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SYNOPSIS

The objective of this investigation was to develop a control strategy
for the operation of an equalization tank upstream of a wastewater
treatment plant which utilizes the available equalization hold-up
volume in such a manner that it reduces, optimally, diurnal fluctua-

¥
tions in both influent flow and load rates.

The influent to a wastewater treatment plant generally exhibits wide
diurnal variations in both flow rate and concentration, and consequently
in load rate (defined as the product of flow rate and concentration).
Deviations of these parameters from steady state cause plant operating
problems in ‘areas such as aeratiop control (due to load rate fluctua-
tions), settling tank overloading 'due to flow rate fluctuations) and/

or over- or under-aeration which affects settling properties, and others.

Adverse effects of both flow and load rate fluctuations can be minimi-
zed either by (1) suitable in-plant control, or (2) installing an

equalization (or balancing) tank upstream of the plant.

In-plant Control: In the application of in-plant control,

problems are encountered particularly in the South African
context. Effective control of nutrient removal processes
(which include anaerobic, anoxic and aerobic zones) requires
(i) sophisticated models for the kinetics of the activated
sludge process and the settling tank behaviour - it is doubt-
ful whether an adequate model exists as yet; and (ii)
sophisticated monitoring equipment - in many areas of South
Africa the technipal infrastructure and manpower requirements,

necessary to maintain a sophisticated in-plant control system,

The selection of load, instead of concentration, as a parameter to be
equalized, requires some comment. The selection is Jjustified from
the kinetic behaviour of the activated sludge process. In terms of
the process model developed by Dold, Ekama and Marais (1980), at long
sludge ages process response is controlled prinecipally by  the varia-
tion in load rate (i.e. concentration x flow rate), not by the
variation in concentration alone. ‘
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are not available. For the above two reasons it was deemed
that in-plant control of nutrient removal processes in South
Africa was simply not feasible. In addition, even if in-plant
control under the cyclic inputs of flow and load was successful,
the level of process performance attainable would still not be
as high as that which can be attained when a plant is operated
under constant inputs. For example, the efficiency of nitri-
fication under cyclic conditions can never be as high as that
observed under constant inputs as a consequence of the process
kinetics. These considerations provided the motivation for
enguiring into the second approach to control of wastewater

treatment plants.

Equalization: From a theoretical viewpoint,complete or near-

complete equalization of both flow and load would either
eliminate the need for in-plant control or reduce the required
in-plant control to the simplest level, within the competence
of the plant operator. In addition to providing a solution
for the control problem, equalization can reduce plant capital
costs; for example, (1) aeration capacity to be provided will
be determined essentially by the mean influent COD load in-
stead of the peak load, (2) settling tank areas can be reduced

to cope with the mean inflow rate, and not the peak flow rate.

Two main features have detracted from equalization as a method

for controlling treatment plant operation:

(1) Traditionally the objective in operating an equalization
basin was to attenuate flow rate variations. Little
emphasis was placed on the deliberate attenuation of load
rate variations; the degree of load attenuation that
automatically accompanies flow équalization was considered

*
rather as a secondary bonus —_equalization, as practiced

*The primary interest in flow equalization alone is understandable:

Flow equalization generally was tested only on plants operated at

short sludge ages (< 3 days). From kinetic considerations, the res-
ponse of parameters such as oxygen utilization rate is largely atten-
uated in this situation; therefore the need for load equalization is
not as crucial as for plants operated at long sludge ages where these
parameters respond sensitively to influent load rate variations. That
is, flow equalization sufficed in overcoming the operating problems.
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in the past, does not necessarily supply an effective con-
trol tool because, even where flow equalization is accom-
plished, the associated degree of load equalization might
not be sufficient to overcome the control problems arising

from load rate fluctuations.

(2) Difficulties have been encountered in the successful opera-
tion of flow equalization facilities. Overational pro-
cedures reduce to setting the tank outflow rate each day on

_the basis of an estimate (by the plant operator) of the
expected inflow over the ensuing 2Lk-hour cycle. This
approach can, at best, be described as only moderately
successful: because the inflow is seldom constant from day
to day, particularly betweén weekday and weekend, the
approach relies heavily on operator ingenuity and experi-
ence. That is, flow equalization has suffered from a lack

of an efficient operational strategy.

With the advent of low-cost microcomputers it was considered feasible
to devise an on line control strategy that will (1) minimize diurnal
deviations in both flow and load rates from their respective mean
values within the volume constraints of the particular system on a
continuous basis, and (2) overcome the difficulties inherent with
operation of equalization facilities by human agency. Development

of this control strategy was the principal objective of this thesis.

REQUIREMENTS FOR CONTROL

The essence of the control problem in equalization is to determine,
for a specified installation, under the daily cyclic inputs of flow
and load, the appropriate tank outflow rate at any instant so that
variations in both the flow and load rates are optimally minimized,
yet ensuring that the equalization tank neither overflows nor empties

over the daily cycle.

To solve the control problem, the approach adopted in this investiga-
tion was to predict influent flow rate and concentration (and hence
load rate) patterns over the ensuing 24-hour period; then compute
the outflow profile (for the ensuing 24-hour cycle) that gives the

least error in terms of some flow and load optimization criterion.
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The first portion of the outflow rate profile specifies the optimal
outflow rate for an ensuing short interval (of, say, half an hour).
By repeating this procedure at regular short intervals, to account
for differences between actual and predicted inputs, operation of the
equalization facility is optimized continuously.* Attainment of these

objectives devolved into seeking solutions to two questions:

1.If the complete influent flow rate and concentration patterns
for a 2k-hour cycle are known, how is the outflow rate pattern
for optimal equalization determined? The solution to this

problem requires the development of an equalization algorithm.

2.If the influent flow rate and concentration patterns and the
mean flow and mean load per day are.not constant from day fo
day, how are the influent patterns to be predicted, and how ié
this variability accommodated to achieve real-time optimal
equalization? The solution to this problem requires applica-
tion of the equalization algorithm in an appropriate control

strategy.

EQUALIZATION ALGORITHM

The solution to the first problem involves the application of an equali-
zation algorithm by means of which, given a specified influent flow rate
and concentration pattern and a specified size of equalization tank,
successive incremental adjustments are made to an initial outflow
pattern until the resultant pattern, when considered with the associa-
ted effluent load rate pattern, yields optimal equalization of flow and
load. The optimal condition is identified by minimizing an empirical
error function that expresses the integrated dally deviation of both
flow and locad rates from their respective mean values. The relative
importance of flow as against load equalization may be varied through
applying a weighting factor, a, to the errors for flow, Ef, and load,

E4» respectively, as shown in Eq (1):

% .
This approach is very different from the traditional one where the

objective, theoretically at least, was to accept some fixed daily
cyclic influent flow rate pattern and determine the tank volume
required to allow the tank outflow rate to be held constant equal to
the mean inflow rate. In contrast, the approach here is to accept

the tank volume and then to control the outflow rate to give the mini-
mum deviation from the mean; that is, the approach makes allowance for
variability in the daily cyclic influent pattern - a feature observed
in practice and which leads to problems in applying the traditional
method. Therefore, even if the available volume is too small to allow
complete equalization, that volume is utilized optimally.
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E = gE + (1-a)Eld | (1)

where
Ee = total equalization error due to flow and load rate fluctuatioms.

An implicit part of the general optimization problem involves ensuring
that, under the specified input of flow over the day, the optimal out-
flow pattern gives rise to a tank hold-up (or volume) profile which at
no time exceeds specified upper and lower volume limits. Satisfaction
of this constraint was resolved by introducing a penalty error, Elm’
that increases rapidly as the tank hold-up attains values outside of
the specified limits. This ensures the development of an optimal
tank outflow rate profile that, under the 24-hour inflow rate pattern,
results in an associated tank hold-up profile over the day which does

not exceed the specified tank hold-up limits of the selected equalization

tank.

The combined effect of the equalization error and the penalty error

for volumetric limits introduced a further problem: "spikiness" in

the 24-hour tank outflow profile could develop when the tank was near
full or empty, particularly for tank retention times of less than 3
hours (based on the mean inflow rate). This problem in the optimiza-
tion procedure was resolved by incorporating a second penalty error, ES,
to constrain the rate of change of the tank outflow rate. This penalty
has an additional benefit; rapid changes in the outflow rate profile
not adequately reflected in the equalization error are damped. Con-
sequently, the total error, Et’ used as the objective function in the

optimization procedure consists of three components:

= + +
Et Fe Elm Es (2)

The equalization algorithm, once established, was used to assess the
effects of various relevant parameters such as configuration, size, etc.
on equalization performance. For this analysis, to compare the
different‘equalization results on a general basis, a measure of the
equalization efficlency was required. This was provided by a relative
error, Er’ defined as the ratio of the equalization facility effluent
equalization error (Eq 1) to the influent stream equalization error

(also calculated from Eq 1, but utilizing the influent flow and load
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rate patterns). The analysis was carried out assuming fixed daily
cyclic influent flow and load rate patterns that closely approximated
those encountered at full-scale wastewater treatment plants and

covered the following aspects:

1.In-line equalization was analyzed with regard to (i)
equalization tank retention time; (ii) the form of the
influent flow rate and mass loading patterns; and (iii)

the equalization error weighting factor, a, (see Eq 1).

2.Side-line equalization (with flow division either by
"splitting" or "topping") was analyzed with regard to
(1) equalization tank retention time; and (ii) the value -.

of the flow division factor.

The analysis provided certain useful guide-lines for the design of

equalization facilities; from the results it was found that:

- The efficiency of equalization improves with increasing
tank size: however, the rate of improvement decreases with
increasing tank size. Optimal equalization requires a tank
with a mean retention time in the region of 4 to 6 hours;
little is gained in equalization efficiency for retention

times greater than 6 hours.

- A reduction in excess of 90 percent on flow and load rate
fluetuations can be obtained with a tank retention time of

4 to 6 hours.

- In the region of effective equalization, whereas the un-
controlled load rate in the influent cyecle may fluctuate
between one quarter and four to five times the mean (with
consequential low and high oxygen demands in the downstream
process), the equalized load rate remains virtually constant,
with a small drop once every 24 hours. This behaviour will
simplify aeration rate control considerably, and bring about
a substantial reduction in the aeration capacity required to
match the peak load rate - a factor of particular importance

for processes operated at long sludge ages.

- Comparison of in-line and side-line equalization indicates

that, in the region where effective equalization is achieved,
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neither scheme results in a reduced tank volume requirement
over the other. Side-line equalization, however, has one
adverse feature in practice; rapid, random variations in
the influent flow and load rate patterns.will be transmitted
in part to the downstream process in the stream bypassing
the balancing tank. (With in-line equalization the tank

acts as a buffer for these variations).

-~ The only motivation for utilizing side-line in preference
to in-line equalization is a possible saving in pumping
costs in situations where gravity flow to and from the
equalization tank is not possible ; results of the study
under fixed input patterns show that as much as 60 percent
of the influent flow can bypass the equalization tank with

only a marginal reduction in equalization efficiency.

CONTROL STRATEGY

In real-time operation the daily cyclic influent patterns change from
day to day both in the form of the patterns and the mean daily input
values. Incorporation of the equalization algorithm in a control
strategy for the real-time, continuous operation of an equalization
facility involves the prediction, at any point in time, of the expected
influent patterns for the ensuing 24-hour cycle. The prediction is
based primarily on historical inflow and concentration data, but also
incorporates differences between actual and historical inflow rates

for the period prior to the prediction. Historical data is stored

in the computer memory, and is continﬁally updated as and when informa-

tion is available.

For application of the control strategy, the day is divided into a
number of, say, half-hour control intervals. At the beginning of an
interval, the expected influent patterns for the ensuing 2hk-hour cycle
are set up and utilized by the equalization algorithm to compute the
optimal simulated tank outflow profile for the 24 hours ahead. The
outflow value determined for the first interval in the 2l-hour cycle
is then applied as the actual output for the duration of that interval.
By repeating this procedure at the start of each control interval (i.e.
every half-hour in this case) performance of the equalization tank is

continuously optimized.
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An important aspect of the control strategy is that the algorithm
differentiates between influent patterns for weekdays and weekend
days. From a comparison of data collected at several treatment
plants in South Africa it was apparent that the influent patterns
for weekdays and weekend days differ sharply in (1) the forms of the
flow and load rate patterns, and more important, (2) a reduction (of
approximately 30 percent) in the mean daily influent flow and load
rates from week to weekend. By distinguishing between the two types
of pattern, the strategy optimally reduces the effect of the transi-

tion from week to weekend, and wice versa.

The control strategy was tested by simulation of the controlled
equalization tank response under a wide range of influent conditions
using both (1) influent data measured on full-scale treatment planfs
and (2) unusual inputs (e.g. simulated storm patterns) so as to
stress the strategy to the extreme. By comparing response under
real-time inputs with invariant inputs it was also possible to check
whether the conclusions regarding equalization performance obtained
under fixed diurnal input patterns also hold true under real-time
inputs. In all cases the conclusions (with regard to tank size,
configuration, etc) obtained under fixed diurnal input patterns were

found to hold under real-time inputs.

IMPLEMENTATION

Once the control strategy had been tested successfully in simulations,
the scheme was implemented at full-scale on the 100 M,Q,.d-l Goudkoppies
wastewater treatment plant at Johannesburg; - this plant has a 22 750 m3
in-line equalization tank (i.e. approximately 5,5 hour mean retention
time).‘ "In this instance it was poséible only to test the flow equa;—
izing aspect of the strategy (i.e. a = 1,0 in Eq 1) because there was

no mechanical mixing of the tank contents.

The requirements for implementing the strategy at Goudkoppies, in
addition to the microcomputer, were the facility (1) to measure tank
outflow rate and tank level, and transfer these measurements to the
microcomputer, and (2) to specify the setpoints for the tank outflow
rate controllers from the microcomputer. An interface for'conditioning
the signals passing between the microcomputer and the plant was designed

and manufactured at the,University of Cape Town.
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The principal requirement for optimal real-time operation is that the
historical inflow rate data stored in the microcomputer memory
approximates the actual inflow rate pattern with reasonable accuracy.

Two features helped to ensure this requirement:

1.The strategy differentiates between the two characteristic

types of influent pattern - for weekdays and weekend days.

2.The strategy is self-correcting: over the first few days
of operation, if the historical inflow rate data initially
stored in the microcomputer memory does not reflect the
actual inflow patterns accurately, the strategy response is
not optimal. However, the strategy automatically updates
the historical data on the basis of the observed inflow rates.
By means of this updating mechahiSm, the strategy ensures
the development, after a few days, of a running average
historical daily influent pattern close to the respective
observed patterns during the week and over the weekends. 1In
addition, the effect of seasonal changes in the inflow

patterns is automatically updated in the patterns.

Had the objective at Goudkopples been implementation of the control
strategy with both flow and load equalization (i.e. if the tank contents
were mixed) it would appear that continuous monitoring of COD concentra-
tion would also be required. This would pose a problem because both
the instrumentation to monitor COD on a continuous basis, and the opera-
tion thereof, are complex and costly —’this would nullify, to a degree,
the objective of developing a low-cost simple alternative to in-plant
control. However, continuous monitoring of COD concentration is not
demandéd; it is sufficient to check the historical COD data stored

in the microcomputer memory at intervals of, say, 3 months. This is

so because simulation studies indicate that the system response is
relatively insensitive to deviations in actual influent concentration
from the historical data. The reason for the insensitivity arises

from the fact that the load rate is'the product of the flow rate and
concentration; because the flow rate is accurately accounted for
continuously, deviations in concentration affect the load value only

in part. Indeed, the added efficiency to be obtained by continuous

COD monitoring is unlikely to merit the cost of implementation.
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Under the control strategy the efficiency of equalization at the
Goudkoppies plant was far superior to that attained prior to the
implementation when the tank outflow rate had been manually specified,

and the strategy operated very effectively:

- The tank outflow rate was held very close to the optimum
indicated by the simulations and the analysis under fixed
diurnal inputs. During the midweek period the tank outflow
rate was maintained very near constant. The strategy also
smoothed the transition from week to weekend, and vice versa,
by spreading the effect of the step change in daily inflow

over an extended period.

- The on-line strategy removed a considerable work load from
the plant operators, and relieved the operators of a difficult

and frustrating task.

~ The level of equalization efficiency was incomparably higher
than that attained when the outflow rate was specified
manually. For example, problems of tank overfiow were no
longer encountered - this had been a regular occurrence under

manual operation.

In the case of the un-mixed Goudkoppies equalization tank receiving
settled sewage, a limited study has shown that the degree of equaliza-
tion of load is very close to that indicated by simulations for
completely mixed tanks. This observation, however, should not be
taken to mean that mixing is not required - it may be a result

peculiar to the design of this specific tank.

The oniy problem encountered in the operation of the control strategy at
Goudkoppies has been damage, on one occasion, to electronic equipment

as a result of lightning strikes in the vicinity of the plant. It
would appear obligatory to include protection against lightning

damage at locations where electric storms are of common occurrence.
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CHAPTER ONE

INTRODUCTION

The influent to a wastewater treatment plant (WWTP) usually exhibits

a wide diurnal cyclic variation, both in flow rate and concentration
(COD, TKN), and consequently in load rate (defined as the product of
flow rate and concentration). The form of the input patterns to a
particular plant are determined by a number of factors such as popula-
tion structure; sewer layout, lengths and gradients; climatic and
seasonal effects; etc. However, despite the many influencing factors,
generally it is found that the combined effect gives rise to influent
flow and load rate patterns that are similar for most plants. Typi-
cally the flow rate reaches a maximum, at some time during the day,

of about two times the average daily rate, and a minimum sometime
during the night of about half the average rate. The influent COD
and TKN concentrations show a similar pattern of behaviour, virtually
in phase with the flow variations. As a result the diurnal cyclic
load rate variation can range from four to six times to less than a

quarter of the average daily value.

Daily cyclic variations in flow and load rates affect the design, per-
formance, and operation of wastewater treatment plants, principally as

follows:

Design: The effect of variable input patterns on plant design

generally is one of increased capital costs; for example:

(i) The settling tanks and hydraulic connections must be
designed to cope with the peak flow rate

(ii) The aeration capacity must be designed to cope with the

peak oxygenation rate requirement set by the peak load rate.

Performance: Peak loads and flows may cause "overloading" of
the reactive capacity of the organism mass or the physical design

provisions; as a result there may be:



(ii)

(iii)
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"Leakage" of pollutant to the effluent; this effect is
particularly noticable in nitrifying plants where cyclic
flow and load variations virtually always have a deleterious

effect on the conversion of ammonia to nitrate.

Inadequate oxygenation during peak load periods; this may
cause a sharp deterioration in nitrification efficiency,
and promote the growth of undesirable organism types that

adversely affect the settling properties of the mixed liquor.

Partial or total failure of the settling tanks under peak
flow rates, a problem often compounded by deterioration of

settling properties due to (ii) above.

Operation: Diurnal cyclic variations in load rate necessitate

that the aeration rate be adjusted accordingly, to limit over-

aeration and to prevent under-aeration. Over-aeration constitutes

a wastage of energy and may affect liquid/solid separation and

clarification efficiency in the secondary settler, whereas under-

aeration may promote the growth of undesirable organisms again

to cause settling problems, as stated earlier.

1. DEVELOPMENT AND APPLICATION OF WWTP CONTROL PROCEDURES

Attempts at resolving the difficulties encountered in activated sludge

plant performance and operation due to the cyclic nature of the inputs

of flow and load have led to wide interest in the development and the

application of control procedures for treatment plant operation.

Generally, two philosophies towards a solution of the problem have

achieved prominence; namely:

(1)

In-plant control, wherein no attempt is made to attenuate

variations in influent flow and load rate, but each treat-
ment unit is controlled separately in such a way that the

effects of the cyclic inputs are adequately accommodated.

Equalization control, wherein the influent flow and load

rates are regulated to relatively constant values upstream
of the biological process, thereby simplifying and/or

reducing the control requirements within the plant.
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2. IN-PLANT CONTROL

2.1 General Considerations

In-plant control procedures, or strategies, have existed in some mea-
sure for many years. Initially these procedures probably developed
from a commonsense evaluation of plant behaviour to enhance plant
performance or to accommodate a crisis condition. For example, the
step feed procedure evolved to accommodate peak loads along the length
of a semi-plug flow reactor in such a manner that the aeration capacity
could be effectively utilized over the plant. A second example is
that of aeration control which probably also was developed to save on
aeration costs and to improve plant performance with regard to, say,
settling behaviour. Initially the strategy probably was based on
simple chemical dissolved oxygen tests (e.g. Winkler titrations), to
develop a schedule for switching parts of the aeration system in and
out to maintain a reasonable oxygen concentration. Development of

dissolved oxygen meters greatly promoted this form of control.

Although empirical, many in-plant control procedures in the past have
been applied with reasonable success in practice, but with heavy re-
liance on operator participation. Effective manual application of
control strategies requires operator ingenuity, good unaerstanding of
the way a plant responds to flow and load variations, and almost con-
tinuous attendance at the plant; these impose a heavy responsibility

on the operator. In general these operator requirements can be assured
only at large plants - on small plants usually there is neither the
manpower available nor the competence to implement any strategy beyond

even the most elementary kind.

To overcome the problems associated with manual application of control
strategies, automation of these strategies has become a topic of world-
wide interest. The interest in automaticn of treatment plants is
reflected in the large number of published papers and international
workshops directed specifically towards the study of Instrumentation,
Control and Automation (ICA) equipment systems (e.g. IAWPR inter-
national workshops held in London, Stockholm and Munich). As a result

of these studies there has come the realization that installation of
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automatic controls will have a number of benefits not restricted to
improved plant performance only. For example, an in-depth study

sponsored by the U.K. Department of Industry (which resulted in the
ERL Report) identifies, inter alia, the following benefits accruing

from investment in ICA systems (Drake and Page, 1981):

- Improved quality control

- Savings in energy consumption

- Improved service

- Improved operating flexibility

-~ Reduction in dirty jobs and inconvenient working hours
-~ Improved repair and maintenance information

~ Better use of existing facilities.

Automatic control has been made possible only in recent years by the
development of more sophisticated monitoring instruments and automatic
control equiﬁment. This, in turn, has resulted in an increased

level of sophistication in the control procedures. Taking the example
of aeration control again, initially this involved adjusting aeration
rate on the basis of dissolved oxygen concentration measurements; more
recently instrumentation has allowed the development of control stra-
tegies which utilize both dissolved oxygen concentration and oxygen

utilization rate measurements as control parameters.

The one item of equipment which has made the largest impact on the
approach to development of wastewater treatment plant (and other pro-
cess) control procedures is the low-cost microprocessor-microcomputer.
The avéilability of computational facilities has channelled the approach
to control towards development of "intelligent" control strategies where
control action is taken according to predictions of process response
based on the utilization of a computer model to simulate process

behaviour.

In the field of wastewater treatment, successful application of such
computer-based control strategies has been limited by two factors in

particular:
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(a) A lack of reliable models describing the dynamic
behaviour of the activated sludge process (and that of
other unit processes such as settling tanks).

(b) Deficiencies in the long-term reliability of the
instruments monitoring the parameters necessary for

implementing the strategies.

(1) Process Model Development: From a theoretical point of view

an essential requirement for the development of an effective in-plant
control strategy is a reliable model describing both the treatment process
and the settling tank behaviour under dynamic flow and load conditions,
for any process type and configuration (e.g. nitrification/denitrifi-
cation/phosphorus removal systems). A number of models have been
developed for the various unit processes, and have been evaluated with

a certain degree of success. It is probably not wrong to say that a
predominance of the more sophisticated strategies for the control of

the activated sludge process under dynamic input conditions have been
based on relatively unsophisticated process models and simple process
configurations. Such strategies may be adequate for certain appli-
cations such as control of single reactor aerobic systems where reduc-
tion of COD load only is the objective; typically these systems are
operated at very short sludge ages (<2 days) - in this situation the
response of the process under variable input conditions largely is
damped, thereby simplifying the control problem considerably. However,
it is likely that strategies based on oversimplified process models will
be inadequate if extended to the control of more complex processes, for
example, nutrient removal processes that include anaerebic, anoxic and
aerobic zones; the interaction of the various subsections of the pro-
cess necessitates a fairly complex process kinetic model for adequate
control strategy performance. In consequence, the validity of any
control strategy suited for wide application will depend in a large
measure on the validity of the theoretical model; this is an aspect

on which it is difficult as yet to give a pronouncement.
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(2) Monitoring Instrumentation: The second problem in the appli-

caticn of in-plant control relates to the reliability of monitoring
instruments; as yet problems in this regard are real, making this an
important factor to be considered in deciding whether a plant is to

be automated or not-. Certainly, automation is not to be thought of
if the technical support and infrastructure is not available to pro-
vide the necessary back-up services to maintain a range of measuring
and control instruments. In South Africa, except for the metropolitan
areas (perhaps), inadequate support will be the rule rather than the

exception.

2.2 Implications for South Africa

At present a major dilemma faces the plant designer in South Africa.

In order to meet stringent effluent quality regulations advanced acti-
vated sludge processes to accomplish nitrogen and phosphorus removal
have become commonplace in South Africa; such plants are being pro-
ﬁosed and built to serve communities ranging from the larger urban to
the smaller rural ones. For continuous successful operation, these
plants require more stringent control than the normal aerobic plants.
From an automation point of view, under cyclic flow and load conditions
the monitoring instrumertation required on these multi-reactor systems
will be even more elaborate than for aerobic plants. Furthermore, any
strategy to optimize the attainment of the plant objectives will be
complex and to date such a strategy has not been developed, not even
theoretically. Even when such a strategy is forthcoming, servicing

of measuring instruments and the provision of adequate back-up services
will remain a major problem in South Africa for the reasons outlined

in the previous Section; it is indeed difficult even to envisage, at
this time, the successful application of in-plant automation of nitro-

gen and phosphorus removal plants on a nationwide basis.

Recognizing the difficulties associated with in-plant automated control
under cyclic inputs of flow and load, attention has been directed to
the alternative solution to the problem - equalization of flow and load

rates prior to discharge to the plant.
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3. EQUALIZATION APPROACH TO CONTROL

A means for overcoming, or bypassing the problems involved in the
development and application of in-plant control procedures would be
to regulate the influent flow and load rates to relatively constant
values upstream of the plant i.e. equalization of flow and load.

The principal advantages of this approach (over that of in-plant
control) are: (1) the measure of control still necessary in the
process can be performed by manual means at infrequent intervals

(or by using simple equipment); and (2) the requirements for sophis-
ticated monitoring equipment, accurate kinetic models of the process
and settling tank behaviour, and high levels of operator expertise,
will fall away. In addition it is accepted generally, that constant
inputs of flow and load should lead to improved process performance
over that which at best can be attained under cyclic conditions and,
that optimization of process performance should be simplified

considerably.

The equalization approach does not eliminate the need for control;
however, a brief consideration of the general requirements for
application of the equalization control approach does indicate that
this method will be more simple to apply than an in-plant control
procedure: application of this method most likely will revolve
around flow rate measurement and regulation of flow rate - procedures
which can be applied with simple instrumentation and equipment, and
have been operated effectively and reliably in a wide range of

process applications over many years.

3.1 Methods for Implementing Equalization

Any equalization method necessarily must involve the principle of
retaining flow (and load) during peak periods, and distributing the
stored flow (and load) at times during the cycle when the actual inputs
drop below the mean daily values; in this manner, the flow and load
rates passing to the biological process are maintained as close as
possible to the respective mean values. One means of achieving this
has been to utilize the hold-up capacity of the sewer system, and then
regulating the pumping rate to the plant appropriately. This approach

has three principal drawbacks:
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-~ Implementation most 1likely will involve extensive modifi-
cations to the sewer system; for example, underground sumps
and pumping installations probably will be required at a

number of points in the sewer network.

- There are difficulties in providing a generalized system
for widespread application because many of the problems will

be specific to particular situations.

- The effective working life of such a system could be affected
dramatically by, say, housing or factory development élong

the sewer network.

The most logical method for implementing an equalization schéme appears
to be the installation of a holding tank (generally referred to as a
balancing, or equalization tank or basin) at the treatment plant, up-
stream of the biological process. Allowing the cyclic input of flow
and load to enter the tank, it should ve possible to attenuate
fluctuations in both flow and load to a considerable degree by regulat-
ing the flow from the holding tank, thereby reducing the requirements

for control within the plant needed to achieve satisfactory operation.

A number of full-scale treatment plants have incorporated equalization
tanks in the inflow circuit (EPA, 19T4; Ongerth, 1979). Generally
the objective in including these tanks in plant design has been to
reduce the daily cyclic fluctuations in the influent flow rate to
reduce problems stemming from variations in the hydraulic flow through
the plant. With flow equalization the hold-up provided in the
equalization tank necessarily induces some attenuation of the influent
load variations. However, the load equalization aspect has been
viewed as a secondary ovjective only, in the nature of a benefit
consequential to flow equalization rather than as an end in itself.
Nevertheless, flow equalization with its associated degree of load
equalization should have substantial benefits in terms of plant per-
formance and operation. Examples of specific benefits which should
accrue from flow equalization, and which have been quoted in the

literature, are:

-~ Improved performance of secondary settling tanks due to
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more constant solids loading.

- Improved biological process performance through a partial

reduction in food/micro-organism loading peaks.

- Simplified control of in-plant flow rate dependent opera-

tions such as chemical dosing and recycle pumping.

- Simplified control of aeration rate due to attenuation of

influent load rate variations.

It would appear from the above list that flow equalization can only
have positive consequences. However, studies on the effect of flow
equalization on plant operation and performance have led to conflict-
ing conclusions. Some studies report both improved performance and
simplified operation; others, analyzing the performance of plants
operated under equalized and unequalized flow conditions, have
concluded that there is little, or no benefit to be derived from the
inclusion of an equalization tank in the system - a conclusion which
contrasts sharply with that indicated from the theoretical analysis
of plant performance under constant and cyclic flow conditions. In
order to evaluate and/or explain these conflicting opinions on the
merits of flow equalization, it is necessary to enquire critically
into the basis on which the conclusions were formulated. This

will be dealt with in detail in Chapter 2; however, brief considera-
tion is merited here as it gives relevance to the discussion on

equalization.

3.2 Evaluation of Flow Equalization Experience

If the premise is accepted that flow equalization should lead to both
improved process performance and simplified operation as indicated by
theoretical considerations, then there is most likely one (or more)
of three possible reasons why contrary opinions have been voiced;

either

(1) The process parameters used to evaluate performance under
equalized and unequalized flow periods were not appropriately

selected; and/or

(2) The tests were conducted on plants where the biological
process operating parameters (i.e. sludge age, etc) tended

to mask the expected beneficial effects of flow equalization;

or
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(3) Difficulties were encountered in operation of the equaliza-
tion facility, resulting, in fact, in a poor degree of flow

equalization.

3.2.1 Process Parameters for Performance Evaluation

Comparison of process performance under equalized and unequalized
flow conditions has been based almost exclusively on the respective
(1) effluent COD (or BOD) concentration, and (2) effluent TSS
concentration, for the different flow conditions. With regard to
COD, it is widely accepted that the effluent concentration is
virtually insensitive to dynamic loading conditions; the major
portion of the influent COD consists of particulate material which

is either adsorbed onto the sludge mass prior to synthesis or enmeshed
in the sludge mass prior to adsorption - in either case the major
portion of the influent COD is excluded from the liquid phase and
does not appear in the effluent. In the case of effluent TSS con-
centration, flow equalization will show benefits in terms of effluent
quality only if, under cyclic flow conditions, the secondary settling
tank is overloaded for at least a portion of the day. If this is
not so, then the evaluation based on effluent TSS concentration will

show little, or no, improvement with equalization.

3.2.2 Operating Parameters During Evaluation

Most of the full-scale research and evaluation of equalization has

been conducted in the USA. In that country the main concern in
sewage treatment, hitherto, has been removal of COD; for this purpose
operating the activated sludge plants at short sludge ages is adequate.
However, at short sludge ages, the response of the process under
variable input conditions is damped considerably (see Section 2.1);

in such cases the efficacy of flow equalization will not be demon-

strated.

3.2.3 Operating Procedures

Operational procedures for flow equalization tanks have generally
been of the most elementary kind, and have been proposed on the basis
of the approach used in design. The design usually has been based

on the assumption of a fixed daily inflow pattern, with the size of
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the tank being obtained from a cumulative mass flow hydrograph
(Rippl diagram). The operational procedures for controlling the
flow equalization tank normally reduced to setting the outflow rate
from the tank once a day after an estimate of the mean inflow rate
for the ensuing 24 hour period has been made. It would appear

that herein lies the essence of the problem encountered in flow
equalization - plant operators find difficulty in making the correct
decision in estimating the required tank outflow rate i.e. the
quality of flow equalization achieved depends tofally on operator

ingenuity and experience.

3.3 Motivation for Application of Equalization in South Africa

From the discussion of Sections 3.2.1 and 3.2.2 it is evident that
many of the criticisms levelled against flow equalization have little
bearing on whether or not this approach can supply an effective
mechanism for tiae control of wastewater treatment plants in South
Africa. In fact, as regards the South African application (long
sludge ages, nutrient removal processes, etc), much of the past
research into equalization should be re-assessed before making a pro-
nouncement on the benefits that possibly can be derived. However,
even if the theoretical indications are that equalization (of both
flow and load) will provide an effective alternative to in-plant
control, two problems must still be surmounted if a practical

equalization procedure is to be developed:

(1) Even if equalization of flow is effective, equalization of
load may not be significant with the result that extensive
in-plant control is still required to counter the effects
of load rate variations. Therefore, it is necessary to
investigate possible means for simultaneous optimal
attenuation of both flow and load rates (noting that these

parameters are interrelated).

(2) Even with flow equalization alone, if operation is to be
successful then it 1s necessary to develop an effective
control procedure which will overcome the difficulties

inherent in present operational methods.
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4. PROPOSED EQUALIZATION METHOD

The principal problem in the current approach to flow equalization
has been identified as the lack of an effective operational pro-
cedure which ensures efficient equalization. It is not surprising
that operators experience difficulties in making estimates of the
required equalization tank outflow rate settings; although the inflow
rate patterns may be similar from day to day, they are not identical,
particularly in the transition from a week to a weekend, and vice
versaqa. In view of the problems encountered with the level of
operator competence in South Africa, it is unlikely that even flow
equalization can be applied effectively in this situation. It is
even less likely, therefore, that any operational procedure designed
to provide simultaneous flow and load equalization could ever be
applied successfully if there is to be a heavy reliance on operator

expertise.

A second problem inherent in the current design approach is that no
solution is provided in the event of the tank becoming too small to
ensure complete flow equalization. The tank is sized on the basis
of a selected inflow pattern (together with a factor of safety for
unusual flows, perhaps). However, if for some reason there is an
increase in the mean dally inflow to a plant, the situation may arise
where it is no longer possible to withdraw a constant outflow rate
from the tank. In this case the present design method with its

implicit operating procedure will break down.

The current problem encountered in the control and operation of an
equalization facility operated by manual agency is very similar to
the one previously encountered with in-plant control. In in-plant
control there has been a move away from operator-dependent control
strategies towards fully sutomated systems. Therefore, it is

probable that this direction should be followed also with equalization.

The approach of developing an equalization control strategy which

can be used to operate an equalization facility on a continuous basis
is, in fact, the reverse of the usual approach to design. Current
practice is to size the flow equalization basin such that, under s
fixed 24 hour input pattern of flow rate, sewage can be withdrawn

from the tank at a constant rate. The implicit assumption for
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successful operation with this method is that the daily inflow is
repeated very closely from day to day; because this behaviour
generally is not exhibited, the method breaks down. However, by
taking the control strategy approach, the fact that the daily input
pattern is not fixed, and varies from day to day, is of little con-
sequence - once a suitable strategy has been developed it can be
linkgd up to control an equalization tank of any size i.e. the
implicit assumption here is that the strategy accepts that the
effective size of the tank (in terms of the mean retention time
based on the average daily input) varies from day to day. This
means that, even if a particular tank is not sufficiently large to
allow complete equalization, the control strategy will still ensure

optimal utilization of the available capacity.

The purpose of this investigation is to develop such a strategy for
the automatic control of equalization basins which will overcome
problems inherent in manually-controlled operating procedures. The
approach that will be used here is to develop an on-line microprocessor-
based hintelligent" control strategy where the optimal outflow rate
from the tank is specified from the microprocessor on the basis of
application of some optimization procedure.* The advantage of this
approach is that the computational capacity of the microprocessor
allows application of an optimization procedure which can be used to
determine the tank outflow rate that will result in optimal simul-
taneous equalization of flow and load rates. Such a scheme, if

successful, should provide an effective alternative to in-plant

*
Using a microprocessor-based equalization control strategy as an

alternative to complex in-plant control may appear to be a contra~
diction in terms, considering that a microcomputer system is, itself,
a complex piece of electronic equipment. However, the large amount
of research directed towards the development of microcomputers has
resulted in relatively low-cost items which provide extremely reliable
operation. Servicing of microcomputer equipment has also been
simplified through the modular approach in design - replacing
unserviceable components usually only involves exchanging slot-in
cards. Consequently, the back-up service required is of a rela-~
tively simple nature. These features have resulted in wide
application of microprocessors in industrial control applications

and provide a natural path for the development of control systems in
the wastewater treatment field. The microprocessor, therefore, is
not likely to constitute a problem in the implementation of the
strategy.
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control, particularly in the South African context, and is worthy

of intensive study.



CHAPTER TWO

LITERATURE SURVEY

1. NATURE OF INFLUENT FLOW AND LOAD VARTIATIONS

It is generally recognized that wastewater flows exhibit daily cyclic
patterns of volumetric flow rate and concentration, and consequently,
in load rate. In the design of wastewater treatment plants it is
common practice to describe the cyclicity of flow and load by two
parameters: the mean dally average values and the mean daily peak
values. In the case of flow, the mean daily average during dry
periods is called the Dry Weather Flow (DWF) and the mean daily peak
the Peak Dry Weather Flow (PDWF); during rainy weather the corres-
ponding flows are the Wet Weather Flow (WWF) and the Peak Wet Weather
Flow (PWWF).

The DWF is the sum of two componen:s - the sanitary contribution and
the contribution from ground water infiltration. Infiltration de-
pends on factors such as the rainfall, the water table, type of sewer
joint used, the length of sewer, and the age of the sewer. The WWF
is the sum of three components - the sanitary contribution, the ground
water infiltration contribution, and the ingress of storm water.
Traditionally the relation between the peak and the average flows has
been quantified in terms of the size of the population being served
(see Fig 2.1, after Ongerth, 1979). .Similar empirical relationships
have been developed for reiating the peak and average loads. The
relation between peak and average rate of flow and load from industrial
districts varies so greatly with the type of industry that it is

difficult to formulate reliable empirical relationships.

The empirical relationships discussed above do not supply any informa-
tion regarding the form of the daily cyclic influent flow and load
patterns entering a wastewater treatment plant; the relationships
only provide information concerning the ratio of peak to mean values.
In order to evaluate the effectiveness of equalization as a possible
component in the design of a treatment plant the form of the cyclic

variation in flow and load over the day is needed.
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during the morning, and attain a maximum soon after midday.

sequently load, drop to low values during the night, rise

2.3

The

influent flow and load patterns, given in Fig 2.2, have been sub-

stantiated by many observers as typical for a municipal wastewater

treatment plant (Ekama and Marais, 1978;

In South Africa a typical example is the mean pattern for data

Boon and Burgess, 1972).

collected over a period of one week at the Goudkoppies Sewage Works,

Johannesburg (Johannesburg City Engineer's Department, 1979), shown

in Fig 2.3.
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Very little information is available for estimating the form of the
daily cyclic patterns of flow and load. Qualitatively the patterns

of flow and load depend on a combination of the following factors:

(i) Type of sewer system:

Sewer systems can generally be categorized into two types;

(a) separate systems, in which the sewers are designed
specifically to carry sanitary flow; storm water is excluded,
as far as possible, from entry into the sewer; and (b) com-
bined systems in which provision is made for transporting of
both the sanitary and storm flow. Almost without exception
sewer systems in South Africa are of type (a) - efforts are
continually being made to eliminate connections which allow

storm water to enter the sanitary sewers.

(ii) Layout of sewer system:

The effect of the layout of the sewer system can be apprecia-
ted from consideration of Figs 2.4(a) and (b). If points A,
B and C are sources of wastewater with similar inflow patterns
to the main interceptor sewer it is evident that the discharge
pattern will differ between the two layouts. Furthermore,
sewer lengths and gradients will determine the time of transit
in the sewer and whether settlement, with periods of flushing,

will occur.

(iii) Climatic/seasonal effects:

The daily influent patterns are affected on a seasonal basis;
the extent of these changes will largely be determined by the
amount and frequency of rainfall, and by the topography and
soil conditions. For example, in Cape Town, which falls in a
winter rainfall region, experience has shown that in winter
there is an increase in the average daily flow rate, with a
concomitant decrease in the average concentration (but not

necessarily the load). These changes are principally due to

*Equalization of wet weather flows from combined storm and sanitary
sewers usually will require very large equalization basins. The
principles developed in this report for equalization of flows are
the same for separate and combined wastewater flows but attention
will be focussed only on flows from sanitary sewers in separate
systems. ’
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Fig 2.4 Effect of sewer layout on flow and load
pattern experienced at WWTP.

an increase in both ground water infiltration and ingress

of storm water.

Population structure:

In general WWIP's receive inflow from industrial as well as
domestic sources. The nature and contribution of these
sources will, in turn, depend on the nature of the industry'
and the social structure of the population being served.
Whereas the effluent flow from a particular industry tends to
be unique to that industry, the social structure has a con-
sistent effect:' as the social class of the contributors
increases so the flow increases concomitantly. This response,
however, is relative; the absolute magnitude of the flows per

person in each. class will depend on the cost of the water,

. whether the supply is metered and the general social attitude

to water conservation.

Week~weekend effects:

Waste flow patterns tend to vary between week and weekend days.
When eithef industrial or commercial districts form an
appreciable portion of the waste collection area the flow and
load are likely to differ from weekdays to the weekend both

in terms of the mean daily values and the form of the influent
patterns. This is illustrated in the flow and load patterns

measured over one week at the Goudkoppies Sewage Works, Fig 2.5.
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source areas. Then with an appropriate combination of these, in a
specified sewer layout, a general method for predicting the expected
flow and load pattern at the discharge point of the main sewer may

become possible.

2. OBJECTIVES OF EQUALIZATION

Traditionally, the primary objective of equalization basins for waste-
water treatment plants has been to reduce the diurnal variation in

the inflow pattern, i.e. flow equalization. For example, Ongerth
(1979), in a comprehensive evaluation of equalization in wastewater
treatment, defines equalization as "any facilities and procedures for
minimizing variations in the flow through treatment plants". The
optimal situation is regarded as that where the downstream process
receives a constant flow (EPA, 19T4; Foess, Meenahan and Blough, 1977).
Attenuation of variations in pollutant concentration and mass loading
resulting from the mixing of streams of varying concentration in the
equalization basin has been regarded as a desirable by-product or, as
a secondary objective. Generally, in the literature, very little

importance has been attached to load equalization per se.

The benefits to be derived from flow equalization have been variously
set out. The U.S. EPA (1974) considers equalization of flow rate as
one of the alternatives available for upgrading existing wastewater

treatment plants for one or more of three major reasons:

(1) To meet more stringent treatment requirements: equalization

may help improved effluent quality to be attained through:

- permitting process optimization and improving performance of

existing treatment components
- improving reliability by minimizing flow and load peaks
- reducing effects of shock loading and slugs of toxic material.

(2) To increase hydraulic and organic loading capacity: equalization
may allow continued operation in treatment units that have

reached capacity under peak flow conditions.

(3) To correct or compensate for performance problems resulting from

improper plant design and/or operation: equalization may over-
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come design deficiencies and reduce operational problems through:
- being more economical than correcting the actual deficiencies

- providing for simplified operation, and thus minimizing the

possibility for operational errors.

Specific benefits accruing from flow equalization in activated sludge
treatment plant operation have been identified by a number of authors
(La Grega and Keenan, 19Tk; Wallace, 1968; Spiegel, 197k4; Ongerth,
1979):

(a) Improved performance of primary sedimentation basins and second-

ary clarifiers.

(b) Increased capacity of sedimentation and clarification wnits in
existing plants and specification of smaller units for new

plants.

(¢) Improved biological process response through a partial reduction

in food/micro-organism loading peaks.

(d) Simplified control of in-plant flow rate dependent operations

such as chemical dosing and recycle pumping.

(e) Lower energy tariff charges by reducing peak power demands for

pumping and aeration.

(f) Lower capital costs by not having to supply the oxygenation

capacity'to match the peak load requirement.

(g) Reduction in shock loading effects by discharging recycled
concentrated waste streams such as digestof supernatant and

sludge dewatering filtrate to the equalization basin.

Before evaluating the extent to which these benefits have been
realized in existing equalization facilities it is necessary to
consider (1) the types of equalization configuration used, and (2)
design methods for equalization facilities; these two features

have a bearing on the discussion that follows.

3. EQUALTZATION CONFIGURATIONS AND MODES OF OPERATION

Equalization basins have been included in plant designs in various
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configurations, and using different modes of operation.

The basic configurations and modes of operation which may be applied
to equalization basins are shown in Fig 2.7. The basin may be op-

erated in the constant volume mode or the variable volume mode.

3.1 Constant Volume Mode

In this mode a fixed hold-up volume is provided for the influent flow,
and concentration fluctuations are attenuated, as may be shown by
dynamic studies (Novotny and Englande, 19T4). Since the tank is
continuously full, however, the rate of outflow always equals the
inflow, and flow fluctuations are not reduced. The constant volume
mode of operation thus produces some damping of mass loading variations

but does not alleviate the problems due to uneven flow.

3.2 Variable Volume Mode

In the variable volume mode of operation the outflow rate from the
tank is regulated, allowing the tank hold-up to vary. Consequently
the tank capacity is used for both flow and mass loading equalization;
it is readily shown (Andrews, Buhr and Stenstrom, 1977) that by reduc-
ing variations in flow rate, a substantial reduction in load fluctua-

tions may be obtained.

Two types of physical configuration have been employed for a variable
volume equalization process (EPA, 19TL4; Foess, Meenahan and Blough,

1977), see Fig 2.8. These are:

(a) A "side-line" arrangement, where only a portion of the influent
flow passes via the equalization tank, while the balance flows

directly to the downstream process, or

(b) An "in-line" arrangement, where all the influent flow to the

process passes through the equalization basin.

Types of layout envisaged for a WWTP using these configurations are
shown in Fig 2.8. It may be noted that the "in-line" configuration
is simply a subset of the "side-line" configuration in that the
whole flow, instead of a portion, is diverted to the equalization

tank and no flow passes directly to the downstream process.

-
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Fig 2.7 Heirarchy ¢f Equalization.
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Fig 2.8 Schematic flow diagrams of equalization facilities:
(a) in-line equalization; (b) side-line equalization.
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Flow division in "side-line" equalization

There are a number of ways in which the division of flows to a "side-
line" equalization tank may be achieved. Among these, the most

important are:

(i) Flow "splitting", where the influent flow is continuously
divided by means of a splitter box, with a fixed fraction
of the temporal flow passing via the equalization tank, the

remainder passing direétly to the downstream process;

(ii) Flow "topping" (or "peak topping"), where flows above a
certain amount are diverted to the equalization basin, the
remainder passing directly to the downstream process.
Topping may be achieved by means of an overflow weir from a

wet well equipped with a V-notch weir.

4., DESIGN METHODS FOR EQUALIZATION

In an EPA publication (197L4) the design of an equalization basin is
stated to require the selection and/or evaluation of the following

factors:

i In~-line versus side-line basins

.

ii Basin volume

i
iv) Mixing equipment
i

v Pumping and control method

(1)

(i)

(iii) Type of construction - earthen, concrete or steel

(iv)

(v)

(vi) Location of equalization basin within treatment system.

In the literature consideration has generally been limited to the
determination of volume requirements; the other factors listed above

have been largely disregarded.

With regard to computing equalization volume requirements, traditionally
there have been two approaches: (1) for constant volume equalization

and (2) for variable volume equalization.

4.1 Volume Reguirement for Constant Volume Egqualization

The objective of constant volume equalization is to reduce fluctua-
tions in the mass loading pattern of a particular wastewater con-

stituent - typically the COD - by providing volumetric hold-up in
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the inflow circuit to the WWTP. The equalization tank volume is held

constant, and consequently fluctuations in the influent flow pattern

are not reduced.

The design procedure for sizing the equalization tank is based on the
mass loading pattern of the wastewater constituent being considered,
and requires computing the volume necessary to attenuate mass loading
variations to within a certain pre-determined range (Bradley and
Oldshue, 1972). Quantitative procedures towards this end are given
in the analysis presented by Di Toro (1975), similar to that of
Wallace (1963). These authors relate the equalization "performance"
to the ratio of effluent variation: influent variation of the mass
loading rate. A criterion for design is then set. The criterion is
based on the probability of the effluent load exceeding a specified
value, under inputs derived from a statistical characterization of the

influent flow and load rates.

Two features detract from the suitebility of utilizing constant volume

equalization as a means for improving WWIP performance:

(i) ©No attenuation of fluctuations in the influent diurnal flow
rate pattern is provided by constant volume equalization.
Thus, the problems associated with having a variable flow
rate through the plant still exist (e.g. settling tank control,
etc.)

(ii) The function of a constant volume tank is to reduce concentra-
tion fluctuations. Theoretically, in the limit, as tank
volume is increased to infinity, there will be complete
attenuation of effluent concentration fluctuations. However,
even if concentration fluctuations are completely attenuated,
the load pattern on the plant will, at best, still fluctuate
in accordance with the influent flow pattern. (This feature
is recognized by Di Toro, 1975). Consequently, for any
volume there is a lower limit to the damping of the load

fluctuations achievable with constant volume equalization.

4.2 Volume Reguirement for Variable Volume Equalization

Traditionally, the objective of variable volume equalization has been
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to reduce fluctuations in the influent flow pattern. The concomitant
reduction in load fluctuations has been regarded as a desirable second-
ary -benefit. Basically flow equalization is achieved by storing
influent flows in excess of the mean daily flow, and discharging the
stored volume during the periods when the inflow rate falls below the

mean.

Design methods for the determination of the basin volume for flow
equalization have used; most often, variations of Rippl's mass flow
technique (EPA, 197k, Speece and La Grega, 1976; Click and Mixon,
197L4). The procedure requires the selection of a diurnal influent
flow pattern; wusing this pattern in the Rippl mass flow diagram, the
volume of the basin required for complete flow equalization is deter-
mined. Application of the method is illustrated below, following
the procedure as set out by the EPA (197L):

The diurnal flow pattern selected consists of averages of the hourly
influent flow rates measured at the Goudkoppies Sewage Works, Johannes-
burg, over the period Monday Sth - Friday 9th, August 1979 (see

Fig 2.5). Corresponding average influent COD concentration data for
the period is listed with the inflow data in Appendix A. Fig 2.9

shows the selected diurnal influent flow and load patterns.

© From the diurnal flow pattern, a hydrograph is constructed by plotting
the cumulative volume of influent flow (taking, say, hourly increments)
as ordinate versus time of day as abscissa. The resulting hydrograph

is shown in Fig 2.10.

Information regarding the equalized flow rate and the volume required

for flow equalization is taken directly from the hydrograph:

(i) The constant flow from the equalization tank is obtained from
the total cumulative volume QR, over the day, and is given by
slope, SQ, i.e. line A in Fig 2.10. In this case the equal-
ized flow rate is 100,6 M£/d. )

(ii) To achieve flow equalization enough tank volume must be provided
to accumulate flows in excess of the equalized flow rate. To
determine this volume the mass flow hydrograph is enveloped by

two lines (B and C in Fig 2.10) parallel to the average flow
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Fig 2.9 Average influent flow and COD load pattern for the
Goudkoppies Sewage Works for the period 5/8/79 to
9/8/79.

line (A), and tangential to the extremities of the cumulative
volume curve. The required equalization volume is given by
the vertical difference between lines B and C. In this

case, the required volume is 17,6 ML, which corresponds to a
tank retention time of 4,2 hours, based on the average influent

flow rate.

If, in Fig 2.9, a horizontal line is drawn representing the equalized
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Fig 2.10 Mass flow hydrograph for the diurnal influent flow
pattern of Fig 2.9.

tank outflow rate, at a value of 100,6 ML/d, it is evident that the
inflow rate equals the outflow rate at 08h00 and 20h00. Within this
period the inflow rate exceeds the outflow, and the tank is filling.
After 20n00, and until O8hO0 in the following cycle, the tank outflow
exceeds the inflow, and the tank is emptying. Interpretation of the
hydrograph is facilitated if one commences at some point, taking the
tank volume at that time. Balancing inflow and outflow, it is evi-
dent that at 08h00 the hypothetical tank is empty, and the inflow
equals the outflow, as signified by the slope of the tangent to the
mass flow curve being equal to the slope of line A. After 08h00,
until 20h00, the slope of the tangent is greater than the slope of
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line A (giving the equalized flow rate), and the tank hold-up increases.
At 20h00 where the slope of the tangent to the mass flow curve is again
equal to the slope of line A, the tank volume reaches a maximum, and
begins to decrease. The hold-up of the tank at any time is given by
the vertical distance between the cumulative volume curve and line C.
Fig 2.11 shows how the tank hold-up would vary over the day in order

to enable the constant outflow to be withdrawn.

The effluent COD concentration from the equalization tank is readily
determined from the influent flow rate and COD concentration once the
hold-up variation over the day is known. This determination involves
material balance principles, assuming completely mixed conditions,
starting at the time when the tank is empty for, at that point, the
effluent concentration must equal that of the influent; details of
the calculation procedure are given in Chapter 3 where the dynamic

response of the concentration is presented.

The effect of equalization of the influent flow pattern in Fig 2.9 is
illustrated in Fig 2.12 where the diurnal effluent COD mass loading
pattern after equalization is shown. The peak to average COD mass
loading rate is reduced from 1,62 to 1,15 (a reduction of 29%) and

the peak to minimum is reduced from 3,86 to 1,71 (a reduction of 56%).

2() 1 | ¥ ¥ !

o

TANK VOLUME (MI)
%) o

0] 4 8 12 I6 20 24
TIME (Hours)

Fig 2.11 Tank volume variation.
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Fig 2.12 Effluent diurnal flow and COD mass loading
patterns (cf.Fig 2.9)

From Figs 2.11 and 2.12 it is evident that the deviation in tank COD
concentration (or load) is most pronounces (i.e. least damped) when
the equalization tank volume is close to its lowest level. This
effect can be reduced by increasing the tank volume above the theore-
tical minimum required for flow equalization, thereby providing for
more effective dilution of the influent flow fluctuations. The EPA
(1974) suggests an increase in the volume of the equalization tank

above the minimum required, for the following reasons:
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(1)  When the tank volume is a minimum there must be a certain
minimum depth remaining to accommodate stirrers (or

floating aerators) for mixing.

(ii) Sufficient volume should be available at all times to provide
dilution of slugs of toxic or highly concentrated waste in

the influent.

(iii) An upper reserve volume must be provided to accommodate

unforeseen peaks in diurnal influent flow.

In the example presented by the EPA (19T74) a 33 percent increase

above the minimum tank volume is suggested as adequate.

As an alternative to the graphical method, a simple tabular method
for determining the volumetric requirement may be used (Ongerth, 1979).

The differential equation describing the tank volume response is

dav/dt = FO-Fl (2.1)
where

v = tank volume

FO = influent flow rate

Fl = effluent flow rate

t = time

Equation (2.1) can be written in its discrete form as

Fat = V+F, At (2.2)
where
Fo’ﬁl = average influent and effluent flow rates, respectively, over

the interval At.
The mass flow balance relationship, Eq (2.2), is applied step by step

in the tabular method; the computations are summarized in Table 2.1:

A uniform time increment, At, of 1 hour is taken as a
suitable value compatible with normal diurnal variations.
The basin is assumed to be at a reference level of O at
midnight. From a repetitive application of Eq (2.2) the

cumulative volume change, ZAV, is obtained; the required
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Table 2.1 Results of Tabular Method of Volume Determination

T
(;ime interval, Qin I QinAt C-)‘out At AV LAV
% 1 hr from MRd-1 | ML Mg MR
| |
~ 00n0O 72,3 | 3,01 4,20 21,18 |- 1,18
' 01h00 59,4 § 2,48 4,20 -1,72 |- 2,90
02h00 50,4 2,10 4,20 -2,10 - 5,00
03h00 45,6 1,90 4,20 -2,30 - 7,30
04h0o ho k4 1,77 4,20 -2,43 - 9,73
05h00 42,8 1,78 4,20 -2,4 -12,14
06n00 50,8 2,12 4,20 -2,08 14,22
0ThOO 73,3 3,05 4,20 -1,14 7| -15,36%
08h00 112,0 4,67 4,20 0,47 -14,89
09h00 141,0 5,38 4,20 1,68 -13,21
10h00 146,k 6,10 4,20 1,90 -11,30
11h00 145,5 6,06 4,20 1,87 - 9,4k
12h00 148,3 6,18 4,20 1,98 - T,h45
13h00 153,5 6,40 4,20 2,20 - 5,25
14h00 152,1 6,34 4,20 2,14 - 3,11
15h00 143,4 5,98 4,20 1,78 - 1,33
16h00 132,1 5,50 4,20 1,31 - 0,03
17h00 121,8 5,08 4,20 0,88 0,85
18nh00 112,9 4,70 4,20 0,51 1,36
19h00 104,3 4,35 4,20 0,15 1,51%
20h00 98,2 4,09 4,20 -0,10 1,k
-21h00 9k,T 3,95 4,20 -0,25 1,16
22h00 90,4 3,77 4,20 ~0,43 0,73
23h00 83,1 3,46 4,20 -0,73 0,00
Q, = 100,7 Me.q7t
At =1h =0,0417 d
LAV = running total of AV values
Working volume required = 1,51 -(-15,36) = 16,87 M&
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tank hold-up is given by the difference between the maximum
value and the minimum value of LAV, In this case a volu-
metric hold-up of 16,9 ML is required (cf 17,6 ML from the
graphical method). Because the two methods are equivalent,
i.e. both based on a simple flow balance, the required volume
should be identical in each case; the small difference arises
from (1) the error incurred through using a relatively long
increment, At, and (2) the limited accuracy in plotting and

reading the cumulative mass flow diagram.

Both the graphical and the tabular methods, for the determination of

the volume requirement for flow equalization, involve a step by step

procedure. If the diurnal influent flow rate can be represented

by a simple function then there is a simple analytical solution for

the problem. Two methods have been proposed using this approach;

those of (1) Smith, Eilers and Hall (1973) in which the influent flow

rate pattern is represented by a sine wave with a period of one day,

and (2)

Click and Mixon (1974), where the influent flow rate pattern

is represented by a rectangular wave.

Sine Wave Method: The flow rate equation used by Smith et al (1973)

is of the form:

| 3| |
c+
] " I

pus
]

F o, - (Fmax—Fav)51n o1t (2.3)

influent flow rate as a function of time
average inflow rate
peak influent flow rate

time, d

If a constant outflow is desired, then the volumetric requirement is

obtained by integrating the difference between the influent and out-

flow rates fromt = 0,5 to ¢t = 1,0 day, 1.e.

<
1]

1,0
O,E(F —Fav)dt

(2.4)
(F )/m
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The size of the equalization tank can be expressed in terms of the

mean hydraulic retention time, RT’ based on the average influent flow

rate, F__, viz:
av

RT - V/Fav

= (Fmax/Fav-l)/ﬂ (2.5)
where
RT = mean hydraulic retention time, d

Rectangular Wave Method: The method of Click and Mixon (197Th4) is

similar to the sine wave method, except that the influent flow rate is
approximated by a rectangular wave with the ratio of peak-to-average
inflow rate equal to the ratio of average-to-minimum inflow rate;

this approximation would seem reasonable for many diurnal influent

flow patterns.

The volumetric requirement for flow equalization, V, is given by

V = F (x=1)2/(x*-1) (2.6)
av
where
X = peak-to-average flow ratio = average-to-minimum flow ratio
=F _JF
max’' " av

The corresponding tank retention time, RT’ based on the mean inflow

rate, Fav’ is

R, = (F __/F._-1)2/[(F__/F. )2-1] (2.7)

T max’' = av max' =~ av

Figure 2.13 gives a comparison of the sine wave and the rectangular
wave approaches; mean tank retention time, RT’ (volume as a fraction
of the daily average inflow rate) is plotted versus the peak-to-
average inflow rate, Fmax/Fav' For Fmax/Fav less than M-1) the
rectangular wave method gives a slightly more conservative estimate
of the volume requirement; as the ratio F /F increases above
max ~ av
(T-1) the sine wave method becomes rapidly more conservative than

the rectangular wave method. Also plotted in Fig 2.13, as a single
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data point, is the R vs F__ /F  value from application of the

T max av
grapnical or tabular flow balance method to the influent flow pattern
shown in Fig 2. 9; the value lies between the estimates from the

sine wave and rectangular wave methods.

4.3 Equalization Tank Operation

The four design procedures discussed above offer simple solutions

for sizing an equalization tank; however, the solutions do not supply

a procedure for operating an equalization tank under real-time conditions
- the solutions all presuppose fore-knowledge of an influent flow

pattern which remains invariant from day to day. Such a situation is

RECTANGULAR WAVE
MODEL

30

SINE WAVE
MODEL

eof

FLOW BALANCE
METHOD

10~ -

EQUALIZATION VOLUME ,% OF DAILY AVERAGE INPUT

o | L ]
1 2 3

PEAK: AVERAGE INPUT RATIO

Fig 2.13 Equalization volume estimation for the
different methods.
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never present in practice; not only does the flow pattern vary from
day to day, but also between weekday and weekend and between wet and
dry seasons. To accommodate these effects operation of an equali-
zation tank in fact requires that the outflow rate be evaluated and
set several times a day to prevent tank overflow or emptying. Al-
though it is possible to reduce the influent flow rate fluctuations,
it is not possible, in fact, to obtain complete equalization.
Furthermore, when these required adjustments are made by human agency,
experience indicates that the operation usually is less than optimal
in damping the fluctuations in flow rate. This is, for example,
evident in Fig 2.1l which illustrates the equalization tank operation
at the Goudkoppies Sewage Works. In this Figure, for a period of
one week, both the inflow to and the outflow from the equalization
tank are shown together with the tank hold-up variation over the

period. It is apparent that:

(1) Although the tank size is sufficient to allow complete flow
equalization in terms of the Rippl approach, relatively in-

efficient damping of flow fluctuations was achieved.

(2) About 50 percent of the tank capacity was being used for
equalization; only once during the week did the tank hold-up drop

below 50 percent of the maximum, while overflow occurred on 6 of
the 7 days.’

It is evident from the example above that provision of adequate
volume for the equalization tank does not necessarily guarantee
efficient equalization. For adequate flow equalization the design
must provide not only an estimate of the volume requirement, but
also a strategy for the control of the real-time operation of the

basin such that the flow fluctuations will be minimized.

MacInnes, iMiddleton and Adamowski (1978) have recognized that a major
factor contributing to a reduction in the efficiency of an equalization
facility is the limitations inherent in manual operation. To over-
come this problem these authors have proposed a control strategy, based
on a stochastic approach, féor determining the required tank outflow
rate at intervals over the day. Their approach makes use of a mathe-

matical simulation of the real-time behaviour of an "in-line"
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equalization process. The process is conceptualized as a dynamic
system producing stochastic outflows from stochastic inflows. The
influent flow rate time series, Z(t), is assumed to be represented

by a linearly additive model such that

2(t) = Z,(t) + z,(t) + 2(%) (2.8)
where

ZT(t) = deterministic trend component

Zp(t) = deterministic cyclic component

Zs(t) = stochastic component.

The flow rate time series is applied at regular 3 hour intervals to
forecast the mean flow rate for the subsequent 24 hours. This fore-
cast then becomes the tank outflow rate for the subsequent 3 hour
period. Using this approach, MacInnes et al (1978) encountered
operational difficulties with tank underflow (emptying) and overflow.
In their model the problem of tank underflow was accommodated by
introducing a recycle to the upstream end of the equalization tank
which was activated when tank underflow was encountered. Apparently
when the maximum tank hold-up was exceeded overflow was allowed to

take place.

The- occurrence of underflow and overflow arises because the procedure
estimates a future flow at any time based solely on a background of
statistical history of the influent flow and does not take into
account the hold-up status at that point. It would appear therefore
that a control strategy cannot be based only on a forecast of the
statistically-expected inflow rate; it should determine the required
outflow rate on the basis of both (1) a forecast of the mean influent
flow rate and the form of the influent pattern, and (2) the tank
volume situation at the time the forecast is made. Only 1in this

way can the control strategy incorporate the real-time behaviour.

5. FULL SCALE APPLICATION OF EQUALIZATION

Quantitative evaluation of the benefits to be derived from flow

equalization has been restricted, almost exclusively, to the effect
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on (1) primary sedimentation and secondary clarifier performance (on
the basis of effluent TSS concentration), and (2) biological process
performance (on the basis of effluent BOD concentration). The most
extensive analysis on equalization performance has been compiled by
Ongerth (1979); the survey considers 147 equalization facilities
located throughout the U.S.A. To identify and assess the magnitude
of equalization effects on unit process and treatment plant perfor-
mance probability plots of average daily observaticns are used. As
a baseline for evaluating plant performance,data from a statistical
analysis of the operation of 27 activated sludge plants provides a

comparison (Hovey et al, 1977) (see Fig 2.15).

5.1 Primary Sedimentation Performance

In primary sedimentation flow equalization has been shown to result

in improved performance and a more uniform primary effluent quality
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Fig 2.15 Distribution of log effluent concentrations for 27
activated sludge plants designed to meet EPA
secondary treatment requirements (after Ongerth,

1979).
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by Ongerth (1979) and other authors. A constant influent feed rate
avoids hydraulic disturbances in the sedimentation basin created by
(1) sudden changes in the influent flow rate and (2) surges caused by
additional wastewater 1ift pumps coming into operation. La Grega

and Keenan (197l4) investigated the effect of flow equalization on a
6,8 Mll.d_l WWTP. An existing aeration tank was temporarily converted
to an equalization basin and a comparison was made between plant per-
formance under normal operating conditions and when flow equalization
was employed. From the investigation it was evident that the primary
sedimentation basins were markedly more efficient under equalized

flow conditions than under normal conditions. The results are shown

in Table 2.2.

Table 2.2 Effect of Flow Equalization on Primary Settling (after
La Grega and Keenan, 19T4).

ITten Normal Flow Equalized Flow
Primary influent SS, mg/% 136,7 128
Primary effluent SS, mg/% 105,k 68
SS Removal, % 23 L7

Location of equalization tanks wupstream of primary clarifiers provides
optimum conditions for clarifier operation; however it is necessary
to (1) prevent excessive solids accumulating on the floor of the
equalization tank and (2) maintain aerobic conditions in order to
avoid odour problems. Both these requirements can be achieved
conveniently in the equalization basin by installing either mechanical
or bubble aerators. Pre-aeration, in fact, may lead to a further
improvement in primary sedimentation performance due to enhanced
flocculation (EPA, 19TL4). This has been demonstrated by Seidel and
Baumann {1961). However, if centrifugal pumps transfer the flow
from the equalization basin to the primary sedimentation basin the

beneficial effect of flocculation brought about by aeration may be

diminished.
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5.2 Secondary Clarifier Performance

In secondary sedimentation flow equalization may be expected to have
an even greater impact on performance than in primary sedimentation.
The improvement in performance is derived from the smoothed hydraulic
loading and the consequential reduction of variations in solids load-
ing on the settler. In plants where the settler is overloaded for
a portion of the day flow equalization will result in reduced efflu-
ent suspended solids concentrations and allow increased throughput.
In plants receiving the full diurnal flow variation the secondary
settlers must be designed to handle the peak flow rate - with flow
equalization the secondary settling tanks need to be designed for a

substantially reduced flow rate.

In existing plants where nitrification is an objective flow equaliza-
tion has an added advantage in that the problem of denitrification
associated with sludge accumulation during cyclic high-flow periods
is minimized. Also, it is likely that the flow to the plant can be
increased without additional provision of settling capacity, or, the
process be operated at longer sludge ages if greater efficiency of

nitrification is needed.

Despite expectations, data reported in thne literature does not

indicate major improvements in secondary clarifier performance with
flow equalization. For example, at the Walled Lake/Novi plant

Foess, Meenahan and Harju (1977) observed virtually no difference in
secondary clarifier effluent between the equalized and unegualized

flow periods. It was concluded that the reason for the lack of
observable difference was that, over the testing period, the secondary
clarifiers were appreciably underloaded, and hence a full demonstration

of the effects of flow equalization was not possible.

A similar lack of improvement in clarifier performance was observed
with "in-line" flow equalization at the Ypsilanti, Michigan, plant
by Foess, Meenahan and Blough (1977). They demonstrated that the
standard loadings on clarifiers are overly conservative: by in-
creasing hydraulic loading from the chosen standard of 32,8 m?).d_l.m—2

to 47,5 m3.a" 1.2 performance was unchanged.
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Because of the general overdesign of secondary settling tanks the
consequential lack of improvement of effluent quality with flow
equalization has caused some investigators to conclude that flow
equalization was not worthwhile. However, by eliminating peak flows,
and designing secondary clarifiers on the basis of the average flow
criteria, a considerable reduction of tank size should be possible
without affecting effluent quality. Conversely, in cases where
secondary clarifiers are overloaded under cyclic flow conditions,

flow equalization should allow increased throughput, with improved

effluent quality.

5.3 Biological Process Performance

Depending on the extent of flow equalization and the volume of the
equalization basin, a certain measure of attenuation of concentration
variations, and consequently mass loading variations, will result.
Speece and La Grega (1976) postulated that, because of the capacity
of activated sludge to absorb COD shock loads, load equalization
will not result in a significant improvement in effluent COD quality.
This hypothesis is supported by the many results presented by
Ongerth (1979) which generally show only a minor improvement in
effluent BOD from periods of unequalized to periods of equalized
flow. The insensitivity of effluent COD to influent loading
patterns is explained by Ekama and Marais (1978) in that (1) soluble
biodegradable COD is rapidly utilized and is usually not present in
the effluent, and (2) particulate COD is enmeshed in the sludge mass
prior to adsorption, and hence, also does not appear in the effluent.
In this fashion the effluent COD becomes in a sense independent of

the influent load and biological activity of the process.

While the insensitivity is true as regards the COD, the same does

not apply to the response of the activated sludge process incorporat-
ing nitrification-denitrification. For these plants Wilson and
Marais (1975) found that both variable flow and variable load
conditions have a definite detrimental effect on the effluent TKN

and nitrate concentrations, as shown in Fig 2.16. The reason for
this lies in the kinetics of nitrification: The mass of nitrifiers

in the process is fixed by the mass of TKN entering the plant and



mg TKN/I)

the sludge age.

are present;

— T

l¢———FEED—

R ARAE anaras

| e——NO FEED—

—— Y Ad *

COD:570mg/I
TKN:54 mg/|
120d

T!20°C

2.32

LM . S

@®@=onoxic
" Asaeroblc

ANOX AERO

151

9 5 21 3 3 s 5
TIME (h]

80} SIM. EXP

VSS :3690 350Q

eol COD: (14 110

21
TIME (h)

21
TIME ( h)

Fig 2.16 Observed and predicted TKN, nitrate and oxygen
utilization rate response profiles in a series
reactor configuration under square wave loading
conditions, with the first reactor unaerated
(1,02) and the second aerated (6,42). (after Van
Haandel and Marais, 1981). -

In nitrification no adsorption and storage effects

during the high flow/load period under cyclic flow

and TKN load conditions the rate of nitrification, even though at

its maximum, may be insufficient to nitrify the ammonia at the rate

it enters the plant, and ammonia appears in the effluent with a

corresponding decrease

in effluent nitrate concentration.

The re-

duction in nitrification efficiency is most apparent when the sludge

age is less than 20 percent greater than the minimum required for

nitrification.

From the above discussion it is evident therefore that, with regard

to effluent quality, the benefits of flow and load equalization are



2.33

minimal when evaluated on the basis of effluent COD (or BOD); however,

in plants including nitrification the benefits may be substantial.

Although the COD effluent quality is essentially independent of the
influent flow and load fluctuations the oxygen requirement for the
plant is sensitive to the COD and TKN input load pattern; this is
also illustrated in Fig 2.16. The fluctuation in oxygen utilization
rate is not as severe as the fluctuation in load; adsorption of
particulate COD and the slow utilization of this fraction tends to
attenuate the response. The fluctuations in oxygen utilization rate
are damped to approximately one third of that of the load. Despite
this effect the fluctuation nevertheless requires that the oxygenation
capacity must be at least equal to the peak oxygen demand, which
increases plant capital costs. In addition, i1f running costs for
provision of oxygen are to be minimized then the aeration intensity
needs to be matched to the oxygen requirements over the day; this has
generally been a difficult and costly exercise in itself. Load
equalization obtained through flow equalization per se, therefore,
will reduce both capital costs for aeration and the operational
problems in matching the oxygenation intensity to the oxygen require-

ments.

5.4 TBqualization Facility Operation

Very little information regarding the operation of flow equalization
facilities has been reported in the literature. The most extensive
investigation on full-scale application of flow equalization, that
considers both plant operation and performance, has been presented by
Foess, Meenahan and Harju (1977). They monitored the performance

of the Walled Lake/Novi treatment plant under equalized and unequal-
ized flow conditions. The schematic layout of the Walled Lake/Novi

plant is shown in Fig 2.17. The layout includes an activated sludge
process with additional treatment by trickling filter. Wastewater
treated at the plant was primarily of domestic origin. Over the

period of the investigation the average influent flows were higher
during the months of January to May, indicating infiltration and
storm water ingress problems. However, an infiltration and storm

water inflow prevention program was in progress. As a consequence
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Fig 2.17 Schematic layout of the Walled Lake/Novi treat-
ment plant, Michigan (after Foess, Meenahan and
Harju, 1977).

these effects were reduced and became less prominent with time, indi-

~

cating that the program was producing results.

Flow equalization was included in the plant design for the following

reasons:

(i) Constant rate filtration would provide a superior effluent
to filtration under diurnally varying rates, for the same

filter area;

(ii) the cost of providing flow equalization would be nearly
offset by savings derived from sizing the filters based on

average, rather than peak, flow rates; and

(iii) equalization would have a beneficial effect upon the

activated sludge and final settling processes.

A "side-line" equalization system was selected in preference to an
"in-line" one on the basis of pumping costs for the particular plant
topography. The maximum storage volume of the equalization tank
was set at 3,72 hour retention time, based on the average influent
rate. The mode of operation for the equalization facility was flow

"topping". Operation and control of the equalization facility was
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as follows:

Each morning the average flow expected over the following

2l hours was estimated and the process pumps were pre-set

to maintain this rate. When the flow increased above the
process pumping rate a controller started an equalization
pump to transfer the excess flow to the equalization basin.
When the sewer :flow to the wet well diminished to below
average, an effluent control valve opened and released an
amount of wastewater from the equalization basin to the wet
well, to compensate for the deficiency of the influent sewer

flow.

The authors reported that the control system functioned well and was
capable of maintaining a virtually constant process flow rate.
Initially the operators had difficulty in forecasting the average
daily flow rate, necessitating frequent and excessively large adjust-
ments to the process pumping rate, but with experience, control

of the flow became efficient.

No information is given as to the success of the manual method of
operation during periods of excessively high or low mean daily flow
rates. Furthermore, the variability of the mean flow rates is not
reported. The investigators report that during the testing period
(one week of equalized and one week of unequalized flow) the daily
flows and wastewater characteristics remained virtually constant from
day to day, indicating a very regular pattern of flow. The reason
for this regularity is probably a result of the sewage flow being
derived primarily from a domestic source. It seems likely that over
the whole period of the investigation the flow variation from one day
to the.next was very small, and this probably aided the estimation of
the mean flow for each day. It is difficult, therefore, to judge

in what manner the flow regulation would have been successful if the

random daily variation of the mean flow had been large.

One important conclusion that can be made from the operation of this
facility is that effective regulation of equalization basin flows by
manual control is dependent on the operator's ability to make a

correct decision based on past experience. Decisdion making for the
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manual control of equalization facilities on the basis of estimating
mean daily flow rates can be expected to be more difficult where
there are either (1) marked variations in the mean dajily influent
flow, or (2) appreciable changes in the diurnal flow pattern from day

to day.

At the Walled Lake/Novi plant the design objectives were tested by
monitoring plant performance for a two week period; one week with,
and one week without flow equalization. A comparison was made on
(1) secondary clarifier effluent quality and (2) tertiary filter

effluent quality. Over the test period average inflow rates and

sewage characteristics were reported to be virtually constant.

(1) Secondary clarifier performance: Very little difference in
effluent TSS concentration was observed because under both
equalized and unequalized flows the clarifiers were under-

loaded; this feature has been discussed in Section 5.2.

(2) Tertiary filter performance: Improved filter effluent quality

was realized with flow equalization. Although the mean
effluent quality from the activated sludge process secondary
clarifier remained unchanged, filter performance was generally
improved under equalized flow operation, both in terms of
average removal efficiency and variability of quality. Com~
parative figures of the loads in the effluent of TSS, BOD5 and
NH,-N are given in Table 2.3.

3

Table 2.3 Filter Effluent Loads over one-week periods of Equalized
and Normal Flow at the Walled Lake/Novi Plant (after
Foess, Meenahan and Harju, 1977).

Normal Flow Equalized Flow
Parameter
Load, kg % Removal Ioad, kg % Removal
TSS 93 33 51 82
BODg 103 52 60 61
NH3—N 2,0 - 8 -
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DISCUSSION AND CONCLUSIONS

6.1 Neglect of lLoad Equalization

One may wonder why load equalization has received so little attention

compared to flow equalization. The following considerations are

probably the main contributory factors:

(a) In plant operation under variable flow conditions the obvious and

(v)

explicit problems arise from hydraulic effects, in particular with
regard to primary and secondary settling tank efficiency and

failure.

Inadequate parameters have been selected as criteria for evaluat-
ing the effects of load equalization. The principal parameter

has been the BOD (or COD) concentration in the effluent. 1In

terms of the effluent BOD very little benefit appears to be derived
from load equalization either in terms of the average concentration
or in its variability. Where differences have been noted these
appear where the secondary clarifier was overloaded; during
periods of high flow increased concentrations of particulate

matter escaped over the weirs, i.e. the deterioration in effluent

quality was due to inadequate provision of settling tank area.

With adequate settling capacity the insensitivity of the effluent
BOD to load variations has been discussed already in Section 5.3;
it was shown that the insensitivity arises principally from
flocculation of particulate COD, enmeshment in fhe sludge mass and
storage on the organisms. The effluent COD, therefore, is not an

appropriate parameter for assessing any beneficial effects of load

equalization.

A parameter more appropriate than the effluent COD is the oxygen
utilization rate (OUR). The OUR has been identified by Marais
and co-workers as one of the most sensitive parameters to unravel
the kinetic response of an activated sludge plant. This is

because the OUR is directly linked to the biological activity in

the process.

At long sludge ages, because the mass of organisms is large with

respect to COD load, i.e. the food/micro-organism ratio is small,
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the COD load entering the process at any time is virtually
immediately utilized. In consequence the OUR follows the load
rate pattern closely. This is clearly illustrated in Fig 2.18
for a plant: operated at 20 day sludge age under square wave flow
and COD load conditions at 20°C. Note the appreciable fluctua-
tion in oxygen demand; in contrast, the effluent COD remains

virtually constant.

In Fig/2.19 the response of a plant, also under square wave flow
and load, but operated at a 2,5 day sludge age at 12°C, is shown.
The OUR now shows only slight variation despite the wide varia-
tion in load; this is due to the high food/micro-organism ratio.
Although the biological activity per unit mass is at its maximum
during the feedperiod the rate of utilization of material is not
sufficient to utilize all of the COD entering the process and
there is a build-up of stored COD during the feed period. Con-
sequently, after the feed stops the organisms continue to utilize
the stored COD for a considerable period subsequent to feed ter-
mination, still at the maximum rate. Hence, at short sludge
ages the OUR also becomes relatively insensitive to the influent
load variation. This observation leads to a third reason why

load equalization has been partially neglected.

The effects of load equalization have generally been assessed in
plants operated at short sludge ages. In the USA (where most of
the research on equalization has been reported) the main concern
hitherto has been removal of COD; for this purpose operation of

plants at short sludge ages is adequate, and hence the importance

of load equalization has been masked. In fact, when the sludge

age 1s short, it is to be doubted whether load equalization can
serve a useful function. However, for processes at long sludge
ages load equalization can lead to substantial benefits: not
only will the peak oxygenation requirement be reduced; oxygena-
tion control will also be radically simplified. The latter
aspect will be particularly appropriate to nitrification-
denitrification-phosphorus removal systems where control of

dissolved oxygen concentration assists in optimizing nitrogen
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and phosphorus removal and maintaining reasonable sludge settling

characteristies.
6.2 Conclusions

Conclusions from the critical discussion of the status of flow and
load equalization with regard to its application in wastewater treat-

ment plants are:

(1) Equalization of inputs to a treatment plant involves equalizing
flow and/or load. Equalization of flow contributes to attaining
improved utilization of those processes dependent on hydraulic
characteristics; particularly primary and secondary settling
tanks. Equalization of load contributes to enhanced plant opera-
tion through smoothing out the biological activity in the plant;
benefits from load equalization are generally obtained at long

sludge ages where:

- attenuation of oxygen utilization rate is achieved, leading

to simplified plant control

- peak oxygen demand is reduced, thereby reducing capital costs
for providing the aeration capacity required to match the

peak requirement

- plants incorporating nitrification, denitrification and
phosphorus removal exhibit less variability in effluent ammonia
.and nitrate concentration; in addition, load equalization will
provide considerable assistance in maintaining the optimal

removal of the nutrients, nitrogen and phosphorus.

‘At short sludge ages load equalization has little benefit; the
storage mechanism in the biological process automatically results

in attenuation of OUR.

In general effluent COD quality is unaffected by flow and load
fluctuations due to the mainly particulate nature of the in-
fluent COD which is physically removed from the effluent flow by

enmeshment and adsorption on to the active mass.

(2) Constant volume equalization contributes only in a limited degree

to load equalization: even should complete attenuation of
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concentraticon variations be possible there still remains a load
variation equal tc the flow variation. Therefore, if flow
variations are large, constant volume equalization has little
merit because it does not improve process performance with res-

pect to either OUR attenuation or hydraulic effects.

(3) The design of an equalization facility involves not only the
sizing of the equalization tank, but also the provision of an
operating strategy to ensure that the desired objectives are

met. This includes:

- Effective equalization of flow and/or load while not exceed-

ing the physical volume limits of the particular equalization

tank.

- Incorpecration of the effects of changing influent patterns

both on a seasonal basis and from weekday to weekend.

- Manages deviations from "normal" behaviour (e.g. storm flows)

optimally.

(4) The major difficulty encountered with variable volume equaliza-
tion appears to arise from a lack of an efficient operating
strategy. In particular, where human judgement is employed to
control outflow rate,experience and skill is required, at best
it appears unlikely that a high level of efficiency can be

achieved in this manner of operation.

It is apparent from the review of the present status of equalization
that enquiry is needed not only into the design of these facilities
but also into methods of improving operation and control procedures.
With regard to operation and control, evidently alternative approaches
to manual procedures merit study. The control problem cannot be
resolved by the standard procedures of feed-back or feed-forward con-
trol alone - the nature of the problem necessitates some form of
"intelligent" control strategy which requires the incorporation of
extensive computational facilities. There is good reason to believe
that by using a microprocessor to control the operation of an equali-
zation facility most, if not all of the problems associated with manual

cperation can be overcome, and optimal performance of the plant
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attained with respect to attenuation of the influent flow and load

fluctuations encountered in practice. No reports could be found in

the literature in which this approach has been suggested for the con-~-
trol of equalization tanks - however, it seems to be the logical one,

and is being exploited in many process control applications.



CHAPTER THREE

DEVELOPMENT OF AN EQUALIZATION ALGORITHM

1. INTRODUCTION

In Chapter 2 it has been demonstrated that both flow and load equali-
zation can have many beneficial effects on wastewater treatment plant
operation and control. However, it was also evident that exploita-
tion of the full potential of equalization facilities has yet to be
achieved because no adequate means has been available whereby the
facility can be effectively controlled to give optimal performance
under the real-time conditions of variable daily cyclic flow rate,

concentration and load.

To solve the problem of achieving optimal equalization it is necessary
to set out the objectives for equalization, and the constraints with-
in which optimization of these objectives are to be achieved. Three

possible objectives can be set down for equalization:

(1) Flow equalization
(2) Load equalization

(3) Flow and load equalization.

These particular objectives have been selected because of the ad-
vantages that have been discussed in Chapter 2. Other objectives
could have been selected; for example, equalization of concentration.
However, a little reflection will show that there is no advantage in
this parameter over that of load because the oxygen demand and pro-
cess response of the downstream plant is controlled by the load (i.e.

concentration x flow rate) and not by the concentration per se.

quw and load are not independent of each other because, as we have

noted above, load is the product of flow rate and concentration. For this
reason effective equalization of either one, of flow or load, necessarily
brings about a concomitant attenuation of the other; This can be

seen as follows: Assume a tank has a certain hold-up at some instant;

if the tank is completely mixed then mixing of the influent flow and

concentration with the tank concents necessarily will attenuate the
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tank concentration to a lesser variability than that of the influent
identical to the case with constant volume equalization. The degree
of attenuation will be determined by the ratio of tank hold-up to
through-flow rate. The load in the tank effluent will now tend to
vary more in keeping with the flow than would have been the case if
no hold-up was interposed in the influent line. However, by keeping
the tank hold-up constant, no flow equalization is achieved; consequently,
at best the variation in effluent load will be the same as that of
the flow. If, in addition, the tank hold-up is allowed to vary, and
if this is done appropriately, a large measure of flow attenuation
also can be achieved. This, together with the attenuation of
concentration due to the mixing action described above, will bring
about a large degree of load attenuation also. Variable volume
equalization, therefore, would appear to be the only means whereby

flow equalization is possible with an associated measure of load

equalization.

Complete equalization of flow does not necessarily result in complete
equalization of load because the influent patterns of flow and load
are not identical. However, it will be shown later that, by allowing
slight deviations from optimal flow equalization over parts of the
cycle, a disproportionate equalization effect on the load fluctuation
can be achieved. Consequently, if optimal equalization of both flow
and load is set as the objective, the equalization for both will not

be as good as when either the one or the other is equalized optimally.

We have seen that in achieving flow attenuation there is always an
associated attenuation of load, i.e. flow and load attenuation are
not independent of each other. How can one approach optimal attenua-
tion of both flow and load? Basically one needs to combine flow and
load in some quantitative fashion to achieve this. Later in this
Chapter this aspect will be discussed in greater detail; briefly the

approach is as follows:

For a given tank size, under fixed cyclic input patterns of
flow and load, a specified outflow profile over the cycle will
also have an associated effluent load profile. The deviations
in the effluent profiles over the cycle from their respective

mean values are then used to quantify two error components (one
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for flow and one for load) which then provide a measure of the
"goodness" of the attenuation of the two parameters. The two
errors are added together and the procedure for obtaining
optimal equalization of flow and load is to minimize the total
error by suitably modifying the outflow pattern over the cycle
(and therefore also the load pattern).

By forming the sum of the error components the approach above allows

a "weight factor" to be applied to the respective flow and load com-
ponents of the error. Applying a weight factor has the‘advantage

that it gives the freedom to assign relative levels of importance

to flow and to load asirequired by the objectives set for equalization,
and to optimize flow and load equalization within this constraint.

In fact, using this approach, equalization of flow or load alone
becomes a subset of simultaneous flow and load equalization by assign-

ing all the weight to either flow or to load.

The description above identified one constraint to be satisfied in
optimizing the equalization action; other relevant constraints that

are immediately apparent are:
- the equalization tank volume available

~ the possible existence of a minimum allowable tank

volume level

- the tank should neither overflow nor be drawn down

to a level below the minimum.
Some other minor constraints will become apparent later.

Within the constraints set out above the essence of the problem of
equalization is:
Under the cyclic inputs of flow and load, determine the
_appropriate outflow rate at any time such that the flow
and/or load will be optimally equalized.
From the statement above it is evidently necessary to know the

influent flow rate and concentration patterns over the ensuing
24h—hour cycle in order to compute the outflow profile giving the

"best" equalization of flow and load. This problem can be resolved



3.4

by breaking it down into two problems that need to be solved:

(a) If the complete influent flow rate and concentration patternsv
for a 2l-hour cycle are known, how is the outflow pattern for
optimal equalization determined, taking due cognizance of the
weight factors for flow rate and load, and the constraints
that the tank should not overflow and underflow, and other minor
requirements such as limiting the rate of change of outflow rate?
The solution to this problem requires the development of a

suitable equalization algorithm.

(b) If the influent flow rate and concentration patterns and the
mean flow and mean load per day are not constant from day to
day, how are the patterns to be predicted, and how is this varia-
bility accommodated to achieve real-time optimal equalization?
The solution to this problem requires application of the equali-

zation algorithm in an appropriate control strategy.

In the present Chapter and in Chapter U the equalization algorithm
will be déveloped and tested; Chapters 5 and 6 deal with the incor-
poration of the algorithm in a control strategy, and in Chapter 7 the

implementation of the strategy at full-scale is discussed.

2. REQUIREMENTS FOR ALGORITHM

A necessary requirement for the development of a mathematical algorithm
by means of which optimal equalized flow and load patterns can be
determined is the existence of a quantitative measure whereby the
relative success of a particular solution may be assessed. In this
context a solution refers to one particular effluent flow rate profile
over a cycle together with its associated effluent load profile (which
is determined by the influent flow and load profiles and the equaliza-
tion volume available). The effectiveness of a particular,equalization
solution may be qualitatively assessed by comparing the variations over
a cycle (one day, in this case) of the equalization tank effluent flow
and mass load rates, both about their respective mean values, with the
corresponding variations of the influent. As indicated in £he previous
Section, quantification of these variations may be achieved by means of

a suitable error expression. This error expression should take into
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account (1) the size of the variations in both the flow and the load
over the cycle, (2) the relative significance of deviations in flow
as compared to load, and (3) other restrictions resulting from
physical constraints such as the equalization volume available and
possibly a limitation on the allowable rate of change of outflow

rate.

Once any error expression is accepted the optimal equalization solu-
tion is also fixed. Judgement as to whether one error expression

is superior to another must necessarily be subjective. In some
instances an expression may be summarily rejected because it results
in unstable operation, but strictly an absolute comparison of error
expressions is not possible because in each case the resulting

optimal solution must be assessed only in terms of the same considera-
tions that entered into the formulation of the error expression used
in attaining that particular solution. This holds true provided the
solution procedure converges to the true optimum independent of the

starting point of the solution.

The concept of an error expression also allows an assessment of the
effect of various factors which influence the extent of equalization
such as the form of the influent patterns and the size of equalization
tank available. For example, given a particular set of influent

flow rate and load profiles, the influence of tank size may be assess-
ed by comparing the numerical value of the error expression for the
optimal solutions for different tank sizes. Conversely, for a par-
ticular tank size, the effect of different influent profiles may be
assessed by comparing the ratios of the optimal error expression to

the value of the error expression calculated for the influent profiles.

The above discussion identifies two separate aspects which require

attention in the development of an equalization algorithm:

- Development of an iterative procedure whereby, given some
starting condition, optimal equalized flow and load patterns
can be determined. This optimization procedure involves

minimizing the numerical value of a selected error expression.

- Formulation of the error expression.
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In discussing these two aspects there is no reason why one should be
considered before the other because each is a separate entity. In
this investigation the development of the iterative procedures will
be dealt with first, accepting the existence of an error expression,
and following that the formulation of the error expression is con-

sidered.

3. DEVELOPMENT OF ITERATIVE PROCEDURE

It is assumed that the variable on which control action will be taken
in the operation of an equalizationxfacility is the outflow rate from
the equalization basin. For a given equalization configuration,

mode of operation and tank size, under fixed diurnal input patterns

of flow rate and load, a given tank outflow profile over the cycle
will also have an associated effluent load profile; a specific value
. of the error expression may, in turn, be calculated from the effluent
flow and load profiles. In determining the optimal situation, the
approach adopted is to develop, subject to the particular constraints,
a particular tank outflow profile which, together with its associated
load profile, will minimize the ‘numerical value of the specified

error expression. The procedure for determining the optimal condition

briefly may be described as follows:

To initiate the algorithm an arbitrary tank outflow profile is
chosen. The associated effluent load profile and the associa-
ted value of the error expression are then calculated. The
outflow profile is improved in the direction of the "best"
profile by making successive small adjustments to the profile
such that each adjustment causes a decrease in the value of the
error expression. When incremental adjustments at any point
in the outflow profile no longer result in the decrease in the
value of the error expression, the profile is accepted as the
optimum in terms of the criteria on which the error expression
is based.

Before discussing how the individual incremental changes are made

to the outflow rate profile, we consider the equalization tank

response as this has a bearing on the discussion which follows.



3.7

3.1 Mathematical Analysis of Equalization Tank Response

3.1.1 Outflcw Rate and Volume Response

The differential equation describing the relatio