermediate
reservoirs, and waste discharges and water intakes along the
stream.

A hydro quality simulation curve was developed by Dixon,

Hewdricks, and Huber (9). This model is a device for studying
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some practical questions that involve some measure of effi-
ciency. Some of the aspects studied by the model are:
l. Pollution minimization by waste treatment.
2. Pollution abatement by flow regulation.
3. Maximization of water use with guality constraints.
4. Maximization of economic efficiency.
5. Development of more comprehensive laws, etc.
The authors believed that these aspects can be studied by
the simulation of altered conditions, sensitivity analysis or
some optimization technique.

Loucks and Lynn (33) were interested in predicting ‘
the probability distribution of minimum dissolved oxygen con-
centrations occurring down stream from a waste water treatment
plant. They assumed that the transition probabilities for
daily stream flows are described by a first-order Markov
process. The authors used four models to achieve the task;
Each of these four models is based upon one of the following
four assumptions respectively.

1. A fixed BOD concentration exists for each daily sewage
flow.

2. A range of possible BOD's exists per flow.

3. BOD's are fixed but sewage and stream flows are serially
and cross correlated.

4. A range of possible BOD's exists but it is fixed and the

sewage and stream flows are serially and cross correlated.
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Many authors have employed interesting systems analysis
techniques in the development and solution of their models.
To mention a few: Novotny and Schmidtova (38) used the har-
monic analysis to analyze the periodic phenomena in a stream;
Bella and Dobbins (1) developed a finite difference method
for the numerical analysis of the BOD-DO profiles; DiToro (8)
employed the method of characteristics to a one-dimensional
continuity model; Francis Hall (17) applied hysteresis-loop
relationship to study the relationship between the dissolved
constituents and the discharge in a stream; Fuller and Tsokos
(14) used time series techniques to non-stationary water
pollution data while Guymon (16) made use of a quasilinear

variation principle in his model.

The Water Quality Prediction Models

A large number of the water quality models are simu-
lation models that employ some mathematical or systems analysis
techniques to simulate a stream or a system or network of
streams for a certain number of water quality parameters.

The review of the literature showed that, generally, these
models are large and require a great amount of input data.
They involve many parameters that must be estimated with pre-
cision for good results. A computer program is employed, in
most cases, to solve the model. Many of these models have

been reported to be expensive in operation.
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For a river basin planning, the planner is generally
faced with essentially inadequate data. His main source of
data is the local or regional government agencies' files.
For the purposes of this study, a model or models were needed
that could help evaluate the water quality of a region.
River basin planning is a regional planning, and this charac-
ter of the planhing is the most important consideration,
coupled with the limitations of time, money, manpower and
data.
In 1971, the Resources for the Future, Inc. published
a study made for them by a group of five authors (47). These
were George Reid, Wesley Eckenfelder; Leale Streebin; Robert
Nelson and Oliver Love. Professor George Reid was the prin-
cipal author of the group. The models developed by them were
viewed to be very suitable for the purposes of thiS'study;
Six categories of pollutants were recognized:
1. Biodegradable: organic oxygen demanding substances such
as sewage and certain types of industrial wastes.
2, Bacterial: infecticns agents; bacteria, viruses, para-
sites, etc.
3. Aggravated eutrophication: plant nutrients, particularly
nitrogen and phosphorus.
4. Conserved: persistent chemicals; brines, certain toxic
metallic ions, and radicactive substances that remain
largely unaffected.by the conventional waste treatments

or natural stream recovery processes.
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5. Thermal: heat from the cooling Water discharges.
6. Sediments: primarily waste suspended solids ihcorporated
in sludges.
Of prime concern to water quality management is the
response of a receiving stream to the waste discharges.
Three stream responses were modeled: (1) biodegradable;
(2) nutritional; and (3) thermal. Persistent chemicals,
sediments and bacteria can be treated as constraints. For

this study, the first two responses are studied.

Development of the Models (47)

Biodegradable Model

The stream assimilative capacity can be represented

in a differential form by

dD _ _ -
aE = leu k2D (I1I-51)
where D = oxygen deficiency, mg/L
L, = oxygen demand, mg/L (u refers to ultimate value)

kl = decomposition reaction coefficient, to base e
k2 = reaeration reaction coefficient, to base e
t = time, days

For a steady state situation where dD/dt = 0,
leu = kzD (I1I1I-52)
The rate of oxygen supply in mg/L per day can be expressed as

mg/L of O,/day = 2.3 k, D (III1-53)
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where k2 is reaeration coefficient to the base 10. If Q is
the streamflow in million galloﬁs per day, then

lbs O2 = 2.3 k2 ° D= (8.3) Q (III-54)

Of more importance than a discrete flow measurement
is the volume of water effectively operative in the reoxygena-
tion process. This volume can be visualized as a pyramid
with its peak representing the source of the stream, and
having a height equal to the average stream length (%) in
miles. The base equals the terminal flow of thé stream (Qt)
expressed in million gallons per day divided by the velocity
(v) expressed in miles per day. Thus the Equation III-54

appears as

All streams, in general, are composed of a main stem
and one or more discrete contributing tributaries. For each
basin the terminal flow is influenced by the number of reoxy-
genation volumes, represented by n, which is a multiplier
for long systems to account for the fact that the same water
may purify more than one waste discharge. The number of
reoxygenation volumes or the effect of branching on aeration

capacity can be represented by

+ 2= 1 (III-56)

)
n
|
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where R = reach of the main stem
x = the number of discrete tributaries
Thus, a stream's capability for natural regeneration may be

expressed as

Q. 2
o— . t
1bs of Oz/day = 2.3 kzD g0 (III-57)

It is obviously more efficient to put in a given load
in many small dosSes rather than one big dose; hence an adjust-
ment needs to be made to represent the regenerative capacity
of the receiving water in terms of the way the waste load is
imposed. A relative effectiveness coefficient (g) can be
used to represent this adjustment. Thus,

v DL 8.3 X 2.3 ' _
the velocity V is, now, in miles per hour. ¢ is defined to
be less than or equal to one. ¢ is a function of tr and k2

where, essentially, t_ is the time for the sag curve to recover

r

to its original position. Hahn and Reid have developed the

following expression for t.

o (x + 1) 1 _
ty = —7av X T¥F of metropolitan areas) (111-59)

The following figure shows the relationship of e to tr‘and'

k2'
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Figure III-1l. Efficiency Term-Ratio of Pcint Loading
to Uniform Loading.

If k, varies between 0.1 and 0.4, an analytical equation is

given for € as,

_ L 3/2
t ok,

€ =1~ Z (I1I-60)
10

If a population equivalent (p.e.) of 0.25 # BOD/day
can be assumed, then Equation III-58 can be expressed, through

manipulations, as

0 PE 250000 x 24 x 3

; = [ 1
point load L 8.3 x 2.3
kzDvne

(III-61)

where PE is population equivalents in millions.
The total required terminal flow is obtained by taking
a weighted average of the flows required for point loads and

those for uniform loads. Because point loading occurs primarily
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in metropeclitan areas and uniform loading‘occurs in non-
metfopolitan areas, the weights used are the fraction of the
region's population residing in the metropolitan areas (Y)

and the fraction not residing in such areas (1-Y¥). Thus,

0, = ¥ [—EE;1 942,900 + (1~v) [-2E—] 942,900
Dkang Pkong (I1I-62)
or
0, = [+ (1-1)1 —E£- (942,900) (III-63)
Dkzn‘—,-

The DO deficit is expressed as the saturation level

(cs) minus the required quality standard for dissolved oxygen

(RQSDO); i.e.,

D = (cs - RQSDO) (I11~-64)

If PP is the fraction of the wastes discharged to streams

after the waste treatment, and Qt is the terminal flow of a

stream basin and PE is the population of the basin in millions,

then
Y PE « PP - 942,900
Q. = [= + (1-Y)] - . 2 (I1II-65)
t € (cs RQSDO) k2 _g._

Nutritional Model

The model is developed for phosphorus. A similar

approach can be used for nitrogen.

The flow required for phosphorus at an acceptable

RQSp level is
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_ 1lbs phos/da
Qp = —ﬁsijmr—x (I11I~-66)

where Qp = flow required for phosphorus assimilation, mgd
RQSp = acceptable phosphorus level, mg/L

The total phosphorus is arrived at indirectly from the amount

of BOD. Raw sewage is assumed to have a BOD/P ratio of 27/1

at a per capita contribution of 0.25 lbs of BOD. On this

basis, the per capita contribution of phosphorus is

0.25 x 2 = 0.009 1lbs/day

The phosphorus of interest is the amount remaining after
treatment. This amount in terms of population in millions

(Pop) would be
1bs of phos/day = [(1 - TLp)0.009(106)](Pop) (III-67)

where TLp is phosphorus removal level. Some of this phos-
phorus is consumed in the biodegradation process, and this
amount is related to the BOD available. By assuming a BOD to
phosphorus combining ratio of 100/1, the amount of phosphorus

consumed is

0.25(1 - TLL)
lbs phos consumed/day = (Pop) (III-68)
100

where TLL is the BOD removal level.
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Subtracting Equation III-68 from Equation III-67 gives

the excessive phosphorus to be assimilated.

0.25(1-TLL) 6
Excessive phos = (Pop)[(l—TLp)0.00Q - 100 110

(ITI-69)
Substituting the Equation III-69 into Equation III-66
gives the required flow.
(Pop)(0.009)(106)

0 = [(1-TL_)=-0.27 (1-TL.)] (z)  (III-70)
P 8.3(RQS ) P L

z is defined to be the relative portion of the stream im-
pounded. 2z is calculated by the ratio of the number of days
of retention now to the number of days of retention possible
when the flow is regulated to median flow.

The model is developed using nutritional ratios for
domestic waste. A scale factor is necessary so that it may
also be used for industrial wastes. The scale factor (Fp) is
the BOD/P ratio for the industrial waste in question divided
by the BOD/P ratio for municipal waste. The final form for
the accelerated eutrophication or the phosphorus model is

z (Pop)
Q, = ?;T§6§;T [(l—TLp)-O.Z?(l-TLL)11080(TLL) (III-71)

The nitrogen model is developed on the similar lines as

z (Pop)
Qg = P TROSY [(1-TLg)-1.44(1~TL ) 13250 (TL,) (I1I-72)
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In the nitrogen model, the raw sewage was assumed to have a
BOD/N ratio of 27/3 and BOD to nitrogen combining ratio in the

effluents of approximately 100/17.



CHAPTER 1V
WASTE WATER TREATMENT COST ANALYSIS

Waste Water Treatment

Liquid wastes generated from the industrial and
municipal sources are ultimately disposed of by discharging
them into watercourses or on or beneath the surface of the
ground. Disposal into streams is most common and is sometimes
called the "dilution of wastes." Disposal on land is not
cormmon. Disposal beneath the ground, however, is increasing.
This method of disposal is generally called ground water
recharge.

Disposal of sewage by dilution includes the discharge
of a raw waste or an effluent from a treatment plant into a
stream or some other waterbody with a sufficient flow to
assimilate the wastes properly. The degree of dilution
required depends on the volume and strength of the waste and
the required water quality in the receiving water. Often, in
the past, untreated sewage was dumped into large streams. The
amount of dilution required was estimated by the "judgement"
of the people in charge. If the flow in the stream was not
enough to provide adequate dilution, the sewage was treated

to remove some of the putrescible matter in the waste.
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Unit Operations and Processes

As mentioned earlier in the paper, four types of waste
treatment are available, viz. preliminary treatment, primary
treatment, secondary treatment, and tertiary or advanced
treatment. They indicate the level of waste removal from an
influent to a waste treatment plant. Various unit operations
and processes are used to treat wastes. The following para-
graphs briefly discuss the most common unit operations and
processes employed by waste treatment plants. A waste treat-
ment plant would, generally, employ one or more of these opera-
tions and processes.

In the coarse screening operation, the screens remove
the larger particles floating or suspended in the wastes.

The screens are cleaned mechanically. Comminutors and bar-
minutors are used extensively in the grinding operation to
grind the larger particles without first removing them from the
wvastes. Grit chambers are included in a treatment plant when
significant quantities of sand or other inert matter are

found in suSpension in the wastes. Grit chambers remove the
sand while the organic materials continue through the plant.

Preaeration of raw sewage is sometimes very practical
to improve the removal of suspended solids in subsequent
primary treatment units. Preaeration greatly increases the
settling rate of the suspended solids. Preaeration is most
useful when a strong sewage is to be treated and the grit

removal is required.
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Primary treatment of wastes involves the use of flo-
tation and sedimentation processes. Inorganic or organic
coagulants are used in the coagulation process to accelerate
the settling. Adequately designed units would generally
remove through these processes about 98 to 99 percernt of
settleable solids, 60 to 80 percent of the suspended solids
and about 30 to 50 percent of oxygen demanding materials.

The waste, after the primary treatment, still con-
tains about 20 to 40 percent of the original amount of the
suspended solids and about 50 to 70 percent of the original
oxygen—demanding materials. If the primary treatment is not
sufficient, the wastes are subjected to the secondary treat-
ment. The most common secondary treatment processes are the
trickling filter and the activated sludge processes. Both
processes are biological in nature and depend upon the avail-
ability of atmospheric oxygen and the suitable growth of
microorganisms. Secondary treatment processes can be designed
to provide overall plant removals of 90 to 95 percent of the
suspended solids and the organic materials.

Some substances are resistant to the most modern con-
ventional water and waste treatment processes. In such
circumstances, advanced or tertiary treatment processes are
employed. These processes are any physical or chemical pro-~
cesses that can separate a soluble material from a solvent.

The common processes for advanced treatment include:



1.
2.
3.
4.
5.
6.
7.
8.
9.
10.

79
Adsorption.
Electrodialysis.
Emulsion separation.
Evaporation.
Extraction.
Foaming.
Freezing.
Hydration.
Ion exchange.

Chemical or electrochemical cxidation.

Such processes seek to remove a specific substance completely

or to remove suspended solids and organic matter to a level

of 99.9 percent or more.

Treatment Efficiencies (20)

For interim planning of a river basin, Environmental

Protection Agency recommended the following treatment levels:

1.

Marginal secondary: Conventional secondary treatment
system which is overloaded, upset periodically or poorly
operated.

High rate biological: Conventional secondary treatment
system with proper operation.

Secondary with nitrification: Biological treatment for

the removal of carbon and for nitrification. -
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4. Advanced: Biological or physical-chemical treatment for
the removal of carbon, nitrogen, and phosphorus. Filtra-
tion and the activated carbon treatment of an effluent.
5. Ultimate: Technology not yet applied to meet this re-
guirement on a sustained basis.
The following table adopted from Reference 20 gives

the removal efficiencies of the treatment levels described

above.
TABLE IV-l
ESTIMATED EFFICIENCIES OF WASTE REMOVAL
FOR VARIOUS TREATMENT LEVELS
Percent Removal Fraction
Treatment Level of UOD
c* N+ P N Remaining
£
1. Marginal Secondary 70 10 20 10 0.56
2. High Rate Biological 85 20 20 20 0.44
3. Secondary with
Nitrification 90 85 20 20 0.12
4, Advanced 95 95 85 95 0.05
5. Ultimate 99 99 90 99 0.01

C* = carbonaceous BOD; N+ = oxidizable nitrogen;
P = total phosphorus; N = total nitrogen; UOD = ultimate
oxygen demand.
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Review of Waste Water Treatment Cost Models

A number of studies have been directed toward describ-
ing the cost of municipal waste treatment. The cost is usually
expressed as a function of the design flow through the plant
or the design population, and the expected level of waste
removal efficiency. Recognizing the need for cost data, the
U.S. Public Health Service began a study of the construction
costs of sewage treatment facilities. Howells and Dubois
(19) made the first of such studies. They based their study
on the analysis of twenty small secondary sewage treatment
plants in the upper midwest. The authors considered such
costs as construction, operation and maintenance costs. The
costs of land, engineering, administrative and legal services
were not included in the analysis. The design population of
the plants studied ranged from a mere 600 to 12,500. The
authors analyzed the data for the following treatment plant
units and processes:

1. Primary sedimentation.
2. Activated sludge.
3. Trickling filter.
4. Secondary sedimentation.
5. Sludge digestion.
6. Sludge drying beds.
In 1960, the U.S. Public Health Service authorized

another study (44) to update the previous studies made by the
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U.S.P.H.S. The study evaluated the cost data for six specific
types of treatment:
1. Imhoff tank.
2. Conventional primary treatment with separate sludge

digestion.
3. Activated sludge.
4. Trickling filter with separate sludge digestion.
5. Trickling filter with Imhoff type treatment.
6. Stabilization ponds.
All cost data were converted into 1913 dollars using the
Engineering News Record - Cost Index. In 1964, the U.S.P.H.S.
conducted yet another study (43). This study summarized the
cost of 1,504 sewage treatment projects constructed under the
Federal Government's Construction Grants program. A series of
curves were developed relating the capital construction cost
of the primary and secondary waste treatment plants to the
populations served by the plants, the design flows of the
plants, and the design population equivalents.

Clarence Velz (63) made a study of the costs of the
treatment plants. He obtained his data from the literature
and the questionnaires he sent out. The objective of the study
was to relate the construction cost of a plant per million
gallon a day of flow (cost/MGD) to the size of the plant in
terms of its flow, mgd. To estimate the total cost of a plant,

the author assumed that the bid price on the construction
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cost was about 80 to 85 percent of the total cost, excluding
the costs of land, engineering and legal fees.
The author referred all plant costs to the year 1926
as the base year of construction, adjusting with the help of
the Engineering News Record - Cost Index (ENR-C Index). The

author developed the following model.

b

Y = axX (IV-1)

where Y cost of a plant per MGD of flow

X

size of the plant in terms of MGD of flow
a,b = constants

Diachishin (7) attempted to refine and update the work of
Velz. He analyzed the cost data from 154 plants. The author
succeeded in developing separate models for primary treatment
plants and secondary treatment plants. Diachishin preferred
the year 1913 as the base year of construction rather than
the year 1926 as used by Velz. The construction costs were
adjusted by means of the ENR-C Index.

A study of 291 projects built in Illinois between
1957 and 1968 was made by Butts and Evans (5) for the Illinois
State Water Survey, in 1970. The authors-employed the tech-
niques of least squares regression analysis to relate the de-
sign population equivalent to the construction cost. The
authors developed the Federal Water Pollution Control Agency's

Construction Cost Index (FWPCA-C Index).
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The model for estimating the construction, operation

and land costs of a plant was expressed as

(Iv-2)

]

where c construction, operation and land costs

k = regression constant

P = sewage treatment plant capacity in terms of aver-
age annual load treated

n = constant

Future expansion of a plant was accounted by the model

(Iv-3)

cost of new addition

where c

k = regression constant

fa]
il

capacity of the proposed addition in terms of
average annual load to be treated
S = capacity of the existing plant

constants

il

n,m
Wollman (65) was the first author to use a multiple
regression model to estimate the operation and maintenance
costs of a plant. The model was formulated as

Y = bo + blx1 + b2x2 + b3x3 (1IV-4)

where Y = the annual operation and maintenance cost per daily

population equivalent (PE)
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o
]

1 treatment level in percent of BOD removal

>
]

2 percent of total waste that is industrial

Xy = population served by the sewage system,

bo'bl'
b2,b3 = regression coefficients

Application of the systems analysis techniques to the
preliminary design of a waste treatment plant was made by
Logan and others (30). The cost data for analysis were ob-
tained by visiting the plants. Models were developed for
estimating the cost per MGD of the plant as a function of the
design capacity of the plant in MGD. The unit processes of
the following treatment plants were studied:

l. Primary treatment plants.

2. High rate trickling filter plants.

3. Standard rate trickling filter plants.

4., Activated sludge treatment plants.

The authors found many inconsistencies in the field data.
Therefore, their analysis was based on a series of theoretical
designs under ideal conditions.

Park (42) approached the problem of estimating the
construction cost of a plant by considering both the hydraulic
loadings and the biological loadings of the plaht. The author
assumed that the primary treatment plant costs can be repre-
sented by the capacity of the plant in terms of its hydraulic

loading, since the hydraulic loading is an important parameter
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for a primary treatment plant design. However, the secondary
treatment plant costs can best be represented by the capacity
of the plant in terms of its organic loading. To convert
the unit cost per capita to the unit cost per 1lb of BOD, ihe
author assumed 0.2 1lb of 5 day BOD per person per day. Simi-
larly, to convert the unit construction cost of a primary
treatment plant to the unit cost per MGD, he assumed 100
gallons per capita per day of waste flow.

Thoman and Jenkins (57) realized the regional differ-
ences in the costs of construction of the sewage treatment
plants. To account for these differences in the costs, the
authors partitioned the U.S. into twenty regions on a county
line basis. Each of the regions corresponded to one of the
twenty cities used in obtaining the U.S. Average Engineering
News Records - Cost Index. They referred the costs to the year
1913 as the base year. Three models were developed for esti-
mating the construction costs of |
1. Primary treatment plants.

2. Secondary treatment plants.
3. Stabilization ponds.
The main variable in the models is the design population.

Limited data is available on construction costs of
industrial waste treatment plants. An effort was made by
Eckenfelder (12) to assess the construction and operation
costs of several types of industrial waste treatment plants.
The author could not develop any model; however, he presented

graphs for estimating the construction costs.
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The costs of treating industrial wastes are subject to
a much greater variability than the municipal wastes. This
is due to the fact that an industry has a great number of
options at its disposal. These options range from different
product mix to better in-plant waste control and specialized

treatment techniques.

Treatment Plant Construction Cost Models

Many studies have been made tc date to estimate the
construction costs of treatment plants. These studies vary
widely in formats. The models presented also vary in form
and methodology. In 1970, Kanti Shah and George Reid made a
study (48) to develop models for estimating the construction
costs of waste treatment plants. These models were viewed to
be most suitable for use in this‘study for the'following
reasons:

1. A large number of studies relate to a pérticular region
and cannot account for the regional differences in the
costs. The Shah and Reid models account for the regional
differences by studying the whole U.S. into twenty regions.

2.* The cost index used by the Shah-Reid models is the Federal
Water Pollution Control Agency Séwage Treatment Plant
Construction Cost Index (WPC-STP Index) which is based on
information peculiar to wastewater treatment plant con-
struction. Its usefulness for evaluating the construction
costs of waste treatment plants is much greater than the

ENR-C Index which has been used by many other authors.
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3. Most authors have estimated unit construction costs in
terms of population or the flow. The Shah-~Reid models
use population equivalent (PE) and the design flow as the
variables. These variables, together, represent the size
of a plant better than the population or the flow by
itself.

4, Separate model is available for each type of treatment

plant.

Development of the Models (48)

The unit costs of primary treatment plants can be
related to the hydraulic loadings of the plants while the unit
costs of the secondary treatment plants are related to the
hydraulic and organic loadings of the plants. Population
equivalent is a good measure of the organic loading of a plant.
Four variables were studied to predict the costs of a plant.
They are:

1. PE - population equivalent.
2. Flow - MGD.
3. BOD of the influent, mg/L.
4, Efficiency of BOD removal.
The cost was evaluated in terms of:
1. 1957-59 dollars per design PE.
2, 1957-59 dollars per MGD of design flow.
Five types of waste treatment plants were modeled.

They are:
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1. Primary treatment plant.
2. Waste stabilization ponds.
3. Standard rate trickling filter.
4. High rate trickling filter.
5. Activated sludge.
To account for the possible regional differences in the con-
struction costs of these plants, the authors considered the
U.S. divided into twenty different regions on a county line
basis. Each region corresponded to one of the twenty cities
used in obtaining the U.S. Average ENR-C Index. However, for
adjusting the cost data of treatment plants obtained from
various parts of the country to a common base, the WPC-STP
Index was used because it is based on information peculiar to
wastewater treatment plant construction. Its usefulness for
evaluating the construction costs of waste treatment plants
is much greater than the ENR-C Index.

The general form of the model was
Y = Bo + lel + 32x2 + B3x3 + B4X4 + e (IV-5)

where Y = construction cost of a plant in 1957-59 dollars
per design MGD or per design PE

X, = design PE

>
i

design flow in MGD
X, = design BOD influent in mg/L

Xy = BOD removal efficiency.
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It was felt that in some situation, the linear model may not
be able to represent the cost of a waste treatment plant.
Therefore, along with the linear form, following non-linear

forms of the model were tested.

In ¥ = bo + blxl + bzxz + b3x3 + b4x4 (IV-6)
l - +b, InX, +b, InX,+b, In X
InyY (o) 1 1 2 2 3 3
InyY = bo + bl Ln Xl + b2 Ln X2 + b3 Ln X3
+ b4 Ln X4 (IV-8)
1 _
7= bo + lel + b2X2 + b3X3 + b4x4 (IV-9)

The sample size of the data analyzed was 563. The
_sample size for each type of plant modeled was as follows:
1. Primary municipal =~ 102.

2. Stabilization ponds -~ 157.

3. Standard rate trickling filter - 67.

4., High rate trickling filter - 122.

5. Activated sludge - 115.

A modified stepwise regression procedure was used to analyze
the data. Dummy variables were used to quantify different

types of secondary plants.
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The variables, X3 and X4, the influent BOD and the BOD
removal efficiency, were found to be "not significant" statis-
tically, in the estimation of the construction costs of the
waste treatment plants studied. The models developed are:

1. Primary treatment plants:

In Y" = 12.42 + 0.3852 Xy (Iv-10)

where Y" is the construction cost per design MGD, in
1957-59 dollars.
2. Waste stabilization ponds:

= 0,1291 - 0.0044 In X, + 0.0073 In X, (Iv-11)

In Y" 1

0.0511 + 0.0001 X, - 0.0640 X, (Iv-12)

-

1

where Y' is the construction cost per design PE in 1957-
59 dollars.

3. Standard rate trickling filter:

In ¥Y" = 7.90 + 0.5007 Ln X, - 0.956¢ Ln X (Iv-13)

1 2

4. High rate trickling filter:

In ¥Y" 9.39 + 0.3557 Ln X

In Y' 9.39 - 0.6443 In X, + 0.3557 In X (IV-15)

1 2
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5. Activated sludge treatment plants:

In YY"

8.53 + 0.4610 ILn X - 0.7375 In X, (Iv-16)

In Y'

8.53 - 0.5389 Ln X, + 0.2634 Ln X, (IvV-17)

1

Limited data were available to the authors on indus-
trial waste treatment plants for treating petroleum, chemical,
or pulp and paper wastes. Due to this limitation, the authors
could not compute a regression equation with precision. A
total sample of 25 primary treatment plants and 26 secondary
treatment plants was available. The models based upon this

sample were developed as primary treatment plants:

Ln Y; = 12,93509 - 0.09734 In X, - 2.09333 Dy

- 0.22875 D, (1v-18)

as secondary treatment plants:

+ 0.20309 In X4

Ln Y; = 11.99740 - 0.54917 In X,
- 0.10770 D; - 0.10804 D,  (Iv-19)
where Yp" = construction cost per design MGD of primary
industrial waste treatment plants in 1957-59
dollars
Ys“ = construction cost per design MGD of secondary

industrial waste treatment plants in 1957-59

dollars
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design flow in MGD

design influent BOD in mg/L

0, D2

0 for petroleum wastes

0 for pulp and paper wastes

= 1 for chemical wastes.



CHAPTER V
OPTIMAL WATER QUALITY MANAGEMENT MODEL

Is water pollution control worth what it costs? The
answer to this question has not been given completely, but
there is a great amount of concern émong the general public
and the federal and local governments to control water pollu-
tion in spite of the costs involved. State and regional
water quality management agencies are charged with the respon-
sibility of preserving and improving the quality of waters
under their jurisdiction. A water pollution control program
undertaken by an agency should be legally equitable, tech-
nically feasible and economically efficient.

In the water quality management planning of a river
basin, the planners are faced with the main task of determin-
ing and allocating the waste assimilative capacities of the
streams in the river basin among the waste dischargers who
dispose of their liquid wastes by diluting them in the stream
waters. Determination of waste assimilative capacity of a
stream has been described previously. Allocation of the waste
assimilative capacities of the streams among the waste dis-
chargers involves determining the amount of wastes that each
discharger can release into the stream water for dilution and

94
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disposal without violating the water quality standards of the
stream. In most cases, a discharger would be required to treat
his wastes before disposing them. The planners will have to
determine the levels of treatment for the waste dischargers
such that the water quality objectives of the river basin
plans are met. This planning process is sometimes called the
"allocation of waste loads." The aim of the planners is the
"optimal" allocation bf the waste loads which is a system of
allocating the waste loads to the waste dischargers at a
total minimum cost to the river basin. The cost incurred to
an individual discharger varies with the method of allocation
used. Planners in the past have generally used three methods
of allocation of waste loads. They are:

1. Uniform treatment method.

2. Cost minimization method.

3. Zoned treatment method.

The uniform treatment method: The uniform treatment
method requires each discharger to treat his wastes to the
same level before discharging them to the river waters. This
is a commonly used method in the present water guality manage-
ment programs. The most important advantage of this method
is the ease of administration of the program. However, this
advantage is outweighed by the disadvantages of being econo-
mically inefficient and inequitable. The assimilative
capacity of the stream waters is not fully utilized because

discharges at non-critical points are required to treat the
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wastes to the same level as the ones at critical points. Such
an inefficient use of the streams' capacity is expensivel
Also, under such a program, no consideration is given to the
differences in the costs of waste treatment even though each
source of waste is required to treat the wastes to the same
level.

Cost minimization method: Under this method, treat-
ment levels for dischargers are determined in such a manner
that the overall cost to the river basin for the treatment
of wastes is minimized while maintaining a desired quality of
water in the river basin. Under this program, no unnecessary
treatment is required at a source. This method is equitable
in the sense that a source does not have to increase the
level of treatment of its wastes if the discharge of the
wastes do not lower the gquality of the water in the stream.
However, this method can be inequitable. Suppose that two
waste treatment plants are located close to each other along
a river and that both are discharging essentially the same
type of wastes. The marginal effects of the wastes on the
river system can be expected to be almost same. Now, if the
treatment costs at one plant are lower than those at the
other, the plant with the lower treatment cost would be
required, under this plan, to treat its wastes to a higher
degree of removal than the other plant. In some situations,
the plant with a higher cost of waste treatment may not be
. required to treat its wastes. Because of the unequal cost

burdens, this method is difficult to implement.
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Zoned treatment method: This method is a compromise
between the uniform treatment method and the cost minimiza-
tion method. A river basin is divided into a number of zones.
Dischargers in a zone are required to treat their wastes to
the same level of treatment. The level of treatment for each
zone is determined in such a manner that the overall cost to
the river basin is minimized, while maintaining the desired
quality of water in the river basin. If only one zone is
established, then the method reduces to the uniform treatment
method. If zones are established for each source, the method
reduces to the cost minimization method.

This method is équitable in that waste sources located
near one another are treated similarly. There are no rigid
criteria for establishing the zones. Zones can be established
on a categorical basis instead of a geographical basis.

Under such a zoning method, all the plants under one category
treat their wastes to the same level. For example, all paper
mills can be placed in one category while all municipal plants
can be placed in another category and so on. The planners
should form zones based upon the needs of the water quality
management of the river basin.

This method has the advantage of being almost as easy
to administer as the uniform treatment method. Also, the
requirement of same level of treatment for sources located in
the same zone leads to a more equitable allocation of waste

loads.
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The objective of an optimal water quality management
program allocating waste loads to the dischargers is either
to maximize the benefits of or to minimize the costs of water
pollution control program. There are numerous difficulties
associated with the measurements of benefits of a water
quality improvement program. The social and political factors
involved are not guantifiable, nor are they fully comprehens-
ible. However, the engineering estimates of the costs to
achieve various levels of water quality control can generally
be made with a fair degree of accuracy (56). The optimality
criterion is then to determine the degree of waste removal at
various waste sources so as to attain a specific level of
dissolved oxygen in a river basin for a minimum amount of
regional expenditure. Dissolved oxygen is used as an indica-
tor of water quality when non-conservative parameters such as
BOD, nutrients, etc., are considered.

A water quality management plan has to work within
certain constraints that determine the alternatives available
to implement it. In systems terminology, the constraints
determine the boundaries of the system of technical ﬁanage—
ment measures adopted by the planners. These constraints are
discussed below.

1. The general public has come to a stage of awareness about
the potential hazards of various kinds of pollution to
the environment that it is inconceivable to permit a

source of liquid wastes to discharge the wastes to a
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stream or any other waterbody without any prior treatment
of the wastes. Also; to preserve the quality of waters,
no waste discharger should be permitted to lower the
level of treatment presently employed by him. Many
authors have advanced the requirement of at least a primary
treatment of liquid wastes prior to discharge in a water-
body. Therefore, a river basin planning authority can
formulate a constraint of requiring a source of wastes to
treat its wastes to a level which is greater than the
primary treatment level and is equal to or greater than
the present level of waste treatment at the source.
The presence of fecal coliform bacteria generally indi-
cates fresh and possibly dangerous pollution. An analysis
for total coliforms would indicate the presence of feces
of human and warm-blooded animals, and coliforms associ-
ated with vegetation, soils, sewage, storm water drainage,
surface water runoff and others. The parameter of the
bacterial pollution is a coliform most probable number
(MPN) or a bacterial count per 100 ml of sample. The
Oklahoma's water quality standards (40) state:

Bacteria: In areas designated as Gj (recreation,

primary body contact) or A (public and private water

supply), bacteria of the fecal coliform group shall

not exceed a monthly geometric mean of 200/100 ml,...

In areas designated Gy (secondary body contact)
bacteria of the fecal coliform group shall not
exceed a monthly geometric mean of 1000/100 ml...

Besides fecal coliform bacteria, many other bacteria

and microorganisms such as viruses may be present in stream
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- water. A water pollution control program should include

measures to control the number of such microorganisms
below a safe limit. The Oklahoma Water Quality Standards
do not mention such microorganisms. The best constraint
would be that no viruses or other pathogenic bacteria be
discharged to a stream.
Toxic substances are a group of substances that are poten-
tially very harmful to aquatic life even in small quanti-
ties. The Oklahoma Water Quality Standards state:
Toxic substances: Toxic substances shall not be

present in such quantities as to cause the waters

to be toxic to human, animal, plant or aquatic life,

nor detrimental to any beneficial use including

continued ingestion by livestock or continued use

for irrigation...

Much work has been done in the area of toxic limits
of various elements; however, no universally accepted
standards exist. Environmental Protection Agency has
adopted a list of standards for toxic substances (60).
The Oklahoma Standards state:

... [Tlhe toxic limit shall not exceed one tenth of

the 96 hour median tolerance limit for the most

sensitive species common tc the stream. In the
absence of information on the most sensitive species,
the concentration shall not exceed one tenth of the

96 hour median tolerance limit to Pimephales promelas

(Fathead Minnow) and/or Lepomis Macrochirus (Blue
Gill).

About synergistic effects,

...The following materials may have synergistic
effects: ammonia, cadmium, hexavalent chromium,
trivalent chromium, copper, cyanide, lead, mercury,
nickel, selenium, silver, and zinc. These substances
shall not be present in sufficient concentration to
allow the cumulative relationship value to exceed the
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numerical value of one. The cumulative relationship
value (CRV) is defined as

C (o] C
CRV=i-a‘-+-ﬁ-t3-+...+il‘-
a n

o

where C_, Ci s oo, cn are the measured concentrations
in the “streams and "'L_, Lhr -+, Ly are respective
maximum permissible concentrations if each constiuent
were present alone.
Stream standards and effluent standards are an important
part of the water quality management of a river basin.
Stream standards are based on a system of stream classi-
fication based upon the intended use of the water. Most
stream standards relate to fecal coliform, pH, dissolved
oxygen, phenolic compounds, and temperature. Effluents
standards are used either to restrict the amount of pollu~
tants discharged into a surface waterbody or to specify
the degree of treatment required before discharge. In-
stream standards and effluent standards are used as con-
straints in the water gquality management programs.
Dissolved oxygen concentration is one of the most
important parameters of water quality. The Oklahoma
Standards state:
Dissolved Oxygen: The dissolved oxygen concentration
shall not be less than 5 mg/L for all warm waters,
and 6 mg/L for those waters designated as small-mouth
bass or trout fisheries. ... The dissolved oxygen
shall not be less than 2 mg/L within the mixing zone.
... The dissolved oxygen content of a return flow
stream shall not be less than 2 mg/L.

For minerals like chlorides, sulfates and total dis-

solved solids, the Oklahoma Standards state:
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Minerals: For chlorides, sulfates and total dissolved
solids the arithmetic mean of the concentrations of
the samples taken for a year at any point shall not
exceed one standard deviation greater than the arith-
metic mean of the historical data generated at that
point. Not more than one in twenty samples randomly
collected shall exceed two standard deviations

greater than the arithmetic mean of the historical
data generated at that point.

The stream standards are most important in a waste load
allocation program. The effluent standards should be
treated as upper-limit constraints. Industrial waste dis-
charges are guided by the interim guidelines set by the

Environmental Protection Agency's Office of Permit Programs

(61).

Water Quality Management Modeling

Linear and non-linear programming techniques have been

used to formulate the water quality management models. Some

authors have also used the dynamic programming, integer pro-

gramming or some stochastic techniques to obtain "optimal”

solutions of their models. A water quality management model

generally consists of one or more submodels or components to

analyze the following aspects of a river basin planning

1.
2.
3.
4.

Water quality analysis.

Economic-cost analysis.

Hydrology and other basin characteristics.
Optimality-~constraints, solutions, etc.

Under the water quality modeling, many water quality

management models have been reviewed mainly from the water
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guality modeling standpoint. These models will not be
reviewed here again; instead, a very recent study will bé
reviewed. This study is a typical representative of the
recent trends and efforts in the field of water quality

management modeling.

Study of a Water Quality Management Model

Figure V-1 is a schematic diagram of the regional
residuals management model developed by Spofford, Russell

and Kelly (52). This model is deterministic and steady state.

Only one season is considered for study at a time. The

management model, as previously developed by Spofford (51),

has three major components:

1. A linear programming industry model that relates the in-
puts and outputs of various production processes and
consumption activities at specified locations within a
region. This model also considers the amounts and types
of residuals generated by the production of each product,
the costs of transforming these residuals from one form
to another, the costs of transporting thase residuals
from one place to another within the region, and the cost
of any final discharge-related activity such as landfill
operations.

2. Physical, chemical, and biological models of the natural
world. These are referred to as the "environmental

models."
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Figure V-2. SCHEMATIC DIAGRAM OF THE R{EGIONAL RESIDUALS MANAGEMENT MODEL (52).
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3. Environmental evaluation section: The ambient concentra-
tions of residuals and population sizes of species which
are predicted by the environmental models, are either
translated into damages or are compared to ambient quality
standards.

This management model is static from an economic point
of view. The model includes two management alternatives:

(1) No treatment, and (2) On-~site treatment. The model,

however, does not consider the alternatives such as low flow

augmentation, instream aeration, and regional sewage treatment.

The model has a non-linear simulation sub-model of the natural

world within its optimization framework.

The optimization technique used by the authors is a
form of the gradient search method of non-linear programming
and involves iterating through the system of three sub-models,
namely residuals generation and discharge sub-model, environ-
mental sub-model; and environmental evaluation sub-model.

The iterative process as described by the authors is useful

in understanding the working of the model.

At iteration k, the generation and discharge sub-
model, which is structured as a linear programming
problem, is solved using a set of effluent charges
which is based on the state of the natural world on
the (k-1)th iteration. The resulting discharges are
passed to the environmental sub-models which transform
them into information on ambient concentrations and
species populations. These data on the resulting state
of the natural world are then compared to exogenously
specified standards of environmental quality. Penalty
functions ‘are used to reflect the solution's failure
in meeting these standards, marginal penalties associ-

ated with each discharge of each type of residual are
computed and returned to the generation and discharge
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model as prices on residuals discharges for the (k+1)St
iteration. When all the constraints are met (within some
predetermined tolerance) and no further improvement in
the objective function is possible, successive sets of
both discharges and effluent charges will be the same,
and the algorithm has found an optimum.

The authors admit that the major problem in handling
the model is its size as related both to round-off error in
matrix inversion and to computer time required for solution.

The non-linear sub-~model of the aquatic ecosystem is
capable of including as endogenous variables the sizes of
species populations and the concentrations of certain mate-
rials. The approach to modeling the ecosystem is based on
the principle of mass continuity. The components of the
ecosystem are grouped in classes or "compartments" according
to their function; each class is represented in the model by
an endogenous, or state, variable. Eleven endogenous vari-
ables are designated for the model, namely nitrogen, phos-
phorus, turbidity (suspended solids), organic material, algae,
bacteria, fish, zooplankton, dissolved oxygen, toxics, and
heat (temperature). The exogenous variables are: turn-over
rate (or advective flow), and the inputs of the eleven abové—
mentioned variables., The material flows among the compart-
ments within a given reach of a river are shown in the Figure
V-2. The outputs of the model are densities of fish biomass,
algal densities, and the dissolved oxygen levels.

The mathematical description of material transfers

among the compartments is based on empirical formulations,

each compartment requiring a separate differential equation -



Notation:

N = nitrogen B = bacteria L = organic matter
P = phosphorus H = zooplankton 0 = oxygen
A = 3glgae F = fish

Not.e: The three remaining endogenous variables, heat (temperature), toxics, and suspended
solids, are assumed to affect the rates of material transfers among these compartments.

v
Y

Figure V-2, Diagrem of materials flows among compartments within & single reach. (52)

LOT
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to describe mass continuity. A steady state solution and an
environmental response matrix of the differential equation
set are required. The authors suggest two ways to obtain
steady state solutions: (1) the simultaneous simulation of
a non-linear differential equation set, and (2) the simultane~
ous solution of a set of non-linear algebraic equations.
Neither of these, however, guarantees a stable point equilii-
brium. Even when a steady state solution can be found, an
additional problem is that there may be more than one stable
point equilibrium. The problem with obtaining a response
matrix is the computations involved in obtaining the inverses
of.the matrices for each state of the natural world. Thus,
it becomes a problem of the computer time.

The authors admit that the non-linear representations
of the ecosystem increase the complexity and the costs, but
they feel that the non-linear representation adds to the

"realism and the predictive capability of the model.

The Water Quality Management Model

" The model developed by Spofford, Russell and Kelly is
an elaborate model. As a matter of fact, a majority of the
available water quality models are elaborate. They are large,
require a large amount of data and are expensive to operate
in terms of computer time and man time. The needs of the
river basin p;anning, however, dictate the use of a model that

is capable of working with essentially inadequate data with a
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minimum of cost. Such a model would not be mathematically
exact in the sense that model would be a simplification of
the natural world. The equations will be rather empirical in
nature, instead of being the exact relationships of the com-
plex physical, chemical, and biological processes of the
natural world. Planning authorities have realized through
their experience that the so called "exact" mathematical
models too often defeat the purpose of planning because they
are not capable of operating on the inadequate and inexact
data available to the planners. A regional model that is
"macroscopic" in nature (in terms of data requirements) pro-
vides solutions that can be very valuable in planning.

To develop a regional water quality model, consider
a river basin with a terminal flow Q and having a number of
waste discharges throughout the basin. The objective of the
model is to determine the level of treatment required of each
source of wastes in the basin in such a fashion that the total
cost to the region is minimized while obtaining a desired
level of water quality in the river system.

In mathematical terms:
n
Minimize ¢ = I ¢, i=1, 2, «ve, n

where cy is the cost of treatment to the waste dischargervi.
c; is a function of the level of treatment e, required at the

source i; i.e.,
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The level of treatment should be such that the required level
of quality in the river system is achieved.

The model as it stands cannot be solved. The cost
function is non-linear and unknown. Use is made of the quality
models and the cost models to formulate the optimal allocation
model. Also, the constraints are expressed in mathematical
terms.

The quality model determines the level of waste
removal for the entire river system. Let this be represented
as E. If the waste load at a source i is represented as Wi

then

The total amount of wastes to be removed is
WX E

If the required treatment at a source i is e; then the total

waste removal is

The cost models determine the cost of a waste treat-
ment plant in terms of population equivalent and flow. For a
given city or town or an industry, the population equivalent
and flow requirementé are determined from other data. To

achieve a certain level of waste removal, a certain type of
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plant must be installed. The cost models then determine the
costs of the proposed plant. Thus, to determine the cost of
waste treatment, the type of plant required should be known.
And the type of plant depends upon the degree of treatment
required. The cost models do not prévide a direct relationship
between the levels of treatment and the costs of treatment.
However, if we assume that the cost of treatment is higher
for a higher degree of treatment and lower fof a lower degree
of treatment, then we can proceed as follows.

The objective function is represented as

Minimize

IRl =]
0

subject to

n
I w, x e, 2 WXE

Other constraints can be formulated and the problem is written

as
n
Minimize I e,
. i
i=1
subject to
n
'Z w; X el > WXE
i=1
> .
e, epl
e

: D _._
1 minlimum
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it

where e the present level of treatment at the source i

pi

]

e the minimum level of treatment required of all

minimum
sources

The solution to this problem is not necessarily the
minimum cost solution. Generally, a number of "optimal" Solu-
tions of the abgve problem are obtained. Each solution then
must be examined to determine the costs of the treatments.
The solution that has the minimum cost is the solution sought
after.

The above formulation is a general one. The next
chapter shows how the optimal allocation model can be applied
to a specific river basin. Generally, in a specific case,
numerical data are substituted and depending upon the situa-
tion, more constraints can be added. Also, the allocation
model can be applied a number of times if the river basin is
divided into divisions for planning purposes.

The working of the water quality management model is
shown by Figure V-3. For river basin planning, the management
model requires the following data:

1. Streams:

a. Names and locations of the major streams.

b. Names and locations of the tributaries.

c. Lengths of all streams.

d. Average velocity of flow in the major streams.
e. Stream flows (gaging stations)

f. Low flows in the streams.

g. Slope of stream beds, etc.
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Figure V-3. Water Quality Management Model
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Population:

a.

b.

Population of the river basin.
Populations of counties, subdivisions and municipali-

ties in the river basin.

Geography - Geology:

Q.

b.

d.

Topographical maps of the basin.

Maps of streams in the basin, drainage areas of the
major streams,

Map of the basin with counties, subdivisions and
municipalities.

Map of the locations of the waste dischargers.

Waste Loads:

ae

b.

Name and location of the waste discharger.

Name of the receiving stream, the point of discharge.
Design data of the plant--flow, PE, etc.

Influent and effluent analysis.

S.I.C. code number and discharge permit number in
case of an industrial plant.

Type of treatment employed--screening, primary clari-
fier, trickling filter, activated sludge, stébilization

pond, aerated lagoon, Imhoff tank, etc.

Water Quality:

a.
b.

Ce.

Historical water quality in a stream if available.
Data from the sampling statiomns.

Required levels of quality parameters.
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6. Other RegionallCharacteristics:
a. Reaeration coefficients.
b. Efficiency term ratios.
c. Number of reoxygenation volumes, etc.
The water quality management model presented here has
several advantages. They are:
l. The model is regional in nature, applies to a whole region.
2. The data requirements are macroscopic or regional.
3. The model is extremely simple in its construction and
working.
4. The underlying concepts are very simple.
5. The model avoids elaborate and complicated simulations
generally found in other models.
6. The waste load allocation model is linear, thus linear
programming can be employed with ease.
7. The cost models are simple to work with.
8. The output of the allocation model is in terms of the
levels of treatment required for each source of wastes.
9. The data required for the models can be obtained with
considerable ease from state and local agencies' files or

federal agencies' files or from the literature.



CHAPTER VI
A STUDY OF THE VERDIGRIS RIVER BASIN

The river basin selected for the application of the
model developed in the preceding chapters is the part of the
Verdigris River basin that is in Oklahoma. The river basin
is approximately 4,290 square miles in area and lies in the
northeast corner of Oklahoma. The surface waters of this
river basin consist of three major stream systems and two
major reservoirs. The stream systems are:

1. The Verdigris River sy;tem.

2. The Caney River system.

3. The Bird Creek system.

The reservoirs are: (1) Hulah Lake; (2) Oologah Lake. The
Caney River and the Bird Creek are the major tfibutaries of
the main stem Verdigris in the basin. The map of the basin

is shown in Figure VI-l.

The Verdigris River (41)

The Verdigris River originates in Chase County, Kansas
and flows southward into Oklahoma. It joins the Arkansas
River in Oklahoma near Muskogee. The‘Verdigris drains an
area of approximately 8,303 square miles of which 4,290

116
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square miles lie in Oklahoma. In the past, U.S.G.S. and U.S.
Army Corps of Engineers operated four gaging stations on the
Oklahoma reach of the Verdigris.. The gaging station at Inola
reported an annual average flow of 2,915,000 acre-feet for a
25 year period ending in 1969. The following table lists

the tributaries to the Verdigris.

TABLE VI-1

TRIBUTARIES TO THE VERDIGRIS

Caney River Plumb Creek

Bird Creek Talala Creek
Opossum Creek Blue Creek

Snow Creek Four-Mile Creek
Hickory Creek Sweetwater Creek
Cedar Creek Spunky Creek
California Creek Adams Creek

Big Creek Bull Creek

Salt Creek Coal Creek
Double Creek Gar Creek

Mappen Creek (Lightning Creek) Billy Creek

The Caney River (41)

The Caney River flows from Kansas into Washington
County, Oklahoma, and proceeds southwards to meet the Verdi-
gris northwest of Claremore. The Caney River drains an area
of approximately 2,111 square miles of which 1,616 square
miles lie in Oklahoma. The U;S.G.S. gaging station near
Ramona reported an annual discharge of 623,000 acre-feet for
a 27 year period ending in 1969. The following table lists

the tributaries to:'the Caney River.
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TABLE VI-2

TRIBUTARIES TO THE CANEY

Buck Creek Coon Creek

Pond Creek Mission Creek
Turkey Creek . Little Caney River
Hickory Creek Sand Creek

Fish Creek Rabb Creek

Hog Shooter Creek Saunder Creek

Curl Creek Horsepen Creek

Double Creek

The Bird Creek (41)

The Bird Creek originates near Personia in Osage
County, Oklahoma, and travels southeastward to meet the
Verdigris 6 miles south of Claremore. The Bird Creek drains
an area of approximately 1,147 square miles all of which lie
in Oklahoma. The Bird Creek has two continuous gaging sta-
tions located at Avant and near Sperry. The station near
Sperry gaged an average annual flow of 318,100 acre-feet for
31 year period ending in 1969, with periods of no flow at
times in the years of 1939, 1954, 1964 and 1966. The follow-

ing table lists the tributaries to the Bird Creek.

TABLE VI-3

TRIBUTARIES TO THE BIRD CREEK

Middle Bird Creek Charley Creek
Clear Creek Hominy Creek
Nelagoney Creek Delaware Creek
Choteau Creek Flat Rock Creek
Birch Creek Ranch Creek
Dogthresher Creek Mingo Creek
Candy Creek Elm Creek

Marshall Creek
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Figure VI-2 shows the stream flow gaging stations in
the basin Figures VI-3, VI-4 and VI-5 show the daily discharge
duration curves and monthly and yearly discharges for the
stream flow gaging stations number 7-1710, 7-1765, and 7-1786,
respectively.

Many of the tributaries listed above in Tables VI-1,
VI-2 and VI-3 have their own tributaries. Some of them have

second order and third order tributaries.

Hulah Lake (41)

Hulah Lake was built by U.S. Army Corps of Engineers
and is located in northern Osage County about ten miles
northwest of Bartlesville. Hulah Lake provides flood protec-
tion for about 57,000 acres of land in the Caney River valley
downstream from the dam. It reduces flooding along the Ver-
digris River downstream from the mouth of the Caney River,
and also aids indirectly in water control along the Arkansas
River. The lake supplies approximately 11 million gallons a
day of water supply to Bartlesville. The reservoir impounds
the Caney River with a drainage area of 732 square miles.

The maximum storage capacity of the reservoir is 2.926 x 105
acre-feet and the average yield of the lake is 16.9 million
gallons per day. The reservoir serves the.purposes of: (1)

flood control; (2) water supply; (3) recreation; (4) fish and

wild life; and (5) water quality control.
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109 =
1,50 3 -
g e — STREAM GAGING STATION 7-1786
§ : VERDIGRIS RIVER
g x NEAR INOLA
b WL K
- \, < LOCATION--Lat, 25°03'45”, leng. 95°37°10”, at down-
g, e-§ o N7 sltream side of bridze on State Highway 33, 6 miles west
T w S I A\ of Inola, and at mile 438,
Z » 41 g AY._F N Y
- .. i DRAIRAGE AREA—7,911 sq. mi
(4
S » - \\ BVERAGE DISCHARGE—18 years (uzter years 194562),
A 5 R B o e et £ B R B R S NS N 4,483 cfs; 5 yaars (water yozrs 1994.68), 2,325 cfs; 24
I 1 s e e M 1 o years (water years 194568), 3,833 cfs (2,822,000 ac.it.
! I +i per year), .
3 .
. DAILY DISCHARGE—1345-62: maxirum, 114,000 cfs; median,
670 ¢fs; minizum, 6.2 cfs. 193468: maximum, 28,200
. ¢fs; median, 569 cfs; minimum, 19 cfs.
= i B e REMARKS—Flow pertly regulated since May 1953 by Oologah
o REy Reservoir, 41.5 miles upstream. The lake has a drainage
B AEERARN area of 4,339 sq. mi. and was fllcd principally during
el — - e
.ll‘l .3 3 ) 2 k3 " Eid X ad 3 6 'O " " A " ” NINIM
PERCENT OF TIME DISCHARGE WAS EQUALLED OR EXCEEDED
MONTHLY AND YEARLY DISCHARGE, IN THOUSANDS 6F ACRE-FEET '
Wacer 1he
Year Oct. Nov. Dec. Jan. Fed. Yar. Apr. May June July Aug. Sept. * Year
1955 103 9 4 35 - 29 8? 24 396 167 14 3 4 81s
1956 128 2 2 2 3 2 8 2 34 10 3 1 215
1957 2 3 3 9 15 $8) 1,764 2,463 402 19 26 5,208
1958 a1 54 24 42 58 1,070 %90 263 7 500 42 81 2,872
1559 1 35 16 20 49 9 161 430 n” 1,117 199 93 2,298
190 1,969 117 202 200 mn 551 440 703 272 72 9 19 4,911
19¢1 4 151 1 38 105 295 | 573 2,562 $05 543 40 1,45 6,79%
1962 595 1,189 936 208 250 300 180 45 208 46 10 @2 4,079
1968 246 L13 70 178 36 227 48 20 H 20 4 3 900
1964 2 3 3 3 4 ? 224 37 204 10 02 42 621
1965 S 401 162 130 $? pLY) 985 181 623 55 5 333 3,087
1966 23 4 8 17 S0 % 45 108 150 S 32 s3 7
1967 4 3 20 14 S 4 96 121 343 526 194 1,472
19¢8 192 251 n 129 1%? 488 542 23 294 104 2’8 27 2,722
1969 109 420 358 276 29 473 739 453 3,308 553 in es 5,098
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Oologah Lake (41)

Oologah Lake is located approximately two miles
southeast of the town of Oologah in Rogers County and impounds
the Verdigris River with a drainage area of 4,339 square miles.
It has a maximum storage capacity of 1.519 x 10° acre-feet.
The dam provides flood protection tc approximately 93,000
acres downstream from the dam. The lake provides water supply
to Tulsa, Collinsville, and Claremore. It also supplies
water to several rural water districts and a large privately
owned utility company. The average yield of the lake is 154
million gallons a day. The reservoir serves the purposes of:
(1) flood control; (2) water supply; (3) recreation; (4) fish
and wild life; and (5) navigation.

Five more lakes in the basin have been authorized for
construction by the Congress. The U.S. Army Corps of Engineers
Tulsa District, have the responsibility of preconstruction
planning. The following table summarizes the information on
these lakes (Table VI-4, page 126).

There are a number of municipal lakes whose pfimary
purpose is water supply. Table VI-5 gives the information on.
these lakes (page 127). These lakes impound a total of 2577
acres of surface water in the basin with a storage capacity
of 42,661 acre-feet. -

Oklahoma has been divided into seven basins for plan-
ning purposes. The Verdigris River basin under study here is
a part of the Middle Arkansas River Basin. Figure VI-6 shows’

the seven planning basins of Oklahoma.



TABLE VI-4

AUTHORIZED SURFACE WATER DEVELOPMENT (41)

I

Conserva-
Site Drainage Flood tiop and Maximum Sggiegzgl vield
Name Stream Area Control Sediment Storage Area (mgd) Purpose*¥*
(sg mi) (ac-ft) Storage (ac-ft) (acres) g
(ac-ft)
Birch Birch 66 39,000 19,200 58,200 1,137 6.0 FC-WS—-R-FW-WQC
Candy Candy 43 30,700 41,000 72,400 2,120 8.0 FC-WS-R-FW-WQC
Copan Little Caney 505 184,300 46,000 230,300 4,850 19.0 FC-WS-R-FW-WQC ks
Sand Sand 137 51,700 39,300 91,000 1,940 13.0 FC-WS-R-FW-WQC &
Skiatook Hominy 354 182,300 331,200 513,500 10,540 76.0 FC-WS—-R-FW-WQC
TOTAL 1105 488,000 476,600 965,400 20,587 122.0

*Statistics given are for uitimate development, taken from Reference 41.

**FC -~ Flood Control; WS - Water Supply; R - Recreation; FW - Fish and Wildlife;
P - Power (hydroelectric); N - Navigation; and WQC - Water Quality Control.
Abbreviations used: sq mi =

square miles; ac-ft = acre-feet; and mgd = million gallons
per day.
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TABLE VI-5

MUNICIPAL LAKES
(Adopted from Reference 41)

—
————

. Lake Conservation
EigeLgie Sugéiged (izigs) (aiggf?ggt)
(1) Ramona Ramona 14 70
(2) Hudson Bartlesville 335 5,300
(3) Pawhuska Pawhuska 95 2,850
(4) Waxhoma Barnsdall 140 2,000
(5) Hominy Hominy 200 5,000
(6) Blue Stem Pawhuska 800 17,000
(7) Claremore Claremore 431 2,586
(8) Yahola Tulsa 425 7,000
(9) Chelsea #1 Chelsea 14 210
(L0) Chelsea #2 Chelsea 25 100
(11) Nowata Nowata 65 - 200
(12) Hominy City Hominy 18 270
(13) Ochelata Ochelata | 15 75

The upper part of the Verdigris River basin, contain-
ing ubper reaches of the Verdigris, Caney and Bird Creek, is -
mostly composed of low rolling hills with a vegetation cover
of scrub oak in the eastern parts and native grass sod in the
western part. The lower regions of the Verdigris River basin
contains the highly urbanized Tulsa Standard Metropolitan
Statistical Area (41).

The basin contains a stretch of the McClellan-Kerr
Navigation System. The channel turns upstream on the Verdi-

gris from Muskogee to a distance of 50 miles to Catoosa.
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Climate (41)

The climate of the Verdigris River basin is generally
moist and sub-humid. Spring and autumn seasons are mild with
warm days and cool nights. In summer, days are long and hot
while, in winter, the days are comparatively mild with occa-
sional periods of extreme cold.

Temperature variations across the basin are slight.
The mean annual temperature is 60°F. Average daily maximum
temperatures. average around 44°F in January and 92°F in July.
The daily minimum temperatures average 26°F in January to 69°F
in July.

The average annual precipitation varies from 34 inches
in western Osage County to 40 inches iﬁ northwestern Nowata
County. Precipitation is more general and widespread during
the autumn and winter months while it is showery and scattered
during spring and summer months. Mean annual snowfall in the
region is from 8 to 10 inches and is fairly well distributed
over the three winter months. The average annual lake evapora-
tion is reported to be 50 inches in western Craig County to
55 inches in western Osage County. It may be of interest to
note that the average annual runoff of the basin is approxi-

mately 7.5 inches.

Water Use

Tables VI-6 and VI-7 are adopted from Reference 41.



130

TABLE VI-6
WATER USE
Municipal,
Industrial and Irrigation Total
County Recreational (acre-~
(acre~feet) (acre-feet) (acres land) feet)
Nowata 882 0 0 882
Osage 17,680 505 590 18185
Rogers 4,338 1322 1005 5660
Tulsa 8,074 259 104 8333
Wagoner 2,956 641 846 3597
Washington 857 1406 1103 2263
TABLE VI-7
PUBLIC WATER SUPPLIES
Per Average
Town Capacity Capita Use Source
(mgd) Use (mgd)
(gal)
Barnsdall 0.72 229 0.36 Barnsdall Lake
Bartlesville 7.32 161 4.78 Hudson & Hulah
Lakes
Chelsea 0.16 93 0.15 Chelsea Lakes
. #1 and #2
Claremore 4.0 92 0.84 Claremore Lake
Collinsville - 175 0.53 Verdigris River
Hominy - 91 0.21 Hominy Lake
Nowata 4.47 120 0.44 Verdigris River
Owasso - 113 0.39 Purshased from
Tulsa
Pawhuska 3.00 226 0.96 Pawhuska & Blue-
stem Lakes
Tulsa : - 150 49.86 Spavinaw &

Eucha Lakes
Wagoner 2.59 81 0.40 Fort Gibson Lake
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Water Quality (41)

Factors affecting the guality of water:
Geology. The kinds and amounts of minerals dissolved
depend upon the availability of soluble minerals in the
rock formations. Moderate to low mineral content along
with calcium and bicarbonate are the distinguishing quality
characteristics of the water of streams originating in the
basin and not affected significantly by man's activities.
The calcium and bicarbonate characteristics are probably
due primarily to the solution of calcium carbonate from
the sedimentary rocks. Calcium carbonate is a common
material in sandstone and is the predominant mineral in
limestone.
Man's activities. The production of oil, livestock, and
the operation of municipal and industrial waste disposal
plants contribute dissclved and suspended material in
water. The poor quality of Bird Creek probably can be
partially blamed to the activities of man in the Tulsa
Standard Metropolitan Statistical Area.
Stream flow. Variable streamflow causes variable quality
in the stream waters. Quality values are significantly
high during periods of low flow. Rainfall of high intens-
ity results in stream water, consisting primarily of over-
land flow, low in dissolved mineral content but high in

suspended material.
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Stream Water Quality

Figure VI-7 shows the locations of water quality
sampling stations in the basin. There are two kinds of
stations: (1) daily; and (2) periodic; but several of the
stations are both daily and periodic. Table VI-8 adopted from
Reference 41 shows the maximum and minimum quality values for
streams for several parameters. The table shows that upper
Caney and its tributaries and some of the smaller tributaries
of the Verdigris River contain low to moderate amounts of
dissolved solids. The water of these streams is usually of
the calcium bicarbonate type and moderately hard to hard. 1In
contrast, the middle and lower parts of the Caney River,
Verdigris River, Bird Creek, and a number of their tributaries
have more mineralized water. The lower part of Bird Creek,
upper Hominy Creek, Caney River, and some of their tributaries
have concentrations of dissolved solids of 1000 mg/L or more
at times.

Table VI-9 adopted from Oklahoma Water Quality Stan-
dards (40) shows the yearly mean standard for chloride, sul-
fate and total dissolved solids at several important.points
in the basin.

The quality of water determines to a great extent the
beneficial use of the water made. Oklahoma water gquality
standards designate the beneficial uses as listed in Table

VI-10, below. Limitations placed on streams are listed in

Table VI-11.
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TABLE VI-8

MAXIMUM AND MINIMUM QUALITY VALUES FOR STREAMS
(Results in Parts per Million)

Dissolved

Sulfate Chloride Nitrate (gg;;gze

Creek (80,) (C1) (NO3) at 180°C)
Max Min Max Min Max Min Max Min
Possum Creek near Lenapah 54,0 45.0 118 70.0 1.0 0.1 43 314
Snow Creek near Lenapah 37.0 33.0 34 8.0 0.2 0.1 337 302
Verdigris R. near Lenapah 150.0 10.0 375 15.0 16.0 0.0 937 114
Big Creek near Nowata 60.0 19.0 860 5.0 1.8 0.1 1,210 201
Salt Creek near Alluwe 34.0 10.0 1,240 4.0 1.9 0.0 2,480 154
Lightning Ck. near Alluwe 155.0 67.0 3,960 28.0 2.8 0.2 7,190 328
Verdigris R. near Oologah 55.0 37.0 252 58.0 1.9 0.2 694 348
Buck Creek near Boulanger 44.0 35.0 43 20.0 1.4 0.2 341 313
Caney Creek near. Boulanger 47.0 29.0 170 14.0 10.0 0.6 732 314
Pond Creek near Boulanger 31.0 12.0 16 3.5 - - 269 139
Caney River near Hulah 34.0 28.0 24 16.0 1.2 0.1 292 261
Cotton Creek near Copan 89.0 23.0 2,650 104.0 1.3 0.1 5,650 294

Little Caney R. below Cotton .

Creek near Copan 35.0 30.0 680 34.0 4.0 0.0 1,550 117
Coon Creek near Dewey 115.0 66.0 468 170.0 5.9 0.2 1,190 586
Caney R. near Bartlesville 89.0 14.0 367 44,0 26.0 0.1 931 225
Sand Creek near Pawhuska 34.0 12.0 16 6.2 0.8 0.1 300 184
Caney River at Ochalata 64.0 8.2 415 8.0 13.0 0.0 1,150 127
Double Creek Subwatershed

No. 5 near Ramona 25.0 22.0 152 7.0 - - - -
Caney River near Ramona 112.0 8.0 610 11.0 18.0 0.0 1,380 90
Caney River near Collinsville 91.0 16.0 305 22.0 3.7 0.1 1,000 132
Bird Creek near Pawhuska 75.0 19.0 242 16.0 3.7 0.0 678 239

FPET



TABLE VI-8--Continued

Dissolved
Sulfate Chloride Nitrate Sol}ds

Creek (s0,) (c1) (NO..) (Residue

4 3 at 180°C)
Max Max Min Max Min Max Min
Bird Creek near Barnsdall 182.0 14.0 225 18.0 2.8 0.2 810 202
Birch Creek near Barnsdall 45.0 8.0 196 26.0 3.6 0.2 468 150
Bird Creek near Avant 36.0 5.8 515 19.0 1.2 0.1 1,230 68
Candy Creek near Avant 52.0 13.0 305 14.0 3.5 0.0 770 129
Bird Creek near Skiatook 49.0 1l6.0 212 34.0 1.0 0.0 740 173
Hominy Creek near Hominy 59.0 6.8 1,460 105.0 3.2 0.1 2,710 307
Hominy Creek near Skiatook 55.0 9.0 605 32.0 4.0 0.2 1,250 72
Bird Creek near Sperry 43.0 5.4 1,910 20.0 6.4 0.1 3,590 76
Delaware Creek near Sperry 123.0 25.0 2,400 290.% 2.2 0.2 3,890 616
Bird Creek near Catoosa 135.0 8.0 265 4.0 52.1 0.1 740 114
Dog Creek near Claremore 129.0 23.0 64 6.0 2.0 0.4 348 127
Verdigris R. near Inola 116.0 8.3 1,700 12.0 36.0 0.1 3,060 91

SET
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TABLE VI-9

YEARLY MEAN STANDARDS

Sample Point Name Chloride Sulfate TDS
Verdigris River near Oologah 82 167 475
Little Caney River near Copan 344 48 881
Caney River near Ramona 191 42 586
Bird Creek near Sperry 273 38 707
Bird Creek near Catoosa 152 54 519
Verdigris River near Inola 80 45 367

TABLE VI-10

BENEFICIAL USES

Code Beneficial Use

A Public and private water supplies

B Emergency public and private water supplies

Cl Fish and wildlife propagation

c2 Fish and wildlife propagation to the extent
allowed by specifically stated water
quality parameters

D Agriculture (ncludes livestock watering and
irrigation)

E Hydroelectric power

Fl Industrial and municipal cooling water

F2 Receiving, transporting and/or assimilation
of adequately treated waste

Gl Recreation, primary body contact (includes
recreational uses where the human body may
come in direct contact with the water to
the point of complete body submergence)

G2 Recreation, secondary body contact (includes
recreational uses, such as fishing, wading
and boating, wheré ingestion of water is
not probable)

H Nagivation

I Aesthetics

J Small-mouth bass fishery excluding lake
waters

K Trout fishery (put-and-take)
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TABLE VI-11l
LIMITATIONS
Code Limitation
(a) All streams and reservoir designated (a) are

protected by prohibition of any future dis-
charge of pollutants.

(b) All streams designated (b) are return flow
streams for which special water quality
standards have been established.

(c) Streams or stream systems in which advanced
waste treatment of all waste discharges is
required are designated (c).

The streams in the basin have been designated bene-
ficial uses and limitations by the Oklahoma Standards. The

following table is adopted from there.

TABLE VI-12

STREAM DESIGNATIONS

Stream Beneficial Uses Limitation

Verdigris River ACIDEFl1F2Gl1lG2HTI
Coal Creek AClLDPFlLF2GlG21I
Adams Creek AClDPFLPF2GLG21I
Bird Creek AClI1DFl1F2Gl G2 1I

Mingo Creek AClDFl1F2Gl G2 I
Belaware Creek AClDF1F2GlG21I
Hominy Creek ACLDFl1F2GlG21I
Candy Creek AClDFl1F2GlG21I
Birch Creek C2 DFl1 F2G21
Caney River AClDFlLF2GlL G211
Rabb Creek AClDFl1F2Gl1lG21I
Sand Creek ACLDFl1F2Gl G2 1I
Buck Creek AClDFl1F2GlG21I
Coon Creek AClI1DF1LF2GlLG21I
Caney Creek ACLDF1F2GlLG21I
Pond Creek AClLDPFLF2Gl G2T1I
Buck Creek ACLDFl1F2Gl G21I
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TABLE VI-12-~Continued

——————————————

Stream Beneficial Uses Limitation
Blue Creek ACLDPFLF2Gl G2 1I
Lightning Creek AClDFl1F2Gl G21I
Salt Creek AClDFlF2GlG21I
Big Creek ACl1DFlF2Gl G2 1I
California Creek AClDFlF2Gl G2 1I
Unnamed tributary* C2 D Fl F2 G2 I b
Snow Creek AClLDFLF2Gl G2 1I

*Return flow, city of Delaware.

Basin Population

Population data is very important for our model. The
population data used were obtained from the 1970 census of
population compiled by the Bureau of the Census, United

States Department of Commerce.

Basin Geography

The river basin is not formed on the basis of exist-
ing political boundaries such as state lines or county lines.
However, the census data are generally given for existing
political entities such as state, county, city, town, etc.
Therefore, the geography of the basin is important in deciding
the population of the basin. The basin contains areas from
seven counties, the first two of which are completely within
the basin.

1. Washington
2. Nowata

3. Osage
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4, Rogers
5. Wagoner
6. Tulsa
7. Craig
There amxe twenty-four municipalities within the basin

with some kind of waste treatment facility.

TABLE VI-13

1IST OF MUNICIPALITIES

Town County Town County
1. Avant Osage 13. Nowata Nowata
2. Barnsdall Osage 14. Ochelata Washington
3. Bartlesvilles Washington 15. Owasso Tulsa
4, Catoosa Rogers 16. Pawhuska Osage
5. Chelsea Rogers 17. Ramona Washington
6. Claremore Rogers 18. Rolling Hills Wagnore
7. Collinsvilles Tulsa 19. Sskiatook Tulsa
8. Copan Washington  20. S. Coffeyville Nowata
9. Delaware Nowvata 21. Sperry Tulsa
10. Dewey Washington 22, Tulsa Tulsa
11. Hominy Osage 23. Wagoner Wagnore
12, Inola Rogers 24, Wynona Osage

The poyuﬂatioh of a town or city is an important
factor in decid3ing the type of treatment plant required for
the community. The following table lists the population of
each municipal i#ty (Table VI-14, pagé 140).

The totzal population of the basin is determined by
the populations of the subdivisions contained in the basin.
The Bureau of tHe Census (4) compiles the population of each

subdivision of eeach county in the state. A county subdivision
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TABLE VI-14

POPULATION DATA

Town Population Town Population
1. Avant 439 13. Nowata 3679
2. Barnsdall 1579 14, Ochelata 330
3. Bartlesville 29638 15. Owasso 3491
4. Catoosa 970 16. Pawhuska 4238
5. Chelsea 1622 17. Ramona 600
6. Claremore 9084 18. Rolling Hills -
7. Collinsville 3009 19. Sskiatook 2930
8. Copan 558 20. S. Coffeyville 649
9. Delaware 534 21, Sperry 1123
10. Dewey 3958 22, Tulsa 330409%*
11. Hominy 2274 23. Wagoner 4959
12. Inola 948 24. Wynona 1239

*Represents the urban population according to Ref. 4.

is a fairly small area and it is possible with the help of
appropriate maps to determine the county-subdivisions contained
in the basin and thus the total population of the basin. The
total population of the basin was found to be 467,971. There
is one metropolitan area, viz. the Tulsa Standard Metropolitan
Statistical Area. The urban population of this SMSA is

330,409 (4).

Waste Discharge Inventories

The data on Municipal Discharge Inventory was obtained
from the files of the Oklahoma State Health Department. Table
VI-~1l5 lists the inventory for municipal dischargers in the
basin. The Industrial Waste Discharge Inventory was provided

by the Oklahoma Water Resources Board. Table VI-16 lists the



TABLE VI-15

MUNICIPAL DISCHARGE INVENTORY

DISCHARGER Flow (MGD) —_— Quantity of Discharge BOD Type
. - *
Receiving Stream s?en Oper. eter mg/L lbs/day iz) PH of Treatment
g Info Eff. Inf. Eff. h
AVANT (Osage) .006 BOD 679 578 34 28.9 i5 -- Primary Clar.
Bird Creek
BARNSDALL (Osage) .12 .107 BOD 7 6.2 6.8 Lagoon
Bird Creek TSS 78 69.6 ’ )
BARTLESVILLE- .072 .051 BOD 103 16 43.8 6.8 84 7.8 Aerated Lagoon
HILLCREST (Washington) TSS 148 8 63 3.4
Caney River
BARTLESVILLE-1 2.18 2.7 BOD 173 19 3896 428 89 7.8 Activ. sludge
(Washington) TSS 162 31 3648 698 Aerated Lagoon
Caney River
BARTLESVILLE-2 «57 .24 BOD 142 14 284 28 90 7.3 Aerated Lagoon
(Washington) TSS 204 30 408 60
Caney River
CATOOSA (Rogers) .155 .056 BOD 232 18 108 8.4 92 8.4 Lagoon
Spunky Creek TSS 18 47 8.4 22
CHELSEA (Rogers) .17 .13

Total Retention

CLAREMORE (Rogers) 2.11 1.28 BOD 275 95 2936 1014 65 7.5 Trick. Filter
Dog Creek TSS 224 128 2391 1366

COLLINSVILLE (Tulsa) .55 «3
Total Retention

*re = Removal Efficienty.

Wi



TABLE VI-15--Continued

DISCHARGER Flow (MGD) Parame Quantity of Discharge BOD Type
Receiving Stream s?e; Oper. eter mg/L lbs/day i:) pPH of Treatment
g Inf. Eff. Inf. Eff.
10 COPAN (Washington) .067 .041 BOD 49 16.8 8.7 Lagoon
Little Caney River TSS 22 7.5
11 DELAWARE (Nowata) .165 .035
Total Retention
12 DEWEY (Washington) .75 .388 BOD 199 27 644 87.4 86 7.5 Aerated Lagoon
Four Mile Creek TSS 156 47 505 152
13 HOMINY (Osage) .305 .18 BOD 209 50 314 75 76 6.7 Primary Clar. H
Penn Creek TSS 252 278 Trick. Filter &
14 INOLA (Rogers) .057 .069 BOD 358 50 206 29 86 9.5 Lagoon
Pea Creek TSS 444 388 256 223
15 NOWARA (Nowata) 319 .296 BOD 256 19 632 47 92 9.2 Primary Clar.
Western Br. Creek TSS 222 10 548 24.7 : : Trick. Filter
16 OCHELATA .109 .04
(Washington)
Total Retention
17 OWASSO (Tulsa) .7 .33
Total Retention
18 PAWHUSKA (Osage) 1.039 .308 BOD 121 24 311 61.6 80 8.5 Aerated Lagoon
Bird Creek _ TSS 120 76 308 195
19 RAMONA (Washington) .049 .042
Total Retention
20 ROLLING HILLS 353 BOD 233 20 91 6.7 Activ. Sludge
(Wagoner) TSS 88 28

Spunky Creek



TABLE VI—lS-—Continugg

DISCHARGER Flow_ (MGD) Parame Quantity of Discharge 4, Type
Receiving Stream s?e; Oper. eter mg/L lbs/day ?2) PH of Treatment
g Inf. Eff. Inf. Eff.
21 SKIATOOK (Tulsa) .52 .232
Total Retention
22 SOUTH COFFEYVILLE <14 .044 BOD 20 7.3 9.2 Lagoon
(Nowata) TSS 100 36.7
Verdigris River Primary Clar.
23 SPERRY (Tulsa) .146 .112 BOD 48 44.8 7.4 Trick. Filter
Hominy Creek TSS 36 33.6 Imhoff Tank
24 TULSA (Tulsa) N.S. 1l1l. 10. BOD 127 22 10592 1835 83 7.2 Primary Clar.
Bird Creek TSS 55 15 4587 1251
25 TULSA FLAT ROCK 4. 5.1 BOD 134 38 5700 1617 72 7.4 Activ. Sludge
(Tulsa) TS3 76 69 3233 2934 Aerated Lagoon
Bird Creek
26 TULSA COAL (Tulsa) 4. 3.5 BOD 243 15 7093 438 94 7.4 Primary Clar.
Bird Creek TSS 230 38 6813 1109 Trick. Filter
27 TULSA ROSE DEW .02 .016 BOD 81 11 7.8 Lagoon
(Tulsa) TSS 108 14.1
Spunky Creek
28 WAGONER (Wagoner) .4 .75 BOD 205 15 1711 94 93 6.9 Lagoon
Coal Creek TSS 182 85 1138 532
29 WYNONA (Osage) .048 .034 BOD 40 11.3 8.2 Primary Clar.
Tributary to Birch Creek TSS 130 36.9 Lagoon

123 A



TABLE VI-16

INDUSTRIAL DISCHARGE INVENTORY

.o Quantity
. Receiving Flow Param- ’
Discharger Stream (MGD) eter Discharged Remarks
mg/L lbs/day
1 Peabody Coal Co Spencer Crk 0.05 COD 44 18.4 Treatment consists of settl-
Oologah Res 0il & 3.0 1.25 ing basins. Discharge made
Grease * * up of coal mining & crushed
S04 485 202 wastes plus storm runoff,
Total There is evidence of seepage
Solids 1644 686 from basins.

2 Tulsa Rendering Black Jack C 0.05 BOD 40 16.7 Treatment consists of skim= .
Co. ' Penn Creek NH; 3.2 1.33 ming & settling 2 anaerobic
Collinsville Caney River lagoons. Effluent from final

aerobic lagoon used for
_ irrigation

3 Phillips Petro- Eliza Creek 0.06 BOD 1 .05
leum Research Sand Creek CoD 20 10
Bartlesville Caney River P .16 .08

Total 236 118
Solids

4 National Zinc Eliza Creek 0.5 cd .26 1.08 Treatment handled by settl-
Co. Caney River Cr .4 1.67 ing & oxidation lagoon,
Bartlesville Pb 1.0 4,17 settling and neutralization

Tot. Slds 3850 16054 lagoon, and final settling
Zn 3.4 14.18 lagoon.

5 Public Service Verdigris R. 1.21 NH3 .6 6.05 There are 4 0.016 mg capac-
Co. NE Station Total P 1.6 16.2 ity holding tanks & 1 0.04
Tulsa TDS 5660 57117 mg capacity neutralization

basin. Treatment is primar-
ily for 1.2 MGD cooling
water



TABLE VI-16--Continued

. Receiving Flow Param- Quantity
Discharger Stream (MGD) eter Discharged Remarks
mg/L lbs/day

6 Chandler Mate- Bird Creek 0.0002 NHg-N 2.8 0.047 Surface drainage autoclave
rials Co. 0il & 3.6 0.06 blowdown
Tulsa Grease * *

Phenols 27 .045

7 Kaiser Aluminum No Name Crk 0.01 0il & . cqs .

& Chemical Co Mingo Creek Grease 8 -67 ?Egngoig?blllzatlon ponds
Tulsa Bird Creek Bat+ 14 1.17 g '

8 Byron Jackson, Mingo Creek 0.00124 BOD 6 0.06 Boiler blowdown cooling
Div of Borg- Bird Creek COD 19 0.196 water & storm water. No
Warner Corp Verdigris R treatment
Tulsa

9 Black, Sivalls Mingo Creek 0.018 BOD 1.4 0.21 Two discharge points. Spent
& Bryson Bird Creek COD 6 0.9 acid is treated by lime-
Tulsa Verdigris R NH3 1.96 .29 stone filtration & pH neu-

0il & 50 75 tralization. No treatment
Grease * for cooling water.
P 4.6 .69
10 Leland Equipment Mingo Creek 0.00024 BOD 4 »008 Treatment consists of
Co. Bird Creek 0il & 6.2 .012 grease trap, where sludge
Tulsa Verdigris R Grease in hauled to Spartan dump.
11 Hathaway Ind. Mingo Creek 0.003 CN 180 4.5 Treatment consists of
Tulsa Bird Creek Pb 2.72 .068 chlorine, NaCOj3, septic
Verdigris R NH4-N 166 4.15 tank & sand filter.
pH 2.0 2.0
12 American Air- Mingo Creek 0.05 Total P 14.7 6.13 Two discharge points: #1
lines, Inc. Bird Creek 0il & 11 4.59 Mingo Creek, #2 Bird Creek
Tulsa Verdigris R Grease * No treatment. Injection

well?

SVl



TABLE VI-16--Continued

Discharger

Receiving
Stream

Flow
(MGD)

‘Param-
eter

Quantity
Discharged

mg/L lbs/day

Remarks

13 Fram Corp
Tulsa

14 Lake Country
Beverage,
Tulsa

Inc

15 North American
Rockwell Corp
Tulsa

16 McDonnell-
Douglas Corp.
(Douglas Air-
craft) Tulsa

No Name Crk 0.0394 BOD

Bird Creek
Verdigris R

Mingo Creek
Bird Creek
Verdigris R

Mingo Creek
Bird Creek
Verdigris R

Mingo Creek
Bird Creek
Verdigris R

0.0008

0.05

0.0393

0.078
0

0.344

0.00167

COD
0il &
Grease
Cr

BOD
COD

oil &
Grease

PH

Oil &
Grease

#2BOD
#2COD
#2NO3
#3BOD
#3COD
#3F
#3NO3
#4BOD
#4COD
#4F
#1

74
203
8.4

.15

355
3668

37.5
7.8

572
3.1

30
63
5.26
50
89
2.9
5.8
30
58
2.05

24.3
66.7
2.76

.05

2.37
24.47

.25
7.8

238
1.29

9.8
19.8
1.72
32.5
57.9
1.89
3.77
86.1

166 .4
5.88

Uses a filter process to
remove solids and oil

Discharges are entirely
cooling & floor wash water.
No treatment.

No treatment for surface
discharge of 0.05 MGD. An
additional 0.07 MGD plating
waste 1is disposed into an
injection well.

McD-D Corp has 4 discharging
points into Mingo Creek.
Points #1, #2 & #4 receive no
treatment. Point #3 receives
chlorination & reduction
clarifier, recarbonation, &
super chlorination.

9%t
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TABLE VI-16~-Continued

Lyl

s Quantity
. Receiving Flow Param- .
Discharger Stream (MGD) eter Discharged Remarks
mg/L lbs/day

17 Dowell, a div Flatrock Cr 1.2x104 #1BOD 7 .007 Discharge occurs at 2 pts.
of Dow Chem- Bird Creek #1COD 180 .18 Pt #1 receives the effluent
ical Co. Verdigris R #1 0Oils 1.6 .0006 from the equipment testing
Tulsa -4 Grease area. This effluent is

2x10 #2BOD 66 .02 treated by one grease trap
#2COD 600 1.0 & 2 settling tanks. Pt #2
#2 Oils 111 19 effluent originates in equip-
Grease : ment washing area &iis
#2 Total 686 @ 1l.14 treated by 2 separator tanks
Solids to remove oil & grease.

18 Bumper Service Coal Creek 0.09 Cr 2.2 .165 Chrome and Nickel are pre-
-0f Tulsa, Inc Mingo Creek CN -0.12 0.09 cipitated by pH adjustment.
Tulsa Bird Creek Ni 8.4 6.4 The cyanide is recirculated

Verdigris R thru system, they are pres-
ently developing a new
treatment process to reduce
discharge.

19 Tulsa Chrome Spunky Crk 0.02 Cr 1.7 0.03 Treatment is a batch process
Plating Co. Verdigris R S04 165 2.75 (0.002 MG/batch). The CrOy
Tulsa COD 71.8 1.19 is precipitated & the sludge

is disposed of by US Pollu-

tion Control. The supernatant

is pumped into holding ponds
& treated with sodium 4i-

sulfite. pH 12.



TABLE VI-16~--Continued

ii

Discharger

Receiving Flow Param- Quantity
Stream (MGD) eter Discharged

mg/L lbs/day

Remarks

20 Yuba Heat
Transfer Div
Tulsa

No Name Crk 0.00743 BOD 20 2.5

Bird Creek COD 124 15.5

Verdigris R 0Oil & 4.6 .58
Grease

Treatment consists of a
sludge & oil separator from
which the grit & silt is
placed into an on-site land
£ill, and the liquid is
pumped into an oxidation
lagoon along with domestic
wastes.

8v1
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inventory for the industrial dischargers in the basin. The
Figure VI-8 shows the locations of the dischargers in the

basin.

Formulation of the Problem

With the above information, a waste load allocation
program can be devised for the river basin. The analysis
shall be restricted to the carbonaceous-BOD lcads only as the
data on the nitrogen and phosphorus were not available. The

problem can be formulated as follows:

n
Minimize z e; i=1, 2, «ve, n
i=1
subject to
n
Z CcBOD, xe, 2 CBOD x E
=1 i i
e, 2 ePi
e, > 0.35
l—
where e, = level of treatment required at the source i

cBODi = carbonaceous BOD loading of the source i

CBOD = .g CBOD, = total carbonaceous load in the basin
E = ;;;ional waste removal level for carbonaceous
BOD load
epi = the present level of treatment at source i
0.35 = the primary treatment level of cBOD removal
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Determination of E

The water quality model for the biodegradable waste is

_ Y o1 PE(PP) ©  _ 942,900
Q, I8 + (1-Y)] (. = RaS,) kz‘E%

The value of flows in the streams are usually obtained from

the U.S.G.S. gaging station data. Of importance in our analy-
sis are the critical flows or low flows. Seven days - twé
years low flows are used. The low flows are computed from

the U.S.G.S. average minimum flows data by the method described

by Riggs (49). The following table lists the low flows thus

obtained.

TABLE VI-17

LOW FLOWS
Stream CFS MGD
(1) The Bird Creek @ Sperry 2.0 1.293
(2) The Caney River @ Bartlesville 1.2 0.776
(3) The Verdigris @ Claremore 16.5 10.664
(4) The Verdigris @ confluence with 19.95 12.894

the Arkansas

The critical oxygen deficit values are obtained from
the Oklahoma Water Quality Standards which specify the critical
temperature and critical dissolved oxygen values for each type

of stream. Table VI-18 lists the pertinent data.



152

TABLE VI-18

CRITICAL OXYGEN DEFICIT VALUES

Type of Stream Cr;:;cal Cs ROSh,  CgRQSy,
op . (mg/L)  (mg/L)  (mg/L)
(1) Return flow - 90 7.4 2.0 5.4
special mixing zone .
(2) warm water 90 7.4 5.0 2.4
(3) Small mouth bass 84 7.8 6.0 1.8
(4) Trout 68 9.2 6.0 3.2

The value of ko varies from 0.1 to 0.8 in Oklahoma
(39). The other reaction coefficient of interest, kl' is
found to vary from 0.1 to 0.18 in the Oklahoma streams. .The
Department of Pollution Control, the State of Oklahoma, has
used the self-purification constant "f" = k2/kl in their
planning. The value of "f" used for the region containing
the Verdigris River basin is 4.0, corrected for the tempera-
ture. This narrows the choice of a value for k, to 0.4 to
0.72.

The stream river-miles data are very important. The
stream lengths are obtained by measuring them on topographical

maps. The data obtained are listed in Table VI-19.

Determination of the Costs

Since the type of the treatment must be known besides

the population equivalent and flow data, to determine the
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TABLE VI-19

STREAM DATA

Length Total

of the Number of Stream

Stream System Main Stem  Tributaries  Length
(miles) (miles)

(1) The Bird Creek 84.0 15 299.5
(2) The Caney River 24.0 _ 15 362.7
(3) The Verdigris River 148.5 22 . 1151.3°

cost of a treatment plant, the required level of treatment at
a source, viz,. e, must be translated to the type of waste
treatment plant required at the source. This is achieved by

the following table.

TABLE VI-20

DETERMINING THE TYPE OF WASTE TREATMENT PLANT REQUIRED

e Required Type of Treatment
i Treatment Level Plant Required
< 0.35 Primary Primary .
0.35 to 0.70 Marginal secondary Standard rat
trickling filter
0.70 to 0.85 High rate biological High rate trickling
filter
0.85 to 0.95 Secondary with
nitrification Activated sludge

0.95 to 0.99 Advanced Activated sludge
2 0.99 Ultimate - '
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The following tables, Tables VI-21 and VI-22, contain
the results of the computations for optimal allocations of

waste loads made with the help of the model.



TABLE VI-21

MUNICIPAL WASTE LOAD ALLOCATIONS

BOD Removal Suspended
. . Influent BOD Load Efficiency Effluent - BOD Solids
Municipal Plant Percent in stream
MGD lbs/day Pres. Req. mg/L lbs/day mg/L 1lbs/day
(1) Avant (Osage) 0.006 34 15 35 218.2 11.90 30 10.51
(2) Barnsdall (Osage) 0.107 ? ? - - - 30 37.53
(3) Bartlesville-Hillcrest )
(Washington) 0.051 43.8 84 84 79.35 36.79 30 60.05
(4) Bartlesville-1
(Washington) 2.70 3896.0 89 89 17.46 428.56 30 650.52
(5) Bartlesville-2
(Washington) 0.24 284.0 20 90 13.01 28.4 30 82.57
(6) Catoosa (Rogers) 0.056 108.0 92 92 16.97 8.64 30 14.01

(7) Chelsea (Rogers)

Total Retention 0.13 - - - T - 30 T
(8) Claremore (Rogers) 1.28 2936.0 65 85 37.85 440.40 30 335.27
(9) Collinsville (Tulsa) — . _— . . o
Total Retention 0.30 30
(10) Copan (Washington) 0.041 ? ? ? ? ? 30 13.76
(11) Delaware (Nowata) _— — —_— . . .
Total Retention 0.035 30
(12) Dewey (Washington) 0.388 644.0 86 86 25.56 90.16 3¢C 97.58
(13) Hominy (Osage) 0.18 314.0 76 76 46.05 75.36 20 55.04
(14) Inola (Rogers) 0.069 206.0 86 86 45.98 28.84 30 25.02

(15) Nowata (Nowata) 0.296 632.0 92 92 18.79 50.56 30 80.06

SeT1



TABLE VI-21--Continued

|

BOD Removal Suspended
. . Influent BOD Load Efficiency Effluent - BOD Solids
Municipal Plant Percent (in stream)

MGD lbs/day Pres. Req. mg/L lbs/day mg/L lbs/day

(16) Ochelata (Washington) 0.04 - - - - - 30 -
Total Retention ‘

(17) Owasso (Tulsa) 0.33 - -— —— - - 30 -
Total Retention )

(18) Pawhuska (Osage) 0.308 311 80 80 22.21 62.20 30 259,95

(19) Ramona (Washington) 0.042

Total Retention - T - T - 30 -
(20) Rolling Hills
(Wagoner) ? ? 91 91 ? ? 30 ?
(21) sSkiatook (Tulsa) . . — e — —
Total Reten;ion 0.232 30
(22) South Coffeyville 0.044 2 2 2 2 2 30 14.01
(Nowata)
(23) Sperry (Tulsa) 0.112 ? ? ? ? ? 30 325.26
(24) Tulsa N.S. (Tulsa) 10.0 10592 83 97 3.50 317.76 30 3352.65
(25) Tuﬁilgg‘t Rock 5.1 5700 72 97 3.69 171.00 30 1951.56
(26) Tulsa Coal (Tulsa) 3.5 7093 94 97 6.69 212.79 30 1025.82
(27) Tulsa Rose Dew 0.016 2 ? 2 ? ? 30  60.05
{(Tulsa)
(28) Wagoner (Wagoner) 0.75 1711 93 93 17.57 119.77 30 217.67
(29) Wynona (Osage) 0.034 ? ? ? ? ? 30 13.01

9sT



TABLE VI-22

INDUSTRIAL WASTE LOAD ALLOCATIONS

e

Suspended

BOD Removal
. . Influent BOD Load Efficiency Effluent - BOD Solids
Industrial Discharger Percent (effluent)
MGD lbs/day Pres. Req. mg/L lbs/day mg/L. 1lbs/day
(1) Peabody Coal Co. 0.05 -— - — - - 30 13.64
St. Louis, MO
(2) Tulsa Rendering Co. 0.05 16.7 ? 35 23.89 10.86 30 13.64
Collinsville
(3) Phillips Petroleum 0.06 .05 ? 0.0 0.09 0.05 30 16.37
Research
Bartlesville
(4) National Zinc Co. 0.5 - - - - - 30 - 136.36
Bartlesville
(5) Public Service Co. 1.21 - - - - - 30 330.0
Tulsa
(6) Chandler Materials 0.0002 —— - - - - 30 0.05
Co., Tulsa
(7) Kaiser Aluminum & 0.01 - - - - - 30 2.7
Chemical Corp
Tulsa
(8) Byron Jackson 0.00124 0.06 ? 0.0 5.32 0.06 30 0.34
Tulsa
(9) Black, Sivals & 0.018 0.21 ? 0.0 1.28 0.21 30 4.90
Bryson, Tulsa
(10) Leland Equipment Co  0.00024 0.008 ? 0.0 3.67 .0080 30 0.065
Tulsa
(11) Hathaway Ind. 0.003 - - - - - 30 0.82
Tulsa
(12) American Airlines 0.05 - -— - |- - 30 13.64

Tulsa

LST



TABLE VI-22--Continued

BOD Removal Suspended
. . Influent BOD Load Efficiency Effluent - BOD Solids
Industrial Discharger Percent (effluent)
MGD lbs/day Pres. Req. mg/L 1lbs/day mg/L 1lbs/day
(13) Fram Corp, Tulsa 0.0394 24.3 ? 35 44.11 15.8 30 10.75
(14) Lake Country Beverage
Beverage, Inc. 0.0008 2.37 ? 35 211.75 1.54 30 0.22
Tulsa
(15) North American
Rockwell Corp. 0.05 - - — - -- 30 13.64
Tulsa
(16) McDonnell Douglas 0.0393 9.8 ? 35 17.83 6.37 30 10.75
Corp, Tulsa 0.078 32.5 ? 35 29.8 21.13 30 21.27
0.344 86.1 ? 35 17.9 55.97 30 93.82
0.00167 - - — - - 30 0.46
(17) Dowell, Tulsa 0.00012 0.007 ? 0.0 6.42 0.007 30 0.03
(18) Bumper Service of
Tulsa, Inc. 0.09 -- - - - - 30 24.55
Tulsa
(19) Tulsa Chrome Plating . _ o L —
Co., Tulsa 0.02 30 5.45
(20) Yuba Heat Transfer g, 44743 2.5 ? 35  24.13  1.63 30 2.03

Division, Tulsa

8GST



CHAPTER VII
SUMMARY AND CONCLUSIONS

Water pollution control is of great concern to the
government and the general public. Therefore, the manage-
ment of water quality has become very important. River
basin planning is an important aspect of the water quality
management of a region. Many authors have attempted to
develop mathematical models to predict and manage the quality
of waters in screams and rivers. More than 50 models were
reviewed for this diséerfation. ééveral of these more sig-
nificant models were studied in detail and compared on the
basis of data requirements, quality parameters., outputs and
computational ease. The table VII-1 suﬁmarizes the information
on these models.

Reld models were selected for water quality prediction
for this dissertation. These models were viewed to be very
sultable because they are simple in cbnstruction, inexpensive
to use and require only a minimum amount of input data.v
These models were originally developed for predicting the
flow augmentation requirements given the waste removal levels
and other data. These models were modified here to predict

159



TABLE VII-1

COMPARISON OF THE WATER QUALITY MODELS

MODEL QUALITY PARAMETERS DATA REQUIREMENTS OouTPUT COMMENTS
QUAL-I temperature, BOD- Waste load inventories, time history can be applied
DO conservative stream data, head water and spatial to a region,
minerals sources data, flows, velo- description moderately’ ex-
cities, BOD,DO, T, ky, ko, of a parameter. pensive in
ete. terms of data
collection and
operation
Harper temperature, BOD- stream velocity, slope, simulation of applicable toc a
DO, conservative depth, flow, BOD, DO, a quality para- stream. can be
minerals, nutri- waste flows, mineral con- meter. applied to a
ents, etc. centrations, etc. region. moder-
: ate cost.
Thomann DO, BOD DO, flows, diffusion co- DO time re- applicable to a
efficients, mixing para- sponse to a "estuary" and a
meter, etc. varying input non tidal
of a waste stream. high
discharge. speed digital
computer reqd.
for solution.
Novotny DO, BOD flows, velocities, diffu- DO time re- requires great

sivity coefficient, depth,
width, energy gradient in
the stream, etc.

sponse to a
waste load.

computer stor-
age capacity,
applicable to a
stream network.

09T



TABLE VII-1 (Continued)

COMPARISON OF THE WATER QUALITY MODELS

"MODEL

QUALITY PARAMETERS

DATA REQUIREMENTS

OUTPUT

COMMENTS

Lombardo
& Franz

temperature, BOD,

DO, coliforms,

sediments, nutri-

ents, TDS, etc.

mean velocity, depth, con-
centrations of BOD, DO,
coliforms, minerals, etc.
flows, reaction rate con-
stants, etec.

simulations of
the hydrologic
and water gua-
lity charac-
teristics of a
stream or a
lake.

applicable to a
stream or a
lake. moder--
ately expensive

Chen &
Orlob

temperature, BOD,

DO, nutrients,
toxicity, zoop-
lankton, fish,
TDS, coliform,
ete.

river flows, waste dis-
charges, tidal flows, out-
flows, lengths, width,
depth, friction factor,
surface area, side slopes,
etc.

tidal veloci-
ties, dis-
charges, ecle~
vations in an
estuary. sim-
ulations of a
quality para-
meter.

applicable to
an estuary or a
lake. moder-
ately expensive.

Reid &
others

temperature, BOb,

nutrients, con-
servative min-
erals.

population data, length,
velocity, k2, flows, phos-
porous and nitrogen re-
moval levels, BOD removal
level, etc.

flow regd. for
augmentation
or given a
flow the treat-
ment levels.

applicable to a

region as a
whole. very in-
expensive to
use.

91
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the waste removal level for a reglon given the availabls
low flows, pecpulation of the basin, ete.

The Mathematical Programming System (MPS/360) deve-
loped by IBM was used to solve the linear optimal allocation
model. The MPS is available on IBM 360/370 systems to sclve
linear programs. Generally, the optimal allocation problem
consists of a large number of constraints and variables. Each
variable represents a source of waste iﬁ the river basin.
The constraints consist of the upper and lower limits of
treatment at each source and the water quality requirements.
Such a model is very tedious for hand calculations. The MPS
is very useful for solving the model.

The water quality model for the carbcnaceous BOD

(CBOD) contains one "judgment" parameter namely k the

25
reaeration coefficient. As stated in the previous chapter,

~ the value of k, for the Verdigris River basin was determined
to be in the range from 0.4 to 0.72. A conservative value

of 0.5 was used for the basin. It is lnteresting to note
that the "optimal" allocations of waste loads made using

the value of ky = 0.5 remain essentially the same for values
of k, from 0.50 to 0.60. If a value of 0.4 is assumed for
k,, then the allocation to Bartlesville-1l plant is affected.
The required degree of BOD removal is ralised from the present

level of 89 percent to 96 percent. If the value of k2 is

assumed to be 0.72, then the allocation to Tulsa Flat Rock
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plant is affected. The required degree of treatment for CBOD
removal 1s lowered from the 97 percent required under the
present allocations to 90 percent.

The efficiency term ratio, €, was found to be very
close to unity. This ipdicates that the velocitlies in the
streams and tributaries and the distribution 6f the point
loads are such that the river system recovers from the effects
of the point loads.

The cost models determine the costs in terms of 1957-
59 dollars and are useful for comparing costs under various
allocation programs. It should be remembered that the actual
estimations of costs should be based upon further data from
the recent constructions of sewage and waste treatment plants.

For the purposes of the "Comprehensive River Basin
Planning" project, the waste load allocations were made by
determining the assimilative capacities of the streams at
the points of discharge. It 1is interesting to compare the
results obtained under the two different allocation programs.
For the ease.of comparison, the waste loads are gfouped into
three classes: (1) concentrated loads; (2) medium loads;
and (3) 1light loads.

In case of the concentratéd loads such as Tulsa North
Side, Tulsa Flat Rock and Tulsa Coal plants, the required
degree of treatment is higher under the present allocation

program. The only exception is the Claremore plant where
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~the required degree of treatment is lower than the one deter-
mined under the previous program.

In case of the medium loads such as Bartlesville;E,
Catoosa, Nowata, Pawhuska and other plants, the CBOD removal
requirement is higher under the presenf program, while in the -
case of Dewey, Hominy and Inola it is slightly lower than that
under the previous program."

For the light loads, such as industrial loads (for CBOD
only) and others, either the minimal treatment, namely 35
percent CBOD removal, or no treatment is required under the
present allocation program. It was considered unrealistic to
require a discharger to treat his wastes if his CBOD load was
. less than-i 1b/day. The allocations made here compare fairly
well with the allocations made previously. In some cases,
the allocations are slightly higher while iﬁ other cases,
they are slightly lower.

One obvious conclusion is that the,method of waste
load allocations presented here is superior to the methods
used previously by other authcrs. The present method of the
model is simple, quick and less expensive to use. Also, the
data requirement of the model is less than that of the other
models.

The models presented here should be very valuable to
a river basin planning agency that is engaged in the interim
planning for the basin. The models provide a quick Waste

load allocation program for water pollution control at
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relatively little cost.

It should be realized the model developed here 1s a
macroscoplc model and the results obtained are to be used for
interim planning purposes. The field data avallable, gener-
ally, do not permit a very fine analysis, nor is such an
analysis warranted. However, if precise data were available
and if a finer study was required, models presented in Chap-
ter 2 can be utilized for the purpose. The appendix shows
sample calculations. It is apparent that the computations

involved are very simple.
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The Bilodegradable model is

= ¥ _vy1 PE (PP) 942,900
o = 5+ 1-n) B « P22
A

(Equation III-65 pg. 72)

This model is modified as follows
E = 1- 9% (Cs-RQSpg) ‘kp'n-L , 1
PE-V* (942,900) [+ (1-1)]

=1
i

1-PP

The data used are

Qg = 12.894 mgd. (table VI-1T7)
PE = 4,67,971 x 10~6 (page 140)

L = 1151.3 miles (table VI-19)

n = 1.06 (equation III-56)

V = 1.36 miles/hour (U.S.G.S. data)
ko = 0.50 (judgment parameter)

€ = 1.00 (equation III-59 & figure III-1)
Y = 0.70 (page 140)
C4-RQSpg = 2.4 mg/; (table VI-18)
substituting these data and solving we get
E = 0.94.
Twenty eight waste dischargers reported their BOD
loads. Tables VI-15 and VI-16 contain the data for these

sources of wastes. The total BOD loading in the basin W is
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obtained as

W

28
z
i=1

cBOD4

34,679.425 1bs/day
The allocation problem is formulated as a linear pro-
gram as follows.
Minimize 28
z ei
i=1
subject to

Quality constraints

28
z cBOD; x e; > 34679.425 x 0.94
i=1
Policy constraints
€5 2 epi
e; > 0.85 if cBODj > 1000 lbs/day

v

eq > 0.35 if ¢BOD3 > 1 1b./day

e1 = epy if ¢BOD; < 1 1b./day

ei < 0.97

ey >0

This lineaf problem is solved‘with the help of the
Mathematical Progr@mming System (MPS-360). The results of the
optimal solution are presented in tables VI-21 & 22. The costs
of fhe optimal solution are determined as follows.

Municipal Treatment Plants:

(1) Avant (Osage)

Pop. served 439



(2)
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Present treatment level 15% BOD removal.

The design flow for the plant is 0.006 mgd.

The required level of BOD removal is 35%. A primary

treatment plant would be required. The cost
plant is determined as follows.

Ln ¥Y" = 12.42 + 0.3853 x,

X5 = 0.006 mgd.

S Y" = 2,500,00 $/mgd.
total cost:

2,50,000 -, 0.006
0.8 l

= 1875 $ 1957-59 dollars
Claremore (Rogers)
9084
Design flow = 2.11 mgd.

Pop. served

Present treatment level 65%
Required BOD removal level 85%

A high rate trickling filter is recommended.

of this

The cost of this plant 1s determined as follows.

Ln Y" = 9.39 + 0.3557 LnX;-0.6443 LnX,
9084
2.11 mgd.

X3

X
SY" = 4,23,000 $/mgd.

the total cost

4,23,000 x 2-11

0.8 .. 1
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= 1,1,18,000 $ 1957-59 dollars

(3) Tulsa (Tuisa)

Three plants. Total pop. served = 330409

(1)

(11)

Tulsa coal plant.

Design flow 4 mgd.
Required BOD removal 97%
An activated sludge treatment plant is recommended.
The cost of this plant is determined as follows.

Ln Y" = 8.53 + 0.4610 1nX;-0.7375 LnX,

X1 = 80,000 (est.)
Xy = 4 mgd.
Y" = 3,36,000 $/mgd.

the total cost:

33363000 X
0.8

= 1,680,000 $ 1957-59 dollars

hl
1

Tulsa Flat Rock
Design flow is 5.1 mgd.
Required BOD removal level is 97%
An activéted sludge treatment plant is recommended.
The cost of this plant is determined as follows.
Ln Y" = 8.53 + 0.4610 LnX;-0.7375 LnX,
Xy = 90,000 (est.)
¥Xp = 5.1 mgd.

Y" = 2,90,000 $/megd.

the total cost:
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2,90,000 x 5.1
0.8 1

= 1,8,50,000 $ 1957-59 dollars
(1ii) Tulsa North Side:
Design flow is 11.0 mgd.
Required BOD removal level is 97%
An activated sludge treatment plant 1s recommended.
The cost of this plant is determined as follows.
Ln Y" = 8.53 + 0.4610 LnX;-~0.7375 LnX,

X5 = 11.0 mgd.
Y" = 2,13,000 $/mgd.

the total cost:

2,13,000 5 11

——

0.8 1
= 2,9,22,000 $ 1957-59 dollars.
the total cost to Tulsa is:
' 2,9,22,000 + 1,8,50,000 + 1,6,80,000
= 6,4,52,000 $ 1957-59 dollars

Industrial Treatmeﬁt Plants

Five induscries are required to treat their wastes for
35% BOD removal. Industrial primary treatment plants are
recommended. The model used 1is:

In Y," = 12.93509-0.09734 LnX,~0.22875

p
(1) Tulsa Rendering Co.

Design flow = 0.05 mgd.



(2)

(3)

€

(5)
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Yp" = 4,36,000 $/mgd.
the total cost:

4,36,000 4 0.05
0.8 1

= 27,220 $ 1957-59 dollars.
Farm Corp.
Design flow = 0.0394 mgd.
Yt = 4,45,060 $/mgd.
the total cost:

§,45,000 x 0.0394
0.8 1

= 22100 $ 1957-59 dollars
Lake Country Beverage, Inc.
Design flow = 0.0008 mgd.
Yp" = 8,15,000 $/mgd.
the total cost:

8,15,000 x 0.0008
0.8 l

= 815 $ 1957-59 dollars
McDonyell Douglas Cofp.-
Design flow = 0.4613 mgd.

Yp" = 3,60,000 $/mgd.
the total cost:

3,60,000 4 0.4613
0.8 1

= 2,08,000 $ 1957-59 dellars

Yuba Heat Transfer Division
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0.00743 mgd.

Design flow

Y," = 5,20,000 $/megd.

the total cost:

5,20,000 5 0.00743
0.8 1

= 4820 $ 1957-59 dollars
the total cost to the river basin ls:

$7,834,830 $ in 1957-59 dollars.



