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ABSTRACT

Wastewater flow equalization basin volume design has been
an imprecise art in which the use of safety factors has been required
to allow for the lack of sophistication. A design method is pro-
posed which takes.into account the time-dependent nature of flows,
the brevity of the observed data record, the facility operation, and

the expected performance.

Wastewater treatment plant raw inflow rates are modelled
using combined deterministic-stochastic time series techniques. Long
flowrate series samples generated by Monte Carlo simulation with a
fitted time series model are routed through flow equalization basins
to estimate their performance capabilities. The routing procedure
includes forecasting of inflow rates and storage requirements and
adjustment of basin outflow rates at discrete time intervals. With
the inclusion of a plant effluent recycle option, the major per-
formance variables are basin overflow occurrence, reduction of diurnal
flowrate variance, and the effect of the recycle option on increasing

the mean flowrate through the plant.

For the Ottawa, Ontario, Green Creek wastewater treatment
plant, this study indicates highest expected performance is derived
from basins with volumes close to those suggested by previous design
methods. The uncertainty in the flows and the limitations inherent
in basin operation contribute to a reduction in attainable performance

from the ideal level.
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CHAPTER 1
INTRODUCTION

1.1 Motivation

A recent survey in Ontario (7)* placed hydraulic overloading
as the major problem area in water pollution control plants, regardless
of plant size and age. Some of the hydraulically overloaded plants
undoubtedly are forced, due to a combination of poor planning and
politics, to receive mean daily flows which exceed the design flows
of the installations. The survey information revealed, however, that
15 percent of the responding plants received maximum flows greater
than twice their design flows. This suggests a large percentage of
water pollution control plants must be hydraulically overloaded for
at least part of each day. The flo& variability, with accompanying
waste load fluctuations, is a major cause of degradation of wastewater
treatment plant performance. Effluent standards, meanwhile, grow

more stringent.

whethér the form of treatment the plants provide is physical,
biological, or chemical, the fluctuations in wastewater loads and flows
only serve to reduce the plants' effectiveness in removal of the un-
desirable constituents. Clarification efficiency is reduced by varying
flowrates. Loss of biological populations due to high flowrates or

toxic slugs is always a risk. Variable flows and loads complicate

*
Numerals in parentheses refer to corresponding references in the
Bibliography.




design and controlled operation of advanced treatment metﬁods requiring
chemical feedings such as coaguiation and precipitation processes or
carbon adsorption. Any flow-bypassing used as an attempt to circumvent
this problem allows untreated or partially treated wastes to enter a

receiving water. Man is the ultimate loser.

Present efforts are directed toward reduction of the amount
of wastes that reach the natural environment without having received
the full impact of our treatment methods. With the realization that
non-point sources are perhaps contributing orders of magnitude more
to the pollution problem than are municipal and industrial wastes (55),
one can only expect increased land areas to be serviced by sewerage
in the future. Maintenance of high treatment efficiencies is a

parallel goal.

With more demanded of them, treatment methods must be improved.
For existing methods this requires a tighter control over performance,
including, as one aspect, the management of flow and constituent
fluctuations. That this is not easy to implement is evidenced in the
causes of flow and load variability, which include non-uniformity in
domestic water uéeage, industrial discharges, storm runoff, and the
physical condition of the sewerage, each a product of a multitude of

factors.

Possible solutions include flow smoothing in sanitary
sewerage systems, separate treatment for wet weather sewer overflows,
and flow and waste load equalization within the wastewater treatment

plant.




In the first case peak flows can be stored in bésins situated
throughout the sewerage drainagé basin, to be released later to supple-
ment lower flows through the wastewater treatment plant (16,17). Land
availability for the basins and pumping and other costs are the major
drawbacks of this type of system. Others (25,32,49) make use of

existing sewerage to store peak flows.

The second alternative has shown effectiveness (46), but the
slug~like behaviour of storm runoff creates problems in both the bio-

logical and clarification stages of the treatment process.

So far, the most promise has been shown by equalization

basins installed within the wastewater treatment plant.

Treatment plant equalization basins are generally of two
types. The more elementary of the two utilizes a constant volume in-
line storage tank whose contents are continuously mixed in order to
damp the fluctuations in the influent waste load concentrations. The
actual wastewater flowrates are unaffected by such a basin, and any

hydraulic problems, therefore, remain unresolved.

The basin type of most interest, then, is the second type,
which temporarily stores part of the flow volume during peak flows
and releases this stored volume during low flow periods. Any degree
of flow smoothing is preéently considered possible, depending on
maximum installed storage capacity. An attendant waste load con-—

centration smoothing is also achieved.

The benefits of the inclusion of flow equalization into a

wastewater treatment plant are obvious. Treatment process performance




can be improved. Operation of downstream treatment stagés is
facilitated. Design of treatmént facilities, traditionally the domain
of average conditions and large safety factors, such as suggested by
Eckenfelder and Adams (22), is aided by decreased expected flow

variation. Older overloaded plants can be rehabilitated.

An economic gain is realized from all these factors. The
debate continues, however, as to whether the equalization basin can

pay for itself in benefits (24,26,39).

Design of flow equalization facilities ought to be based on
maximization of benefits since an overall aim is to make best use of
treatment facilities. Up to the present there has been only limited
investigation in the area of benefit quantification. Given the present
state~of-the-art of flow equalization, and recognizing. that: any-
facility requires an operational guiding hadd, the motivation for this
project was the need to define realistic criteria for, and develop’an
improved, yet easy-to-apply method for the design of wastewater flow

equalization basins.

1.2 Literature Review

The consideration of continuing events as time series has
proven to be a popular and useful vehicle for solutions of water-
related engineering problems. Time series analysis as a statistical
technique facilitates an understanding of the process being measured.
As well, the power of statistics is placed at the disposal of the

analyst. This technique has seen only limited use as a water pollution




engineering tool, but appears applicable to the equalization basin

problem.

Solutions to (i.e. the effects of equalization on) certain
equalization basin inputs have been developed. Performance of flow

equalization techniques has been observed and measured in the field.

The chief design variable for equalizagion basins is the
useable storage volume. Generally the design problem reduces to one
of limiting the storage capacity while accepting a loss of performance.
Storage volume requirements can be determined by simple means for a

variety of flowrate series.

Other design variables for wastewater equalization basins

have been investigated.

1.2.1 Time Series Approach

A time series is a set of observations, either continuous -
or discrete, recorded sequentially in time (41). Discrete series are
more useful in practice, most often with the observations being
associated with equally spaced points in time, or with intervals in

time having constant length.

In an effort to understand observed processes, statistical
techniques are often applied. A process that evolves in time according
to probabilistic laws is called a stochastic process. Investigations
of the characteristics of such a process are known as time series

analysis.




A time series is usually conceptualized as being the linear
sum of two principal components; the deterministic and stochastic
components. The former is that part of the observed behaviour which
can be predicted exactly, whether root causes are understood or not.
Trends, periodicities, and jumps are usually included in the deter-
ministic component. A trend is a gradual change of a variable over a
relatively long time span. A trend in a pollution indicator time
series, as an example, might be a steady worsening in a water quality
parameter due to a continued discharge of a pollutant. = Periodicities
are repeated, constant fluctuations in a variable. Examples in natural
time series can be attributed to periodic astronomic behaviour (41).
Man-influenced time series are similarly affected as, for example,
pollutional discharges may be regularly patterned according to time
of day or time of year. Jumps, or discontinuities in the sequence of
the variable, are due to sudden changes affecting the process that
produces the variable. The aforementioned pollutional index time
series could experience a jump due to a catastrophic natural event
such as a landslide or man-made changes such as diversion or the

abrupt commencement or cessation of discharge from an industry.

Added to the deterministic component to yield the complete
time series is the stochastic component, that part of the time series
which cannot be predicted exactly, and can be expressed only in
statistical terms. The stochastic component is generally considered
to be made up of serially dependent random "errors" upon the deter-

ministic component, and can also include trends.




Whereas the value of the deterministic componeﬂt of the
variable depends only on time,.the shock, or error, in the observa-
tion of that variable at any time depends somewhat on the shocks at
some previous time. As illustration, the persistence in successive
observations of the pollutional index variable shows up when an

unusually hipgh value is followed by a similar value.

The general procedure foliowed in an éhalysis of a time
series involves detection and removal from the time series of any
present deterministic components (41) and subsequent analysis of the
remaining stochastic component. At each step use can be made of
several alternative approaches. Characteristics of the various com-
ponents of a time series can be observed through the use of the time- !
based autocorrelation function, or its transform, the frequency-based

variance or power spectrum.

The removal of trends can be accomplished by regression
analysis or by the moving average method. The shortcoming of the
former technidue is that while arbitrary polynomials can be developed
to reproduce observed data with respect to time, there is no reason
to believe they‘will adequately describe future data (11). On the
other hand, the latter method, in which a series of overlapping means
of successively weighted values are computed to eliminate trend, has
been shown (65) to induce long-period oscillations into the new series,
as well as to remove from the series periodicities having periods
related to the effective length of the moving average scheme. This

is the Slutsky-Yule effect.




Periodicity removal is most commonly effected b& the sub-
traction from the time series of a number of Fourier components
(sine waves) of pre-determined frequencies and amplitudes (54)., This
method is most suitable for those series containing obvious periodici-
ties or where physical theory suggests presence of a certain frequency.
Otherwise, building a model out of cyclical contributions of different
frequencies and amplitudes is not justifiable unless the true behaviour
can reasonably be expected to be based on such underlying characteris-—
tics. The result could easily be a periodic component containing a
large, and therefore unwieldy, number of phase and amplitude parameters.
It has been shown (34) that all the periodicities of a given funda-
mental frequency can be removed from a discrete time series by sub-~
traction of the periodic mean values, each one the mean of the variable
values at the corresponding times in each one of the Ffundamental
periods in the record. All coefficients associated with the Fourier

representation of the periodic component are avoided.

Treatment of jumps must be developed appropriate to each

situation in which they are encountered.

Afterlall predictable (deterministic) components have been
removed from a time series, the remaining series is generally con-
sidered to be the stochastic component. In some cases, parts of the
deterministic component too small or difficult to detect or remove
are lumped with the stochastic component and therefore are assumed

stochastic as well,




The degree of persistence in a stochastic time éeries is
measured by the autocorrelation function of the series which quanti-
fies the amount of linear association between two realizations of a
variable separated in time (41). The remaining part of the stochastic
component is assumgd to be a series of independent random variables
(usually assumed normally distributed) (41). These are due to non—
systematic errors in obtaining and handling the observed data, as
well as to other random fluctuations in the inputs to the stochastic

process or in the ambient conditions affecting the process (10).

Various models for describing behaviour of stochastic time
series have been grouped as the ARIMA (autoregressive integrated moving
average) package of univariate stochastic time series models by Box

and Jenkins (14).

1.2.1.1 Applications in Pollution Control Engineering

To the present only limited applications of time series
analysis to water quality and wastewater treatment plant problems

appear in the literature.

Gunnefson (27) illustrated the use of variance spectrum
analysis on time series of a variety of water quality parameters for

the Potomac River and Raritan Bay.

Wastler and Walter (61) found spectral analysis of chloride
concentrations helpful in a study of sedimentation problems in

Charleston harbour.
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Thomann (56) examined temperature and dissolved.oxygen
time series records for the Deléware estuary using Fourier analysis
and variance spectrum techniques at several points along the river to
gain an understanding of the physical environment. In another paper
(57) he used the same techniques to examine municipal wastewater
treatment plant flow and B.0.D. to improve understanding of plant
behaviour and to see the effect of plant effluent quality variations

on the receiving water.

Wallace and Zollman (60) fitted fourth-order polynomial
curves to series segments of hourly combined sewage C.0.D. data. A
simple statistical analysis was performed on the deviations from
these curves. In a discussion of this paper, McMichael and Vignani
(43) demonstrated the flexibility and power of the ARIMA models of
Box and Jenkins to characterize the variety of C.0.D. series used by

Wallace and Zollman, and their use in forecasting.

McMichael and Hunter (42), in characterizing daily Ohio
River flows and water temperatures, could explain a high proportion
of the original time series variance using a model combining a simple
deterministic fuﬁction of time and a simple stochastic function of the
ARIMA group. The percentage of variance explained was greater than
that accounted for by either a deterministic or a stochastic ARIMA

models alone, parsimonity (state of having as few model parameters as

possible) being equal.
Huck and Farquhar (31) found the ARIMA models alone could be

used to describe time-behaviour of water quality parameters in the

St. Clair River. The authors consider these models to be able to
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outperform frequency-based models where the random variable lacks
seasonality. In this case the information gleaned allowed inferences

to be made about the causative processes behind the data values.

Mehta, Ahlert, and Yu (44) demonstrated ARIMA modelling of
the stochastic components of daily Passaic River streamflows, water
temperatures, B.0.D., and dissolved oxygen deficits after the removal

of significant harmonic components from the original series of data.

Berthouex, Hunter, Pallesen, and Shih (11) modelled hourly
wastewater treatment plant input B.0.D. data using only ARIMA models

as a prelude to future work on operation of treatment processes.

Adams and Gemmell (1), in a study of municipal wastewater
treatment plant influent and effluent variables as time series,
attempted to assess the impact on receiving waters of centralized,
as compared to regionally decentralized, treatment facilities. Linear
regression and Fourier analysis were used to study the trend and
periodicities, respectively, of the B.0.D., S.S., and discharge
variables. In general, the series showed little determinism, so
serial correlation and runs tests were used to test randomness.
Simple and multiple correlation techniques provided the means of
plant-to-plant comparison of sinpgle variables. Influent and effluent
quality variables were found to be much more random than plant dis-
charges which showed a significant periodic component. Among several
plants only weak correlation of quality variables was observed, but

some dependence was found among the discharges.




- 12 -

1.2.2 Equalization Basin Performance

Design procedures revoive around an assessment of alter-
natives, generally performance rated against cost. For equalizatiom
basin design, an adequate definition of basin perfofmance must there-
fore be available. .Prediction of the effects of equalization on

basin input variables becomes a necessity.

1.2.2.1 Equalization with Constant Storage Volume

Previous investipations have concentrated on the reduction
of fluctuations in the concentration vs. time curve by flow-through,

fixed-volume storage tanks.

Assumptions normally applied in these works are (59):
1) the basin is completely mixed,
2) inflow and outflow rates are equgl and constant,
3) the basin level remains constant,
4) the property under consideration is linear and additive, and

5) no chemical reaction takes place.

Beaudry (8) determined the ratio of output to input variance
for mixing of bafches of waste, referring to this as '"blender
efficiency".

Danckwerts and Sellers (19) developed expressions for out-
flow to inflow variance ratios for equalization of gas streams whose
concentrations exhibited regular periodic or completely random
fluctuations. The expression for periodic behaviour was also modified

to include first-order decay of the constituent.
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Gutoff (28) calculated the ratio of output conceﬁtration
variation to maximum input concéntration variation (as a fraction of
average concentration) for equalization of streams having sinusoidal
concentration fluctuations. For design this was related to the ratio

of the retention time to the period of the fluctuationms.

Walker and Cholette (58) derived equations relating con-
centration damping factors (ratio of‘output to input amplitudes) to
hydraulic residence time (for a constant flowrate this is synonimous
with basin volume) for theoretical sinusoidal, square-wave, and finite

pulse feeds to completely mixed paper pulp "stock chests".

Reynolds, Gibbon, and Attwood (51), using a constituent
mass balance on paper pulp stock chests at finite time increments,
described the outflow concentration-time curves for various basin
schemes involving different degrees of mixing, outflow recirculation,
and feed-splitting. This time-increment method was evaluated by
comparison with observed data, with mathematical solutions to sinu-
soidal and square-wave inflows, and with a statistical approach.
Results showed random variations of inflow concentration are best
smoothed by a coﬁpletely mixed basin, while periodically varying in-
puts have their fluctuations reduced most by recirculation and split-

feed systems.

Wallace (59), in summarizing previous work, also mentioned
the potential of analytical solutions for deterministic basin inputs
and the use of analog simulation for more complicated basin inputs.

He evaluated the models of Danckwerts and Sellers (19), using numerical
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integration and graphical comparison of results with those of Reynolds,
Gibbon, and Attwood (51). Variations in degree of mixing were also

discussed.

Novotny and Englande (47) began with the ﬁass balance for a
conservative substance through a completely mixed basin and determined
Fourier response (transform) functions for a single basin and for two
basins in series (a representation §f the practiéal case of an equali-
zation basin followed by the aeration basin of the treatment step).
Their response functions relate the Fourier-transformed concentrations
of output and input for a linear system such as the equalization pro-
cess. These spectral analysis techniques enable use to be made of
constituent variances as design criteria. Mass balance solutions in
both time and frequency domains were given for the cases of finite
pulse and unit step inputs. Design relationships were developed based
on detention time vs. maximum effluent concentration for pulse inputs,
and vs. maximum effluent concentration rate change for the unit step
case. The frequency response solution for harmonic and purely random
inputs provided the foundation for design techniques based on ampli-
tude damping. The solution for purely random inputs was verified

experimentally.

Novotny and Stein (48) expanded the preceding equalization
basin models to include non-conservative constituents (first-order
decay characteristics) for three basin types: completely mixed, dis-
persed flow, and plug flow. Comparison of inflow and outflow variance

spectra were used to illustrate effectiveness of two observed dispersed




- 15 -

flow-type basins. A simplified formula for the ratio of 6utput to
input variance for completely mixed basins and purely random inflows
was developed and verified experimentally. A similar formula was

developed for a simple harmonic input.

DiToro (21) assumed three simple parameters (mean mass in-
flow rate, coefficient of variation of mass inflow rate, and a cor-
relation time constant indicating the time lag for which mass inflow
rates are essentially uncorrelated assuming exponentially decaying
serial correlation coefficients) were sufficient to characterize the
statistical nature of random basin (completely mixed, constant volume)
inputs regardless of their probability distribution. Despite these
liberal assumptions, his prediction of output variation was adequate
for the case of constant fluid flowrates. Random flow fluctuations,
characterized statistically in the same fashion, tended to increase
predicted output concentration variétions. Predicted performance
deteriorated rapidly as serial correlation of flowrates increased
relative to basin detention time. Introduction of a first-order decay
term, while not complicating performance prediction, made possible the
illustration of:the trade-off between reduction of concentration
variation, a function of equalization, and reduction of mean concen-

tration, a function of the reaction rate.

Clearly, then, for fixed volume equalization, reduction of
variance of constituent concentrations is the major performance
indicator. With interest shifting from the deterministic to the

stochastic approach, DiToro (21} has stated the problem facing all
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analysts: that the probability density functions of outflow concen-
trations are very difficult to determine from input characteristics

for ail but the constant flow, simple Gaussian input situation, for

which, in some cases as in DiToro's example, the output is also

Gaussian.

1.2.2.2 Equalization with Variable Storage Volume

Prediction of the effects of equalization on time-variable
waste loads is complicated by fluctuations in flowrates. DiToro (21)
has addressed this problem using a simplified statistical analysis.
For highly correlated variable flowrates poor performance is indicated
and flow equalization is suggested as being necessary. This situation,
with three variables (waste load, flowrate, basin volume) fluctuating,

requires complicated analysis, an area not as yet investigated.

LaGrega (37), and with Keénan (38), reported on a full-scale
study of the effects of equalization of municipal wastewater flows at
Newark, New York. The flows were considered to be stochastic variables
and were modelled using the ARIMA family of time series models. Diurnal
flows were forecasted to enable a completely mixed equalization basin
(actually an existing clarifier) to be operated efficiently. Thus, by
varying the basin volume, a significant reduction in the variability
of flowrates from inflow to outflow was achieved. Since the equaliza-
tion basin was placed at the head of the wastewater treatment plant,

the flowrate to all treatment processes was held fairly constant.

The physical flow smoothing over a 24-hour period effected
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a reduction in the maximum concentration and a reduction in the co-
efficient of variation of on thé order of 50 percent in the significant
quality wvariables. Equalization of the wastewater under aerated con-
ditions did not significantly reduce its B.0.D. The preaeration induced
preflocculation of suspended solids. This preflocculation and the more
uniform overflow rates markedly improved the sedimentation process.

Even with a highly variable plant influent, the effluent strength of

the primary sedimentation tank was found to be consistent and to have a

frequency distribution resembling the normal distribution. Diurnal flow equal-
ization had little effect on theAday—to-day-va?iability of the waste strength,
except for suspended solids concentrations, whose day-to-day variability
unaccountably increased with equalization. Primary effluent suspended solids

concentrations and their variability were dramatically improved, however.

While these results appear in the form of frequency distri-
butions, they are empirical for a specific municipal waste and treat-
ment system. Similar data may or may not be obtained from other
situations. Nevertheless, LaGrega's results show that flow equaliza-

tion does have beneficial effects on the treating of waste loads.

Bioloéical treatment performance can benefit both from the
reduced risk of shock loadings provided by concentration smoothing and
the improved final settling performance provided by the flow smoothing
(50). The concentration damping effected by flow equalization can
facilitate control of chemical coagulation and precipitation systems
and improve process reliability. Advanced filtering operations wauld
benefit from flow smoothing by smaller filter requirements and more

uniform filtration cycling.
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Whether there are effluent quality improvements due to flow
equalization is, however, still an open debate because of the shortage

of observations.

1.2.3 Determination of Storage Requirements for Flow Equalization

The major design variable for equalization basins is the
maximum useable storage space, i.e. the effective basin volume. Its
determination is a familiar water resources problem: the solution of

the reservoir continuity equation,

I(t) - o(t) = %ﬂ 1.1

where, at any time t, I is the inflow rate, O is the outflow rate,
and S is the reservoir storage volume. All three are stochastic

variables (62).

1.2.3.1 The Reservoir Storage Problem

Methods of reservoir design make extensive use of deriva-
tives of the original mass curve concept first introduced by Rippl (52). i

The mass curve approach considers the time-behaviour of variables, so

it may be a compatible companion to time series analysis. A mass curve

describes the cumulative volumes of reservoir inflow and outflow. The

similar "differential" mass curve illustrates the cumulative deviations
of the inflow and outflow from the mean inflow. In general, detefmina—
tion of required storage volumes involves time studies of the maxima
and minima characteristics of differential mass curves of flow, i.e.

the study of surplus, deficit, and range, as discussed by Yevjevich (62).
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Design procedures based on examination of obserQed records
alone are now being replaced by'those which take into consideration
the stochastic nature of the involved variables. Asymptotic behaviour
of the stochastic variables in the reservoir storage problem can be
studied through the use of Monte Carlo simulation. This involves the
generation of large samples of data having the same properties as an
observed sample or a theoretical population. Some work has been done .
on mathematical derviations of asymptotic or exact properties of some

of the storage problem variables.

Series of independent standard normal variables have been
the focus of the theoretical work. For such series Feller (23), using
the theory of Brownian motion, derived equations for the asymptotic
values of the expected value and variance of the range and adjusted
range (definitions of these terms can be found in (62)). He also
found a general expression for the probability density function of

the range and adjusted range.

Anis and Lloyd (5) determined the expression for the exact

value of the expected range.

Anis (3) found an exact expression for the second moment
about zero of the maximum of partial sums, and later (4) generalized

that to include all moments.

Solari and Anis (6) derived the exact expressions for

expected value and variance of the maximum of adjusted partial sums.

Data generation has aided the study of the asymptotic pro-

perties of unadjusted and adjusted surplus, deficit, and range of
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linearly dependent normal variables and of other probability distri-
butions (53,62,63). Unfortunafely, theory on the exact moments of
range and adjusted range is lacking as yet. At the present time,
therefore, data generation appears to be the most useful technique

that can be applied to the reservoir storage design problem.

1.2.3.2 Wastewater Flow Storage Requirement Determination

The problem of providing a volume of reservoir storage for
runoff control in a natural drainage area is similar to the waste-
water flow storage situation, in that prediction of expected flow
volumes can be aided by an understanding of the meteorological and
physical factors governing behaviour in the watershed. Since man, ‘
however, is the source of much of the wastewater flow many additional

factors are involved in wastewater flow prediction.

Wastewater flow storage determination, on the other hand,
is facilitated by the fact there are no maximum yield requirements és
in water supply-flood control problems. Flow smoothing is the only
objective. Assumption of the adequacy of downstream facilities to
handle the "equélized” flow is mandatory, whereas in a water supply-~

flood control reservoir design, downstream capacity is critical.

Simple methods are presently available for the calculation
of a design volume for flow equalization. All intend only to dampen

diurnal flow variation.

Click and Mixon (17) in determining required volumes of

local peak flow retention basins, have schematized the wastewater
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hydrograph for one day as a square wave (Figure 1.1). The assumption
of the equality of the peak-to-average and the average-to-minimum flow
ratios allowed the development of a deterministic equation for the

required storage volume.

The U.S.: Environmental Protection Agency (50) has used a
simple mass curve range analysis of a typical diurnal flow hydrograph
as the method of determining the reﬁuired storagé volume (Figure 1.2).
This is normally in the vicinity of 10 to 20 percent of the average
daily dry weather flow. Once the required volume has been determined,
the impact of the flow smoothing on constituent concentrations and
mass loading can be determined assuming conservative materials and

completely mixed conditions.

The value of these methods rests solely on the choice of
the diurnal flow pattern. They must necessarily rely on safety factors
to allow for the effects of uncertainty. LaGrega (37) attempted to
avoid the effects of randommess in the flows by suggesting use of a
mass curve analysis of each day of available flow records in order to
determine empirically what maximum volume will deliver the desired
degree of flow ;moothing for the desired fraction of the time. Un-
fortunately, he could only guess at a definition of the desired degree
of equalization: an arbitrary basin outflow diurnal fluctuation of 20

percent of the average flow.

Gorber, Halbert, and Scharer (26) have modified the above
1dea slightly by using a long record of daily mean flows to establish

"Daily Peaking Factors" for various "exceedence" levels (Figure 1.3).
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FIGURE 1.1
SCHEMATIZED WASTEWATER HYDROG?APQ AND PEAK FLOW RETENTION
BASIN VOLUME DETERMINATION - from Click end Mixon (17).
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FIGURE 1.2
FLOW EQUALIZATION BASIN VOLUME DETEERMINATION - from U.S.

Environmental Protection Agency Technology Transfer (50) .
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Diurnal variations were quantified by studying the daily.flow charts
for days on which the mean wasfewater flows corresponded to certain
exceedence levels, for example, maximum, 10, and 25 percent exceedence.
A "Diurnal Peaking Factor" was established for the 12 hour (approxi-
mately) peak period of thecday. Combination of the above factors
resulted in an equation for the required storage volume. Averaging

of results from five Ontario plants produced a tequired volume of 11
percent of annual mean daily flow for "full" equalization, a figure
comparable to others reported in their paper. A safety factor of 1.25

is suggested to be applied to volumes determined by their method.

While more complex than earlier procedures, the proposals
of LaGrega (37) and Gorber et al (26) remain as empirical methods.
They do not fully account for the stochastic nature of wastewater
flows, as "full" equalization is theoretically impossible with a

finite basin volume and stochastic inflows.

1.2.4 oOther Design Considerations

While the maximum useable storage volume is the principal
design variable for flow equalization basins, other factors influence
the final configuration of the installed flow equalization system

(37,38,50).

Click and Mixon (17) discuss basin location within the
collection network. Within plant alternatives are in-line or side-
line units, or the use of existing tankage (37,39,50). A wide variety
of hardware and materials can be incorporated into the design, the

choice depending upon the particular situation (37,50).
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1.3 Objectives

The review of the literature has shown that design methods
presently available for the determination of the useable storage
capacity requirement for wastewater flow equalizaﬁion facilities are
crude, use only observed flows, presuming they represent long-term
behaviour, and require the use of safety factors to account for un-
certainty. The most important criferion for deéign is considered to
be the amount of reduction in the fluctuations of the waste stream

through the equalization tank.

Theoretical investigations have been carried out into the
basin response to (production of outflows from) ideal basin inflows
for the cases of constant volume-constant flowrate-varying concentra-
tion and constant volume-fluctuating flowrate-varying concentration.
The varying basin volume problem has not been approached. Limited
observation of full-scale flow equalization has shown beneficial
effects are felt on downstream wastewater treatment processes due to

the concentration and flow smoothing.

Time series analysis has been used successfully on water
quality variables and flowrates, including wastewater flows. Data

generation has proven useful where analytical solutions were difficult.

The objectives of this study are therefore (1) to make use
of time series analysis to model the stochastic time-behaviour of
incoming wastewater flows for the purposes of flow forecasting and

data generation, (2) to use the resulting stochastic model of the
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flows and Monte Carlo simulation to provide a proposed flow equali-
zation basin with "experience", and (3) to develop a design relation

which, while considering the uncertainty in the equalization process,

compares basin size to simulated performance.
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CHAPTER 2

THEORETICAL CONSIDERATIONS

Univarigte time series techniques were used to analyse
and model wastewater treatment plant raw inflow rates. The analysis
consisted of the step-by-step identification and removal of the
various components (Section 1.2.1), which was aided by the inter-
pretation of the variance characteristics of the remaining portion
of the series in both time and frequency domains. This involved
the use of autocorrelation and variance spectrum analysis, res-
pectively. The stochastic time series models of Box and Jenkins (14)

were used to model the stochastic components of the series.

Once adequate time series models were determined for the
wastewater flow time series they we?e used as a base for simulation
of large data samples. As a means of assessing performance toward
the choice of a design volume for a specific series, the simulated

raw wastewater flows were routed through ideal equalization basins.

2.1 Modelling of Time Series

A process evolving in time may be observed continuously,
or, more practically, at discrete points in time. The latter also
includes time-averaged observations associated with discrete poiﬁts
in time. Most time series exhibit non-homogeneity, or time dependence,
caused by changes through time in the factors affecting the out-

comes of the processes. That part of an observed time series which
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is time dependent and completely predictable is called tﬂe deter~
ministic component. In additién there is the portion of the series
which expresses the uncertainty of the process, the stochastic com—
ponent. A stochastic process evolves in time according to probabilis—
tic laws and may be pure-random or non-pure random, i.e. the probability
law from which realizations of the process are samples may be time-

independent or time—dependent,;regpectivély (35).

In this study it was initially assumed a time series z(t)

can be described by a linear additive model of the type
z(t) = zT(t) + zP(t) + zs(t) 2.1

where zT(t) is a linear trend component, zP(t) is a periodic component,
and zs(t) is a stochastic component composed of serially dependent
random variables generated from independent random variables. If the
probability law governing the stochastic component is invariant with
respect to position in time, which will be assumed in this project,

the stochastic process is said to be stationary.

The procedure followed in the identification and removal
of the various.components of the wastewater flow time series included
an examination of the characteristics of the remaining series at each
step by means of correlation and spectral analysis and a subsequent

modelling of the phenomenon of interest by the appropriate technique.

2.1.1 Correlation and Spectral Analysis

Correlation and spectral analysis are useful tools for the
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identification of the components of time series (9,12,33,35). Cor-
relation analysis quantitativel& illustrates the relation between two
or more variables. In univariate time series analysis the relation
between two variables of the same process, separatéd in time, is
expressed by the autocorrelation function. Exactly the same informa-
tion is conveyed by the variance spectrum of the process, with

frequency as a base.

The mean or expected value of a time series of process z

is written as

1 T
u_ = E[z(t)] = lim—f z(t)dt 2,2
A Toroo T
0

where T is the time length of record. The variance or measure of

dispersion of the distribution of z about the mean u, is written as

T

T

T
oi = E[e(t) - u)?] = Lim lf (2(t) - u)’dt 2.3

The expression for the covariance of two variables x and vy,

covlx,y] = BLG(E) = 1) * (7(8) = y))]

T
.1
11m$f x(6) - w) () = u)de 2.4
S y
T
(0]

in the context of the same time series, is modified to become the
autocovariance function vy of two variables of the process z separated

by an interval, or lag, t:
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v(1) = cov[z(t),z(t+1)] = E[(z(t) - u,) (z(t+7) - u )]

T
1
= 1lim ?-J (z(t) - p)(z(t+1) - u )dt 2.5
z z
T->co
0
The autocorrelation function p at lag T is the ratio of
the autocovariance at lag t to the autocovariance at lag zero (the

. 2 .
total variance, cz); that is

(1) = covlz(t),z(t+t)] _ y(r) _ y(v) 2.6
P covlz(t),z(t+0)] ~ ¥(0) ~ " 2 ‘
4

A plot of the autocorrelation function p vs. lag t is referred to

as a correlogram.

An expression relating the autocorrelation function at

various lags is given by (14):

p(3) = B(t,1)p(5-1) + B(r,2)0(5-2) + ...

cor + B(r, =D (§-1+1) + B(1,T)p(j-1) (i=1,2,..,71) 2.7

where 1 is the maximum lag considered and the @ are weighting co-

efficients called partial autocorrelation coefficients.

A time series can be assumed to be the sum of oscillations
of different frequencies. Spectral analysis assumes the process
population consists of a continuing spectrum of frequency of which
the observed series is but a discrete sample. The variance spectrum
analysis separates the continuous frequency spectrum into a number of

adjoining intervals, or frequency bands, and apportions part of the
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series variance into the appropriate band according to series

characteristics.

The Fourier transform X(f), a function of frequency, of

any function of time x(t) is given by

X(f) = j x(t)e 12, 2.8
-—00
Physically this represents the distribution of process signal with
frequency. Therefore the Fourier transform of the autocovariance

function v(t),

V(f) = fm y(rye 2Ty 2.9

-0

represents the distribution of series variance over frequency.

More practically, since Yy and V are even functions,

V(f) = J v(t)cos(2wft)dT 2;10

-0

and, since negative frequencies are a physical unreality,

00

V(f) = 2 f y(t)cos(2rft)dT 2.11
0

In terms of z(t),

2
T/2

V(£) = lim~% z(tye 2ty 2.12
T -1/2

A plot of "power" V vs. frequency f is termed the variance,

or power, spectrum. The variance attributable to a particular
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frequency band flf2 is the area under V in the interval flf2'

Obviously, then,

f V(E)df = ci ' 2.13

0
These two methods of analysis contribute the same informa-
tion. The difference is in the way it is displayed. Either method
or both can aid in the identification of characteristics of components

of time series.

2.1.2 Trend Component

Linear trends, considered in most analyses to be deter-

ministic functions, in this study are dealt with in the analysis of

the stochastic component (Section 2.1.4).

2.1.3 Periodic Component

Any periodic or quasi-periodic time series can be expanded
into a Fourier series as

H a

. = _g 1 .
| z(t) 5+ Z ancos(anft) + bn51n(2wnft) 2.14
! n=1
in which
P g 2.15

N
B

where T is the fundamental period and w is the fundamental angular

frequency, n is an integer representing the order of the harmonic,
a
a and bn are the harmonic coefficients, and EQ is equal to the
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mean of the z(t), z (9,35). The harmonic coefficients are defined

by
2 T
a = E—f z(t)cos(2wnft)dt (n=0,1,2,...)
0
2 T
bn = T-f " z(t)sin(2mnft)dt (n=1,2,3,...)
0

2.16

2.17

A periodic component zP(t) of time series z(t) is assumed

to be composed of a finite number k of Fourier harmonics such that

k
ZP(t) =z + nglancos(Znnft) + b_sin(2mnft)
a_ = Z % z_(t)cos(2mnft)
n T P
£=1
T
bn = E-tzl zP(t)51n(2ﬂnft)

2,18

2.19

2.20

The amplitude C and phase angle 6 of the nth harmonic are expressed

as, respectively,

1
Cn = (ai + bi 2
A = tan—ICBE)
n a

Choice of the fundamental period and the number of

2.21

2.22

harmonics to be used in a periodic component rests on the examination

of the particular characteristics of the series being studied.

I

A

Fourier analysis of the 5 possible harmonics of the fundamental fre-

quency %-of a series of length T makes possible the determination of

the significant harmonics and their coefficients.

Any number of
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these up to the maximum may be subtracted from the series, or, as
Jones (34) has shown, all the harmonics of fundamental period T may
be removed by the subtraction, from each z(t), of the periodic mean

Ef(i) corresponding to that time t, i.e.,

. NFP
() == ) 2(HG-DT) (11,2,...,T) 2.23
j=1

where NFP is the number of fundamental periods, each T data values
in length, present in the data record, and i is the relative position

of ;% within the fundamental period.

2.1.4 Stochastic Component

After removal of all the components of the original time
series that are considered to be deterministic and completely pre-
dictable (e.g. trends, jumps, periodicities, (Section 1.2.1)), what-
ever remains is assumed to be a stochastic component zs(t). Due to
lack of information or understanding, or due to the presence of truly
random phenomona it is not possible to develop a deterministic model
to predict exactly the future of the stochastic process. It may be
possible, howeﬁer, to make a probability statement about the stochastic
portion's future behaviour. In this study, it is assumed a time-
invariant (i.e. stationary) probability law governs the evolution of
the stochastic component of a time series. The collection of para-
metric stochastic time series models presented by Box and Jenkins (14)

can be used to characterize the stochastic components.




- 36 -

The models are based on the concept that the serially
dependent values in a stochastic time series can be considered to
have been generated from a sequence of independent shocks {a}, which
are drawn from a distribution governed by a time-invariant pro-
bability law. Usually the shocks {a} are assumed normally distributed

. . 2
with mean zero and variance Ua.

A divergence is necessary here to introduce the discrete

series backward shift operator B (l4). It is defined by

st(t) = zS(t—l) 2.24

m
B zS(t) = zs(t-m) 2.25
The backward difference operator V is defined as
vz (t) = zS(t)—zs(t—l) = (1-B)zg (£) 2.26

The shocks {a} are assumed to be transformed to the

process zS(t) by a linear filter with transfer function y(B), where
2
w(B)=l+¢-lB+¢2B + ... 2.27

Therefore,

2o (t) = ES+¢(B)a(t) = ?S+a(t)+¢la(t—1)+1p2a(t—2)+.... 2.28

If y(B) converges, the process zg is considered to be stationary

and ;é is the mean of the process. Otherwise Eé represents a

reference point for the non-stationary process Zg.
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A special case of the linear filter model of Equation 2.28,

letting ';S (t) represent zg (t) _-Z;S , is
;%(t) = y(B)a(t) | 2.29
which is an infinite series of shocks, a(t), or, where P(B) = ¢—1(B),
B(BYzg (t) = a(t) ’ 2.30

which is a finite series of values Eé(t), the so-called autoregressive
(AR) model. 1In this model the current value of‘;; is expressed as a
finite weighted linear sum of p previous values of ;;, plus a

random shock {a}. This is

~
Z

;;(t) = 9, S(t—1)+¢é;;(t—2)+....+¢;;;(t—p)+a(t) 2.31

If ;;(t) can be considered to be a finite linear sum of

q previous shocks {a}, the expression
;;(t) = a(t)-ela(t—l)-eza(t—2)—....—an(t—q) = 0(B)a(t)  2.32

describes the moving average (MA) model of the stochastic process.
Autoregressive and moving average models may be combined
for greater applicability as

¢(B)§;(t) = 0(B)a(t) 2.33

Non-stationary behaviour in the stochastic time series,
such as trends, can be modelled with the introduction of a non-

stationary autoregressive operator Y(B), which is related to the
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stationary autoregressive operator @#(B) by
P(B) = d d
(B) = @#(B)(1-B)~ = @(B)V 2.34

where d is the degree of differencing performed by the operator V.

The general stochastic model is then
dr r~
BBV z5(t) = P(B)Zg(t) = O(B)a(t) 2.35

where E%(t) refers to zs(t) - ;é for d =0, and to zs(t) for d > 0.
This general model treats the dth difference of the series as a
stationary, invertible (definition: if the series is expressed in

terms of n(BfEé(t) = a(t), the 7 series of weights must converge on

or within the unit circle, or, the roots B must lie outside the unit
circle), autoregressive-moving average process. The ensemble of

models for stationary and non-stationary time series discussed here

are referred to as the autoregressive integrated moving average (ARIMA).
stochastic time series models. In particular, one containing a p-order
autoregressive operator and a q-order moving average operator, and

acting on the dth difference of a time series, is referred to as an

ARTMA model of order (p,d,q).

In different form this treatment of non-stationary behaviour
1s the same as the variate-difference technique used by Kite (36),
but no attempt is made, in the ARIMA modelling procedure, to fit a
polynomial function by regression. Uncertainty in the trends is

considered to be generated as part of the stochastic process.
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A further generalization of these models allows'modelling
of periodic or seasonal behaviour. Introduction of a seasonal back-

ward shift operator BS, where
B5Z.. (t) = Z,(t-s) 2.36
S S
and a seasonal backward difference operator Vs, where
Vszs(t) = zs(t) zs(t s) (1-B )zs(t) 2.37

simplifies the expression of the multiplicative ARIMA model of

order (p,d,q) * (P,D,Q), i.e.,
s D_d~ _ s
@P(B )ﬁp(B)VSV zs(t) = Gb(B )Gq(B)a(t) 2.38

where ¢P and Gb are, respectively, the seasonal AR and MA operators
of order P and Q, and D is the degree of seasonal differencing. In
the interest of model parsimonity,‘or simplicity, it is desirable to
use as few parameters as practically possible, as further model
refinements may not improve the fit significantly, and may in some

cases be redundant. In actual fact, only a few of the above terms

are usually required per model in practical applicationms.

2.2 Data Generation

Sometimes it may be desirable to possess a larger data set
than is available in order to, for example, obtain a smoother estimate
of sample properties or provide "experience" for a designed structure.

If it is expensive or impossible to obtain further observations, an
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alternative is the simulation of a large data sample from either a
small sample or from a theoretical population. This technique is

referred to as Monte Carlo simulation (62).

Data generation from empirical samples mékes use of the
empirical frequency density distribution and, if it is a property of
the sample, the dependence relationship. The latter can be in the
form of an empirical correlogram, a‘mathematical’function fitted to
the correlogram, or some other mathematical dependence model. The
procedure usually involves the equating of the cumulative distribu-
tion of independent random numbers X, uniformly distributed between
0 and 1, to the cumulative empirical distribution of variable y (29).

That is,

X y
J ldx = { f(y)dy = F(y) = x 2.39
0 0 :

Taking the inverse function of F(y):
- -1
y = FLF@) = Flx) 2.40

Thus, from generated x values, independent variables of the empirical
distribution are produced. Serial or other dependency, if required,

can be introduced by another transformation.

Instead of an empirical distribution being used, a
theoretical probability distribution can be inferred from a small
sample or assumed. Generation of a sample then proceeds as before,
the simulated data adopting the characteristics of the assumed dis-

tribution.
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The only limits to the size of the samples created by the
Monte Carlo method are practical ones: the costs of producing and
utilizing a large sample, and the degree of accuracy required in
results. The most important concept is that the aﬁount of informa-
tion contained in the generated sample is no more than that in the
observed sample, since its properties or inferred properties are
merely reproduced by the simulation.in arrangements different from

the observed.

2.3 The Flow Equalization Basin

In order to determine the operational performance of a flow

equalization basin of given volume, controlled operation was simulated.

In this study, a single "ideal" flow equalization basin is
assumed, which is a completely mixed tank of given effective volume.
This useable storage capacity is in addition to any "dead" storage
volume that may be occupied by tank hardware or required for equip-
ment safety (Section 1.2.4). It is therefore the total volume of
wastewater that can be pumped into or out of the basin in the space
between the minimum water level and the water level above which basin

overflow occurs, assuming a horizontal liquid surface at all times.

The basin is assumed to be placed ahead of all treatment
stages and to be of the in-line type. Basin inlet and outlet works
and pumping capacities are assumed to be adequate to accept the same
flows that the treatment plant without flow equalization would be
expected to handle. Basin overflows and controlled outflows all pass

directly to the next treatment stage.
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Recycled flow can be used as an equalization tool. Properly
controlled recycle flows can enfirely eliminate the fluctuations in
flowrates through the wastewater treatment plant at the expense of an
increased mean flowrate. Implementation depends héavily on the design
flows of other treatment stages and the average inflow rates expected
over the life of the equalization facility. In this study the option
of recycling plant effluent to the équalization basin is included, to
be used to make up unexpected deficits in inflow. Where the option is

specified, infinite recycling capacity is assumed.

2.3.1 Basin Operation

The objective adopted in this study for flow equalization is
the smoothing of diurnal fluctuations only. The uncertainty in the
future flowrates complicates the pre-selection of a smoothed flowrate.
At each time interval the attempt ié made to "equalize" the flowrate

to the forecasted mean inflow rate of the next 24 hours.

The procedure for operation of the ideal basin involves the
recording of the inflow rate for the interval and the current storage
volume, the forécasting of future flowrates, and the resetting of
basin pumping rates according to the forecasts and projected tank
levels. The operational procedure is assumed to be carried out pre-

cisely at the end of each time interval, and theoretically to consume

zero time, so that outflow rates are theoretically reset instantaneously,

between successive time intervals.
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Adjustments are made to the calculated outflow ?ate at any
interval to avoid forecasted bésin overflows, and to force the complete
emptying of the basin as near as possible to the end of the low flow
period. If recycling is included in the design, a predicted early

storage depletion is avoided by recycling to the equalization tank.

In adherence with the definition of a discrete time series,
all flowrates used in the simulatedvoperation of equalization basins in
this study are assumed constant over the time interval with which they
are associated. At each interval boundary the change from one flow-
rate to the next is considered to occur instantaneously. While basin
overflqws are not constrained by the step-like flow hydrographs to
begin at interval boundaries (overflow begins when a positive net
inflow rate has filled a basin to its maximum), the volume of over-
flow in an interval is considered distributed uniformly over the
interval for the purpose of determining the resulting downstream
average flowrate. Deficit volumes from occurrences of basin deple;
tions are treated the same way. Where the recycling option is
specified and depletion of the storage within the next interval is
forecasted, a cbnstant recycle flowrate is determined for the entire

interval.
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CHAPTER 3

DATA COLLECTION

Discrete time series of raw wastewater inflows to two

Ottawa wastewater greatment facilities were compiled from avail-
able flow data. Partial flowrate data were available for the years
1967 to 1975 for the 80 MGD (364,000 m3/d) primary treatment Green
Creek plant. A time series of 9 years (1967 to 1975) of daily mean
flowrates, and three complete series of 3-hourly average flowrates
for the years 1970, 1974, and 1975 were constructed. For the 8 MGD
(36,000 m3/d) activated sludge Watts Creek plant, continuous flow
records for the period November 1, 1972 to January 16, 1976 were
available from which a daily mean flowrate time series was obtained.
Additionally, a series of hourly average flowrates for January 1,

1975 to January 16, 1976 was taken from the continuous record.

3.1 Selection of Flowrate Data

At both wastewater treatment plants fIéw.data are collected
on a continuous basis. At the Green Creek plant both a continuous
strip chart recording of instantaneous flowrate and a digital cumula-
tive flow recorder are in operation. As the plant is manned 24 hours
per day, readings are taken from the flow "totalizer' every 3 hours.
Unless discrepancies are noticed, the 3-hourly average flowrates thus

obtained are considered to be the actual flowrates.
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For this study the totalizer readings were usedvfor the
flowrate data time series, corfections rerformed by plant personnel
included (these were determined by planimetered checks of strip re-
cordings). Missing or incomplete flowrate values, amounting to
approximately 0.7 percent of the total for the daily mean series, and
3.2 percent (1970), 0.0 percent (1974), and 0.1 percent (1975) for
the 3-hourly flowrate series, were filled in by ''engineering" judgment,
a method considered adequate when so few data are missing. Any errors
so introduced, while not measurable, were assumed to be insignificant
compared with the randommess of these series, and therefore were

lumped with the stochastic components for analysis.

The flowrate strip recorder and cumulative flow recorder at
the Watts Creek plant show excellent agreement, but since this facility
is manned only during the day the digital recorder is read only once
daily. The effort required to planimeter years of strip charts to find
hourly flowrates was avoided by a visual inspection of the charts for
the determination of the average hourly flowrate time series. Only
small discrepancies were obtained between the daily means of these
flowrates and the cumulative daily flow readings which were used for
the daily mean time series. The hourly flowrates were adjusted for
agreement by means of the assumption that any discrepancy was uni-
formly distributed over the whole day's hourly flowrates. The down-
time of the flow meter was the sole contributor to missing data for
the Watts Creek plant flowrates. For the daily mean series this

amounted to 3.6 percent of the values, and, for the hourly series,
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3.2 percent. Missing data were filled as for the Green Creek time

series.

For modelling purposes only the pre-1975 data for Green
Creek and pre-1976 data for Watts Creek were used; with the re-~

maining data in both cases being used for forecast checking.

3.2 TFlowrate Series Analysis

While the ideal situation for the analysis of a time series
is to have available the largest possible data record to enable
statements of highest possible resolution to be made about the com-
ponents, the wastewater flow series under investigation here pose a
problem in that regard. Although the behaviour of most interest in
this study is the hour-to-hour movements, much information is con-
tained in the day-to-day behaviour throughout the year. It would be
advantageous, then, in order to stﬁdy the longer term series
characteristics, to possess at least several years of record. Data
handling problems and required computation time for tens of thousands

of series values would then become excessive.

Theré is little that can be done to improve this situation
without the loss of valuable information. Evidence for this lies in
the case of the Green Creek plant where 3-hourly flowrate data for the
years prior to 1970 were discarded due to data storage limitationms.
Some solution must be found in order to make analysis of long flow

records practically applicable.

=
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A possible compromise for the time series analyéis of this
project is to split the time séries into two shorter, independent
series, perform an analysis on each, and subsequently combine the
information gained. The obvious division of the wastewater flowrate
series into a daily mean flowrate series and several series of diurnal
fluctuations about the daily means is complicated by the generally
held concept (e.g., 45, p.39) that diurnal fluctuation of wastewater
flows decreases with increasing daily mean flow. This dependence
between the two series would necessitate a separate diurnal series

one day in length for each daily mean value.

To test this dependency a variable was defined to characterize
the magnitude of the diurnal fluctuation of each day. The variable DVF,

is determined by

j,24:00 bx (i, t)

T de
j,0:00 Ax(t)

ovr(s) - | -
where Ax(j,t) is the diurnal fluctuation about the daily mean flow-
rate at time t for day j, and Kz(t) is the average diurnal fluctua-
tion at time t over a large number of days. Using 699 days of Green
Creek WWTP 3-hourly flowrate data from 1970 and 1974, the discrete
approximation to the variable DVF and the daily mean flowrates were

computed and compared for each day.

The scattergram (Figure 5.9) showed no discernable dependence,

but the sample correlation coefficient, r(zDM, DVF), where
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N
I @R (@)D
r(x,y) = 1;1 X 1 3.2
[] &-0% § .-DAZ
i=1 * i=1 *

was, -0.188. To test the hypothesis that the sample correlation
coefficient was not significantly different from zero, the statistic
tr was calculated where (64)

- r(N-2) 3.3

1T AN

(1-r%)

which follows the Student-t distribution with N-2 degrees of freedom.
The result obtained indicated the sample correlation coefficient was

significantly different from zero at the 1 percent level.

While dependence was indicated at the 1 percent level, it
was considered small enough to allow the statement to be made that
a time series of municipal wastewater treatment plant inflow rates
can be considered to be the sum of two independent time series: one
of daily mean flowrates, and one of diurnal fluctﬁations about the

daily means.
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CHAPTER 4

COMPUTATIONAL PROCEDURE

The raw wastewater flowrate time series (Section 3.2) were
analysed according to the procedure outlined previously (Section 1.2.1),
using both autocorrelation and variance spectrum analyses for identi-
fication purposes. Time series models of flowrate behaviour were
constructed. The resulting flowrate models were used in Monte Carlo
simulation of flowrate data series with parameters estimated from the

observed series.

Computer routines for the operation of flow equalization
basins were prepared, capable of accepting actual or simulated flow-

rate time series as input. A design program was developed for the

determination of the required flow equalization basin storage capacity .

using as a base the simulation of basin operation.

4.1 Time Series Modelling

4.1.1 Autocorrelation and Spectral Analysis Estimation
For discrete series used in this analysis, the sample mean

and sample variance were estimated from

z = z(t) 4.1

2|
o~

t=1

and
2 =.l
2 T X

N -2
, I (z(t)-2) 4.2
t=

1
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Regardless of the length of the interval between successive
series values in absolute time, i.e. days or hours, the interval width

is assumed, in calculations of this study, to be one time unit.

The sample autocorrelation coefficient r.for time lag k
was calculated from (19)

N=k _ _
I (2()=z) (z(t+k)~z)

r(k) = t;l

T (z()-)2
t=1

(k=1,2,...,kmax) 4.3

where kmax is the highest order of r to be calculated.

Confidence limits for r(1l) on the null hypothesis of Py = 0.0

were calculated according to Anderson (2) as

juy

~1x (N-2)2

C.L.[r(1)] = —-—-—%_-1-—-— 4.4

where X, is the standard normal deviate corresponding to the signifi-

cance level of a percent for a two-tail test.

The series were tested against white noise (definition: a
time series having a uniform and equal distribution of variance over
all frequencies, and mean equal to zero) by using the chi-square
statistic (14)

kmax

chi = (N-d-s*D) J  r2(k) 4.5
k=1

where d, s, and D are defined as in Section 2.1.4. For white noise

this statistic is Chi-square distributed with kmax degrees of freedom.
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In order to examine the correlation not accountéd for by
an autoregressive process of a Eertain order the partial auto-
correlation coefficients were calculated. TFor a given lag 2, the
partial autocorrelation coefficient 8(2,2) measures the excess cor-
relation in r (%) not explained by a (2-1) order autoregressive pro-
cess fitted to the series. The sample partial autocorrelation

coefficients $(%,%) for lag 2 were calculated by (14)

B(2,2) = r(D) (2=1) 4.6
e=1 .
A r@) - ] #(a-1,3)*r(2-3)
B(2;8) = zfi (2=2,3,..,max(<kmax)) 4.7
1'- 7 8(-1,1)*r (i)
j=1
where
6(8,3) = 8C2-1,1)-B(2, ) *B(a-1,2-3)  (§=1,2,...,2-1) 4.8

An expression for the sample autocovariance AC for lag k
can be obtained by multiplying the sample autocorrelation coefficient
(Equation 4.3) by the sample variance (Equation 4.2). Estimates of
the sample spectrum v in frequency band j (average frequency in band
j is i;g;), smoothed to reduce the variance of the raw spectrum

estimator, were calculated using (9)

kmax-1

iy 2 2mik . kmax
V(=) = 2%[AC(0)+2 kzl AC(k)w(k)cos (1] (3=0,1,2,.., ) 4.9

where w(k) is the smoothing function, or lag window. In this study

three different lag windows were used as each has different smoothing

properties:
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. _ . _ k
the Bartlett window (12), YB(k) = — 4.10
the Hanning window (12), w,.(k) = 1-(1+cos( k )) 4.11
> 'H 2 kmax '
. e tec K 320k 3 k1
and, the Parzen window (35), wP(k) =1 6(kmax) +6(kmax) (kmax < 2) 4,12
k 3 k 1
=*— —
2% (1 kmax) (kmax > 2) 4,13

Comparison of smoothed spectral estimate calculations was
accomplished by integrating, for each window, the spectrum over the

frequency interval 0 < f < % and comparing with the sample variance.

Confidence limits on the null hypothesis of white noise
for the sample spectrum v at frequency f (0 < f < %9 were calculated

according to

2
Upper C.L. (VD] =5 L00=gt, 2t/ imax 414
kmax
¥
Lower C.L.[V(f)]=¥ #* -—“%/—1‘—‘1‘23‘- 4.15
kmax

2 , . . . .
where Xa,ZN/kmax i1s the value of the chi-square distribution at

the o percent level and with 2N/kmax degrees of freedom.

A logarithmic scale was used in plotting the sample spectral
estimates because confidence limit factors become additive to the
spectral estimates when logarithms are taken, and because a wide

range of spectral estimates were found within individual series.
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4.1.2 Periodic Component Estimation

Two wastewater flowrate time series were created from the
original series based on the assumption of independence (Section 3.2).
Both the resulting daily mean and diurnal fluctuation flowrate series
were decomposed into their Fourier components as defined by Equations
2.18, 2.19, 2.20, 2.21, and 2.22, using one year and one day, res-

pectively, as the fundamental period, T. The percentage of the series

variance attributable to each harmonic n of the %-harmonics of the
fundamental period was calculated as (33)
< r
PERVAR(n) = —— (n<%) 4.16
2 2
2s
z
% r
== (n = ED 4,17
s
z

In both series, the relatively even observed spread of

variance among a large number of harmonics necessitated the use of

a periodic component model containing an unwieldy number of Fourier
terms. For simplicity, therefore, the method of Jones (34) was used
to separate the periodic means compoment (éll'g harmonics) from the
original series. For each series the T periodic means and standard
deviations of the fundamental period T were calculated, respectively,
by

NFP-1

ZAV(L) = F= ] 2(HAD) (1=1,2,...,T) 4.18
§=0
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where NFP is the number of fundamental periods contained in the

analysed series, and

=

Z5(1) = [t (NEP-I 2 (145%T) -NFP*2AV2 (1)) 12 4.19
NFP-D) oL z" (i+] i))] .

which includes a correction for the bias introduced by small

values of NFP.
. . P . 2
The total variance in the sample periodic series, s, » can
be attributed to various components. That is,

2 2

_ 2 2
sz = SZAV + gzs + s 4.20

S

2 . . s aa . s
where S,y 1S the variance due to periodicity in the means ZAV,
2, . PP . .
S,g 1is the variance due to periodicity in the standard deviations ZS,
2, . . . ,
and sg is the residual variance, i.e., the variance of the stochastic

component. The sample estimates of variance were calculated as

T .
2 1 2, =2
Syav = T .Z ZAVS (1) - ZAVS , 4.21
i=1
2. =1 'Zr zs%(1) - 752 4.22
7zs © T
i=1
and s2 = 52 - 52 - s2 4,23

where ZAV and ZS are the mean values of the periodic means and
standard deviations, respectively.
The complete removal of periodicity in the fundamental

period T for a series z(t), leaving the stochastic compnent zs(t)
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was therefore accomplished for the N values of z(t) by the calculation

2(t)-ZAV(t) ,

Z5(0) Sg 4,24

zs(t) =

where ZAV and ZS are the periodic elements of the fundamental period
that correspond to time t. The validity of this transformation to
remove periodicity is currently under question since the transforma-—

tion may change the series properties (20).

Discrete deterministic models for the periodic components
in this study, therefore, consisted of one~dimensional vectors of
periodic means and periodic standard deviations for the series of

daily means and diurnal fluctuations, as given by

zP(t) = ZAV(i) {zs@i)} 4.25

where i is the number of the time interval in the periodic cycle of
daily means or diurnal fluctuations corresponding to absolute time t.
The periodic component of a shorter diurnal fluctuation series is,

by definition, deterministic, and as such is considered to be the
diurnal fluctuation periodic component for the period covered by the

longer daily mean series for the same original series.

4.1.3 Stochastic Component Estimation and Modelling

After the removal of the periodic component zP(t) from
the original series z(t), what remains is considered separable into
the trend component zT(t) and the stochastic component zs(t). For
this study the trend component was assumed to be a stochastic variable

and was therefore included with the stochastic component zs(t) in
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subsequent analysis. The stochastic components of the twé independent
series were summed to produce oﬁe stochastic time series. To do this
it was necessary to assume that the uncertainty expressed by the
stochastic component of the daily mean series for any day was uniformly
distributed throughout the entire day. The assumption of a governing
time-invariant probability law having assured series stationarity
except for trends, shorter segments of the resulting series were
analysed and modelled according to the procedure outlined by Box and
Jenkins (14).

The stochastic modelling procedure involved an initial
inspection of the characteristics of the time series by means of the
autocorrelation and spectral analysis techniques of Section 4.1.1. A
tentative form of ARIMA model (Section 2.1.4) for the series having
been suggested through the interpretation of correlograms and spectra,
a model of the suggested type was fitted to the observed stochastic
component and parameters estimated. The residuals of the fitting, the
series of estimated shocks &(t), were tested for randomness and pro-
bability distribution. If the fitted model was deemed inadequate, a
more complicated model was investigated, the process being repeated

until satisfaction was achieved.

Parameter estimation for the ARIMA models followed an
iterative procedure based on a non-linear least-squares method pro-
posed by Marquardt (40), which combines the rapid convergence in the
vicinity of the solution of the iterative Taylor series model

expansion method, and the ability of the steepest descent (gradient)
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method to converge from a poor initial estimate. Using the results
of the previous iteration or the initial parameter estimates, the

proposed models were manipulated into the form

a(t) = Es(t)—c(l)i’s(t—l)-. . .-C(j)'Es(t-j) + CF(1)a(t-1)+..
««+CF(i)a(t-1) 4.26
where the C(1),C(2),...,C(j), and CF(1),CF(2),...,CF(i) are numerical
weighting coefficients. TFor example, if a first-order AR model of
the form

¢l(B)Eé(t) = a(t) 4.27

A

were proposed along with an estimate ¢l’ of ¢l, the model would be

manipulated into the form

(1-8,BY7 () = a(t) 4.28
or
Eé(t) = élﬁé(t—1)+a(t) 4.29

Thus the coefficient C(1) would receive the value 61 and all other

values of C and CF in this case would be zero.

Using the observed stochastic time series and Equation 4.26,
series of estimated residuals a(t) were calculated. At each step of
the iteration the sum of squares of the estimated residuals and the
parameter estimates were checked for improvement and change, res-
pectively, from the previous iteration. At the end of the iteration,
the residual series é(t) was tested for serial correlation and spectrum

properties as in Section 4.1.1, the only exception being the number
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of degrees of freedom for the statistic in Equation 4.5 which became
(kmax-NP) , where NP is the number of parameters used to fit the

model.

Approximate 95 percent confidence limits on a parameter

estimate ¢i were computed according to
1
R - 2 -
C.L.g5[0,] = @,22.0%rssS s5(8;). 4.30

where RSS is the final residual sum of squares and S¢(¢i) is the
standard deviation of the parameter estimate, calculated from the

covariance matrix of the parameters.

On the assumption of independence and randomness, the
empirical frequency distributions of the a's were examined for goodness~
of-fit to both normal and lognormal probability distributions.
Initially, the method of moments was used to estimate the variance,
skewness coefficient, and kurtosis, respectively, of the distributions:

2 _ .

sa = ;MZ 4,31
3
- 2
g = (GM3)/(CMy) 4.32
= ("M,)/ (M) 4.33 |
& a 4’3 l

wherev‘;'Mi is the ith central moment of 5, given by

1 N =
gMi = ﬁ-izl (a(i)-a) 4.34

The test statistic
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X% = If ——-——-—(O(igzg)ﬁ))z | 4.35
i=1 "~

where the observed variable is grouped into m class intervals, and
0(i) and E(i) are the observed and expected frequencies, respectively,
of the ith class interval, was calculated for the estimated residuals
4 as a measure of the discrepancy between the observed frequency dis-
tributions and theoretical (assumed) normal and lognormal distribu-
tions. The Chi-square goodness-of-fit test was performed by comparing
the statistic X2 to a theoretical xz variable at the a percent
significance level and with m-3 degrees of freedom for both theoreti-

cal distributions.

A second goodness-of-fit test, the Kolmogorov-Smirnov (K-S)
test, for the a's against the normal and lognormal probability dis-
tributions was also performed. As a measure of deviations, the

statistic

Dg-g = max|F,(a(i))-Fy(a(1)) | (i=1,2,...,N) 4.36

where Fo and FE are, respectively, the observed and theoretical

cumulative probaBility distribution functions, was calculated for the

a's. The goodness-of-fit test involved comparison of Dy_g to a table

of critical values of DK—S at the a percent significance level.

To test the randomness assumption the a(t) series were
subjected to a set of non-parametric randomness tests (15). The
clustering test counts the runs of the series in each of four class

intervals of the a's. For a random variable, the quantity
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(Gl+0.5—M1)

S 4.37

1

where Gl is the total number of runs, is approximately a standard

normal variable, with mean

T2
N(V+L)~ } n,

M = e 4.38

and standard deviation

1

m m m 2

) a? [ § n? + N(M+1)] - 2§ ¥ R

_fi=1 t o411 j=1 *

o, = 5 4,39
N™ (N-1)

where N is the total number of observations, n, is the number of
. . .th , .
observations in the i class, and m is the number of classes (4 in

this application).

The directional runs test counts the upward and downward
runs for the series over its full range. If the variable is truly

random the quantity

(G2+0.5-M2)

4.40
g, !

where G2 is the number of runms, is approximately a standard normal

variable with mean

M, = SZ%:LL 441

and standard deviation
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1

16N-29.2
9, = C5g ) 4.42

The signs test checks for predominating directional

movement by counting the numbers of positive and negative changes in

direction along the series. An approximately standard normal variable,

(M,~G_~0.5)
e 4.43
3
where G3 is the lesser of the number of positive and negative
signs, has mean
- N1
M3 = 4,44
and standard deviation
1
_ N+, 2
gy = ( 12) 4,45

Each of the randomness statistics for the ;(t) series
was compared to the appropriate theoretical normal distribution. If
the inadequacy of an ARIMA model was indicated by the correlation,
spectrum, frequency distribution, or randomness tests on the esti-

!
|
mated residuals, another model was proposed and the procedure !
repeated until a satisfactory model was obtained. ’

4.2 Monte Carlo Simulation

Once deterministic-stochastic time series models were
developed to adequately describe the original time series, the

Monte Carlo technique for data generation was employed to produce
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a number of series segments having the same properties as the

original.

To begin the procedure, pseudo-independent random uniformly
distributed numbers x in the range 0.0 to 1.0 were generated on the
computer. These numbers were transformed to the series of indepen-
dent random normal shocks a(t), having a pre-specified mean of 0.0
and standard deviation S through the application of the Central
Limit Theorem to means of groups of the uniformly distributed random
numbers. An independent normal random variable a with population
mean u_ and standard deviation o, can be approximated (29) by
I -3

i 2

a=y +Oi—=—1‘—T— 4.46

k 2

G

where the x, are uniformly distributed random numbers between 0 and
1.0, and k is the number of values of X, used in the approximation.

As k approaches infinity the expression yields asymptotically normally

distributed values of a. For this study Equation 4.46 was used with

k equal to 12 to.reduce computation time.

The desired persistence in the generated series E;(t) was
produced through the introduction of the values of a(t) one by one

into a form of Equation 4.26,
Eé(t) = C(l)%é(f-1)+...+C(j)§é(t—j)-CF(l)a(t—l)—...

eee=CF(i)a(t-1i)+a(t) 4,47
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in which the coefficients were determined from the parameter values

of the chosen ARIMA model.

The final generated wastewater flowrate series is the sum
of the deterministic periodic component and the stochastic ARTMA
model-generated series. This series is the sum of the two independent
series for daily means and diurnal fluctuations. In order to add in
the respective periodic components,'the generated stochastic series
zS(t) had to be divided into two parts, each being the stochastic
component of its respective series, as during the observed series

analysis.

An expression for the discrete time series stochastic
component zg, at time (i,j) where i refers to the particular day and
j to the time of day, can be written as defined in general terms in

Section 4.1.3 as

Zsl(i,j) = ZS(DM) (i) + ZS(DF) (isj) 4'48
z (1)-ZAV (i) z (i,3)~zAv (&))
2g1(1,3) = (DM;S (.)(DM) *ss (o™ o0 ZS o) (j)(DF) *S5 (o)
(om)

The subscripts (DM) and (DF) refer to daily mean and diurnal
fluctuations, respectively, with other terms as previously defined.
For n discrete average flowrates in one day and n generated values
of Zgqs M realizations of Equation 4.49 can be written, with n+l

unknowns, i.e., z and the n values of z In addition,

(DM) (DF) *

n

Yoz, . (1,j) =0 4.50
s& Fom ;

4,49
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The desired flowrate series was determined by méans of the
simultaneous solution of Equatibn 4.50 and the n Equations 4.49 for
each day of generated stochastic component, and the addition of the
daily mean and diurnal fluctuation components. Final generated

flowrate series values less than zero flow were reset to zero.

4.3 Time Series Forecasts

The combined deterministic-stochastic time series models
developed in Section 4.1 were employed in forecasting. The periodic
component of any time series forecast, by definition, depends only
on time, and therefore is completely predictable. The stochastic
component depends on previous values of the stochastic component,

whether observations or forecasts.

Referring to Equation 4.47, the conditional expectation
E[Eé(t)] of Es(t) before time t has been reached is the result of all
the terms on the right except a(t), which cannot be predicted. On
this principle, forecasts for this-study were computed at time to for

2 time-steps ahead as (19)

E[}:‘S(to+z)] = c'(1)2‘s(to+z-1)+...+C(j)’z‘s(to+z-j)
-CF(L)a(t_+2-1)-.. -=CF(i)a(t +0-1) 4.51

Since forecasts at time to presume no knowledge of
observations for t > t,» observed values of Es(to+2—j) and a(t°+£—i)
were used in Equation 4.51 for (to+2—j) < t0 and (t0+2—i) < to only.

For (to+2—j) >t previously computed forecasts E[Eé(to+l—j)] were
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used for the Es(to+£—j). Similarly, for (to+2—i) > to, the fore-

casts E[a(to+l—i)], which must be zero, were used for the a(to+2—i).

Transformation of the forecasts for the stochastic and
periodic components to one time series of forecasts E[z(to+£)] was

accomplished by means of the procedure of Section 4.2.

The error z' in the ¢-step ahead forecast made at time to

was defined as

z;(to) = E[z(to+£)] - z(t°+2) 4.52

i.e., the forecasted flowrate minus the actual flowrate. Estimates
of the mean, variance, skewness coefficient, and kurtosis of the
distribution of forecast errors were calculated by the method of

moments according to Equations 4.1, 4.34, 4.31, 4.32, and 4.33.
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CHAPTER 5
RESULTS AND DISCUSSION

Raw wastewater inflow rates for Ottawa's Green Creek and
Watts Creek pollution control plants were modelled using a combined
deterministic-stochastic time series approach. Based on the flow-
rate models for Green Creek data, sample flowrate data were generated.
The input of these samples to a computer program used for control of
equalization basin operation provided examples of expected performance
for basins of various maximum storage capacitieé. Design relations

were obtained from this simulated performance.

5.1 Time Series Modelling

5.1.1 Time Series Analysis of Raw Wastewater Flowrates.

The results of the detailed time series analysis of raw
wastewater flowrates for the Green Creek wastewater treatment plant
for the years 1970, 1974, and 1975 are given in Table 5.1, and for
the Watts Creektwastewater treatment plant for the year 1975, in

Table 5.2.

For the 3 years of Green Creek WWTP flowrates shown in
Table 5.1, the estimated deterministic component (Equations 4,18,
4.19) accounts for 31.5 to 60.5 percent of the total series variance,

the remaining 68.5 to 39.5 percent of the variance being attributed

to non-deterministic components (Equation 4.24). Similarly, for the
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one year of Watts Creek WWTP flowrates analysed in detail; the
seasonal breakdown shown in Table 5.2 attributes 21.6 to 84.5 per-
cent of the total series variance to the deterministic component and
15.5 to 78.4 percent to the non-deterministic components. This clearly

demonstrates the need for a combined deterministic~stochastic analysis.

Contributions to total series variance by the daily mean
subseries are higher than those by the diurnal fluctuation subseries.
The independent random component accounts for about 20 percent of
the original series variance for the Green Creek plant and about half
that for the Watts Creek plant. Differences apparent from year to
year in the Green Creek results are probably mostly attributable to
sampling variations, since, as shall be shown below, a one-year sample
length spans only one fundamental period. For the one year of analysed

Watts Creek series, seasonal variation is clearly visible.

Examples of the raw flowrate time series at each step of
their individual analyses are shown in Figure 5.1 for the Green Creek
series, February 26 to February 28, 1974, and in Figure 5.2 for the

Watts Creek series, February 25 to February 27, 1975.

The correlograms obtained at each step of the analyses of
the 1974 Green Creek series and the first 120 days of the 1975 Watts

Creek series are given in Figures 5.3 and 5.4, respectively.

Results of significance tests (Equations 4.4, 4.5) on the
autocorrelation coefficients (Equation 4.3) are shown in Table 5.3
for the 1974 Green Creek series and the first 120 days of the 1975

Watts Creek series.
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| FIGURE 5.1
COMPONENTS OF GREEN CREEK WWTP 3-HOURLY FLOWRATE
TIME SERIES - FEBRUARY 26 TO 28, 1974.
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FIGURE 5.2
COMPONENTS OF WATTS CREEK WWTP HOURLY FLOWRATE

TIME SERIES - FEBRUARY 25 TO 27, 1975.
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FIGURE 5.3
CORRELOGRAMS FOR TIME SERIES ANALYSIS OF 1974 GREEN CREEK WWTP
3-HOURLY FLOWRATES
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FIGURE 5.4
CORRELOGRANS FOR TIME SERIES ANALYSIS OF 1975 JalOl - Ap30
‘ WATTS CREEK WWTP :HOURLY FLOWRATES
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For each step of the same 1974 Green Creek series and 1975
Watts Creek series analyses, the sample partial correlation coefficients
(Equations, 4.6, 4.7, 4.8) are shown in Figures 5.5 and 5.6, res-

pectively.

Sample variance spectra for the steps of the analyses are
given in Figures 5.7 and 5.8, respectively, using the Bartlett window.
In all cases Hanning and Parzen windows gave similar results, and

are not shown.

Figure 5.9 shows the relation between the daily mean flow-
rate and a measure of the diurnal variation about the daily mean
(Section 3.2) for 699 days of data from the years 1970 and 1974 for

the Green Creek 3-hourly flowrate series.

The sample correlation coefficient (Equation 3.2) relating
the two variables is significantly different from zero at the 1 per-
cent level, but the assumption of independence was made and employed
in Section 3.2. The division of the original flowrate series into
two independent and additive subseries allows the use of shorter data
records for the‘determination of the periodic components, which are

assumed in time series analysis to be time-invariant.

Examples of the flowrate subseries used in this study appear
in Figures 5.10, 5.11, 5.12, 5.13. The daily mean flowrate series
for the Green Creek plant for 1974 is shown in Figure 5.10, while the
diurnal fluctuation about the daily mean series for February 26 to 28,

1974 for Green Creek appears in Figure 5.12. For the Watts Creek
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FIGURE §.5
SAMPLE PARTIAL AUTOCORRELATION FUNCTION FOR TIME SERIES
OF 1974 GREEN CREEK WWTP 3-HOURLY FLOWRATES
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FIGURE 5.6

SAMPLE PARTIAL AUTOCORRELATION FUNCTION FOR TIME SERIES ANALYSIS

OF 1975 Jaldl - Ap30 WATTS CREEK WWTP HOURLY FLOWRATES
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FIGURE 5.7

VARIANCE SPECTRA FOR TILIE SERIES ANALYSIS OF 19744GREEN CREEK WWTP
3-dOURLY FLOWRATES WITH UPPER 95% AND LOWER 5% CONFIDENCE LIMITS
FOR WHITE NOISE ABOUT MEAN SPECTRUM
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FIGURE 5.8

VARIANCE SPECTRA FOR TIME SERIES ANALYSIS OF 1975 JaOl - Ap30

WATTS CREEK WWTP JOURLY FLOWRATES WITH UPPER 95%. AND LOWER 5%
8 CONFIDENCE LINITS FOR WHITE NOISE ABOUT MEAN SPECTRUM
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FIGURE 5.9
SCATTERGRAM

DIURNAL VARIATION FACTORS VS. DAILY MEAN FLOWRATES

GREEN CREEK WWTIP, 1970, 1974 (excluding October 1974)
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flowrates, the daily mean series for 1975 is given in Figure 5.11,
and the diurnal fluctuation series.for February 25 to 27, 1975 in

Figure 5.13,

Despite the order of magnitude difference in'wastewater
volumes pumped, and the difference in the sampling intervals, the
time series of the two plants exhibit similar behaviour, especially
in the diurnal patterns. Flows to the.smaller Watts Creek facility
show sharp and narrow peaks, indicating a high degree of infiltration
or surface inflows during wet weather. Dry weather flows show little
fluctuation from day to day, an expected characteristic due to the
homogeneous residential nature of the service area. More day-to-day
random variation throughout the year is evident in the Green Creek
plant flowrates of Figure 5.10, likely attributable to the behavioural

uncertainty in the much larger number and variety of wastewater sources.

5.1.1.1 Periodic Components

The results of a Fourier analysis on the 1970 Green Creek
3~hourly flowrate series are given in Table 5.4. TFor certain harmonics
of a fundamental périod of 364 days, the explained percentage of the
series variance (Equations 4.16, 4.17) is reported. Table 5.4 is
typical of the Fourier analysis results from the Green Creek and

Watts Creek treatment plant flowrate series.

Evidence of strong daily periodicity and less marked 7 day
periodicity in the raw flowrates appears in the upper graphs of

Figures 5.1 through 5.8. Not so visible are low frequency periodicities

=
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TABLE 5.4

SUMMARY OF FOURIER ANALYSIS OF 1970 GREEN CREEK WWTP
3-HOURLY RAW FLOWRATE SERIES

Harmonic  Period % Explained Harmonic  Period % Explained
days Variance days Variance
1 364.0 5.20 130,143,156, 0.16
2 182.0 . 17.56 169,182,195 .
Z lgi:g g:zg 208 1.8 0.14
g 22.8 2.55 221,234,247, 0.02
0.7 3.70 :
2 g 3. 260 1.4 0.13
8 ﬁs.g 0.39 273,286,299 0.10
¥ 32:4 8:13 312 1.2 0.16
%% 33.1 0.09 325,338, 351 0.05
1 3823 8:29 364 1.0 20.97
iS gi.g g.;i 377,390,403 0.02
12 232 o 5 416 0.88 0.18
17 21.4 0.59 429,442,455,
18 20.2 0.14 468,481,494,
19 19.2 0.24 507,520,533,
20 18.2 1.02 546,559,572,
21 17.3 0.27 585,508,611, 0.29
22 16.5 0.41 624,637,650,
23 15.8 0.21 663,676,689,
gg %3.2 0.01 702,715
26 14:3 g:ég 728 0.50 .69
gg %j.g o.gg 741,754,767 0.01
29 12:6 8:00 780 0.47 0.11
30 12.1 0.08 793,806,819
31 11.7 0.03 832,845,858,
32 11.4 0.02 871,884,897, 0.32
3 11.0 0.02 910,923,936,
3 10.7 0.18 949,962,975,
35 10.4 0.19 988,1001,1014,
36 10.1 0.27 1027,1040,1053,
gg 8.2 8.22 1066,1079
39 9:3 0:67 1092 0.33 0.26
Lo 9.1 0.03 1122.1118,1131.
1144,1157,1170
52 7.0 0.43 1183,1196,1209.,
65,78,91 0.09 1222,1235,1248, 0.32
1261,1274,1287,
10k 3.5 0.46 1300,1313,1326.
117 3.1 0.11. 1339,1352,1365,
1378,1391, 140k,

1417,1430,1443,1456
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which are detected at long lags in the correlation analyses of
Figures 5.2 to 5.6, and at the lowAfrequency end of the variance

spectra of Figures 5.7 and 5.8.

A fundamental period of 364 days was adopted‘because a
significant contribution to the variance is made by the 52nd harmonic
(and higher multiples) of the 364 day period, the period exactly 7
days in length. This represents the iﬁfluence of man's weekly habits
on wastewater flows. The use of the more common 365 day period

would have meant the loss of this information.

Unfortunately, for series of many consecutive years of data,
a false phase shift is introduced along with the 364 day period. To
circumvent this problem the deletion of 7 consecutive days of data at
the end of every 5 or 6 year segment of a wastewater flow time series
is suggested. It is felt the resulting loss of information would be

slight compared to that from the use of a 365 day period.

While a large contribution to series variance is made by
the first 6 harmonics of the 364 day period, and the one- and half-
day periodicities (total for these 8 harmonics is 65.7 percent of
total variance) (Table 5.4), much of the remaining variance is dis-
tributed quite evenly among many harmonics. To avoid periodicity
models containing many Fourier terms, vectors of periodic means and
standard deviations were calculated (Equations 4.18, 4.19) for the
daily mean and diurnal fluctuation subseries (Section 4.1.2)., These

vectors account for all harmonics of the fundamental periods.
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The resulting periodic components (Equations 4.18, 4.19)
are illustrated in Figures 5.14, 5.15, 5.16 and 5.17. The 364 periodic
daily means and standard deviations of the daily means for Green Creek
raw wastewater flowrate daily means for January 1, 1967 to December 21,
1974 are given in Figure 5.14, The 8 periodiec 3-hourly diurnal
fluctuation means and standard deviations of the means for the years
1976 and 1974 for Green Creek 3-hourly raw diurnal fluctuation flow-
rates appear in Figure 5.15. Similarly, for Watts Creek wastewater
treatment plant raw flowrates, the 364 periodic daily means and
standard deviations of the means from the daily mean series of the
period January 1, 1973 to December 28, 1975 are given in Figure 5.16.
Figure 5.17 shows the 24 periodic l-hourly diurnal fluctuation means
and standard deviations of the means from the 1975 Watts Creek diurnal

fluctuation series.

Due to the short length of reéord (8 years for Green Creek;
3 years for Watts Creek) used to determine the models for the daily
mean periodicities, sampling errors have contributed to the non-
smoothness in their plots. Of necessity, any periodicity with period
longer than 364 days is ignored. If any exists in the data, but is
not detected here, it is assumed included with long term trends which

are handled by the stochastic component models of Section 2.1.4.

The separation of the original flowrate series into the
two subseries and construction of periodicity models for each also

ignores most of the higher harmonics of the 364 day period. The

periodic component of the 364 day fundamental period accounts for the
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TABLE 5.5

STATISTICAL COMPONENTS OF LONG FLOWRATE SUBSERIES USED TO DERIVE
DETERMINISTIC PERIODIC COMPONENTS FOR GREEN AND WATTS CREEK WWTP
RAW FLOWRATES

Green Creek WWTP Watts Creek WWTP

Daily Mean Flowrate Subseries 1967 Ja0l - 1973 Ja0l -

, De2l 1974 De28 1975
Fundamental Period, days 364 364
Values per period - 364 ) 364

Explained Variance, MGDZ*, with % of

Component Original Variance in brackets)
Original Series 405.9 (100.) 4.72 (100.)
Periodic Component, total 181.9 (44.8) 3.39 (71.8)
Means 131.1 (32.3) 2.42 (51.3)
Std. Deviations about Means 50.8 (12.5) 0.97 (20.5)
Stochastic, including Trends 224.0 (55.2) 1.33 (28.2)
Diurnal Fluctuations about Green Creek WWTP Watts Creek WWTP
Daily Means Subseries All 1970, 1974 All 1975
Fundamental Period, hours 24 24
Values per period 8 24
Explained Variance, MGDZ*. Wwith %
Component of Original Variance in brackets)
Original Series 180.1 (100.) 1.08 (100.)
Periodic Component, total 110.9 (61.6) 0.51 (47.0)
Means 110.7 (61.5) 0.50 (46.2)
Std. Deviations about Means 0.2 ( 0.1) 0.01 ( 0.8)
Stochastic, including Trends 69.2 (38.4) 0.57 (53.0)

* MGD? X 45462 = (m3/q)2
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first 182 harmonics, while the diurnal periodic component contributes
th . . . i R n th

the 364" harmonic and its higher multiples up to the~7 * 364

multiple, where n is the number of observation intervals in a day.

th to 727th, etc. harmonics of the 364 day

The 1837 to 36379, 365
fundamental period are thus not accountable by this procedure. The
contribution of each of these higher harmonics to the total series

variance is assumed to be negligible, since lower order harmonics in

h

the region of the 100" to 180" harmonic (Table 5.4) show negligible

contributions.

A summary of periodic component analyses for both Green
Creek and Watts Creek plant flowrate series is shown in Table 5.5.
Periodicity in the variance is noticeable in Table 5.5 on a seasonal
level (daily mean‘series), illustrating the effects of the annual

climatic cycle on uncertainty in the periodic mean flowrates.

5.1.1.2 Stochastic Components

After the removal of periodicities from the original sub-
series, the remaining portions of the subseries were considered to
be the stochastic cbmponents, including stochastic trends, persistence,
and random components. For both the Green Creek and Watts Creek
wastewater treatment plant flowrate series the independent subseries
stochastic components were added to produce a single stochastic
series, each assumed to desecribe completely the uncertainty in the
respective plant flowrate series.

The stochastic component characteristics revealed in
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Figures 5.1 to 5.8 indicate obvious non-stationarity remains in the
series after removal of periodicities. This phenomenon is discussed
by Delleur, Tao, and Kavvas (20). Part of the strong relation be-
tween stochastic series values separated by 24 hours may possibly have
been introduced by thg technique used here for periodicity removal,
but the larger part can be attributed to actual serial correlation
between flowrate (stochastic portion) values 24 hours apart. The
ARIMA modelling procedure accounts for this type of non-stationarity
through seasonal differencing, the effects of which, when applied to
the stochastic series in this study, are shown in the third graphs

of Figures 5.3 to 5.8.

First- or second-order autoregressive processes, along with
an one-day moving average component, are suggested by these graphs
to describe the behaviour of the differenced stochastic series.
Characteristics of the residual serieévfrom the fitting of second-
order autoregressive models, with 24-hour moving average terms, to the
seasonally~differenced (24 hour lag) time series of wastewater flow-
rate stochastic components are illustrated in the lower graphs of

Figures 5.1 to 5.8.

Results of tests of normality and randomness for the model
residuals appear in Figure 5.18 and Table 5.6 for the 1974 Green
Creek wastewater flowrate series, and in Figure 5.19 and Table 5.6
for the first 120 days of the 1975 Watts Creek series. Figures 5.18
and 5.19 are plots of the cumulative frequency distributions of the

residuals on a normal probability scale. Table 5.6 contains residual
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TABLE 5.6
FLOWRATE MODEL RESIDUAL SAMPLE STATISTICS

Green Creek WWTP Watts Creek WwTP

Flowrate Series Sample 1974 Ja0l - De3l 1975 Ja0l - Ap30
Sample size 2910 2854
Mean, MGD (X 4546 = m3/4) ~0.114 -0.021
Variance, MGD? (X 45462 = (m3/d)2) 104 0.264
Skewness Coefficient : +0.290. +0.529
Kurtosis 14.8 21.8

Goodness-of-fit Tests

Normal Distribution

Chi-square Test Statistic 512 251
Degrees of Freedom 86 86
Theoretical Chi-square Statistic 109 109

at 5 % Exceedence Level

Kolmogorov-Smirnov
Test Statistic .0889 L0547
Critical K-S Statistic .0252 .0255
at 5 % Exceedence Level

Lognormal Distribution

Chi-square Test Statistic 4864 3155
Degrees of Freedom 86 86
Theoretical Chi-square Statistic 109 109

at 5 % Exceedence Level

Kolmogorov-Smirnov
Test Statistic 272 .235
Critical K-S Statistic 0252 .0255
at 5 % Exceedence Level

Randomness Tests

Clustering Test Std. Normal Variable -3.62 -0.26
Critical Value at 5 % Level -1.65% -1.65%
Direct'nal Runs Test Std. N. Variable 87.25 96.69
Critical Value at 5 % Level -1.65% -1.65%
Signs Test Std. Normal Variable 0.06 1.30
Critical Value at 5 % Level 1.96%%* 1.96%#*

* Independent variables will exceed this minimum std. normal
variate at 95 % level.
##* 2-Tail Test Std. Normal Variate.
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sample statistics, mean, variance, skewness coefficient, and kurtosis,
the results of Chi-square and Kolmogorov-Smirnov goodness-of-fit tests
of the residuals to a normal probability distribution, and the results

of three residual randomness tests.

While the test results indicate non-normal, non-random
populations for the residual series, it must be noted that large samples
were used. Consequently, the corrésponding confidence intervals about
the proposed random normal populations are narrow, so even slight
deviations from normality and randommess become strong evidence for
rejection of the hypotheses. Therefore, in the interests of parsi-
monity in the stochastic models, and recognizing the apparent slight
deviations from randomness and normality, the model residuals are
assumed to be the random and normally distributed shocks affecting

the stochastic process.

Summaries of the stochastic modelling results for the Green
Creek and Watts Creek flowrate series are given in Table 5.7 for
various series segments of the Green Creek series, and in Table 5.8

for Watts Creek series segments.

The sampling variations and possible local non-stationari-
ties evident from Table 5.1 are again visible in Tables 5.7 and 5.8
in the values obtained for the ARIMA model coefficients. As expected,
longer sample series lengths produce estimates of the coefficients
with less variation from sample to sample, indicating asymptotic

convergence to population values.
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5.1.2 Performance of Time Series Models in Flow Forecésting

Theoretically, time series forecasts can be made for any
lead time using the models developed in this study. For the operation
of flow equalization basins, one-interval ahead forecasts are of
prime concern (Section 2.3.1). A summary of statistics of the one~-
interval ahead flow forecast errors for the ten day data period
(December 29, 1975 to January 7, 1976) immediately following the last
da&'s data used in modelling Watts Creek wastewater treatment plant
flowrates, and for various periods and model coefficients for the

Green Creek flowrates of 1975, is given in Table 5.9.

Examples of the cumulative frequency distributions of one~
interval ahead flow forecast errors are plotted on a normal pro-
bability scale in Figure 5.20 for Watts Creek forecasts, December 29,
1975 to January 7, 1976, and in Figures 5.21 and 5.22 for Green Creek
forecasts, January 1, 1975 to July 1, 1975 and July 2, 1975 to

December 30, 1975, respectively.

By definition (Equation 4.51) the one-interval ahead fore-
cast for a stochastic ARIMA series is the conditional expectation of
the series value just before it occurs. Therefore the one-interval
ahead forecast errors zi (Equation 4.52) for an ARIMA series are
exactly the estimated model residuals a, with the opposite sign. The
accuracy of one-interval ahead flow forecasts, then, theoretically
depends solely on the choice of ARIMA parameters used in the fore-
casts, the deterministic component being cqmpletely predictable. The

result will always be one-interval ahead stochastic component forecast
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TABLE 5.9

STATISTICS OF ONE-INTERVAL AHEAD FLOWRATE FORECAST ERRORS FOR
WATTS AND GREEN CREEK WWTP RAW FLOWRATES

One-Interval Ahead Forecast Errors

Series ARIMA Sample Mean Variance Skew. Kurtosis
Segment Model size MGD** MGD®* Coeff.
Watts Creek WWTP :
1975 De29 - (a) 216 0.015 O0.445 -,212 6.79
Ja07 1976
Green Creek WWTP ' ,
1975 Ja0l - Jyol (b) 1448 0.088 142 o0.012 7.91
1975 Jy02 - De3l
Green Creek WWTP (b) 1456 0.090 169 -.251 6.20
(e) Lr2 -.128 113 -.419 6.44
Green Creek WWTP
1975 Ja0l - Mrol (a) L72 -.124 110 ~.439 6.53
(e) 472 -.126 111 -.431 6.50
(£) 232 0.018 121 -.371 7.54
(g) 232  0.019 128  -.298 7.62
(d) 232 0.026 124 -.757 8.17
Green Creek WWTP
1975 Ja0l - Ja30 (b) 232 0.020 134 -.478 7.80
(¢) 232 0.020 127 -.732 8.08
(d) 232 0.020 125 ~-.747 8.15
(h) 232 0.019 139 -.486 7.59
Green Creek WWTP
1975 Ja0l - Ja30 232 0.020 125 -.747 8.15
Ja3l - Mrol 232 -.308 98 0.004 3.75
Mr02 - Mr3l 232 0.874 165 0.638 10.81
Ap0l - Ap30 232 -.230 223 -.047 7.32
My0Ol - My30 232 -.079 135 0.194 L.41
My31l - Jn29 (e) 232 0.381 127 ~-.262 5.48
Jn30 - Jy29 232 -.261 188 -.026 5.02
Jy30 - Au28 232 0.228 95 -.029 3.75
Au29 - Se27 232 -.656 230 -.831 6.93
Se28 - 0c27 232 0.672 190 0.297 6.27
0c28 - No26 232 0.285 200 -.069 3.74
No27 - De26 232 0.128 127 -.970 7.30

(a) Parameters est. from 1975 Au29 - De2b

o)
(d)
(e)
(f)
(g)
(h)

1975 Ja0l - De3l
1970 Ja0l - De3l
1974 Ja0l - De3l
avg. of (c),(d)

1974 De02 - De3l
1975 Ja0l - Ja30
1974 0c28 - De3l

# 3

MGD X4546 =m3/d

MGD? X4 5462

(m3/a)?
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errors having variance equal to the residual variance from the fitting

of the same ARIMA parameters to the future flowrate data.

The flow forecast errors of Table 5.9 are only different
in nature from the model residuals of Table 5.6 in sign and in the
former's inclusion of the assumed invariant deterministic periodic
components for the flow forecasts. Comparison with the model resi-
dual variance of 100.0 MGD2 (2.07 x lO9 (m3/d)2)(Table 5.1) for the
1975 Green Creek series shows the periodic component's inclusion

serves to increase the forecast errors.

Due to the separation of daily mean and diurnal fluctuation
subseries utilized in this study, a minimum of 24 hours and maximum
of one time step less than 48 hours of stochastic component forecasts
must be made in order to determine raw flowrate forecasts for 24 hours
ahead. The larger uncertainty in farther ahead future stochastic
components serves to increase uncertainty in the nearer future raw
flowrates through the methods of calculation used (see Equations 4.48,
4.49, 4,50). Therefore it is not surprising the raw flowrate forecast
errors are greater than the stochastic component model residuals.

This aspect is not pursued further in this study.

Choice of parameters from anywhere within the ranges covered
by the sample estimates obtained for year-long series segments appears
to have little effect on accuracy of forecasts, as evidenced in
Table 5.9. A detailed investigation of model sensitivity, while

relevant to this discussion, is beyond the scope of this study.
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Figure 5.23 gives an example of model forecasting per-
formance for longer lead times for Green Creek series forecasts for

1975.

As expected, the variance of forecast érrors appears to be
increasing toward the asymptote of series raw variance as time—to-
forecast increases. The negative skewness (equivalent to positive
skewness of model residuals) reflécts the generally larger forecast
errorsencountered on the sharply rising limbs of wet weather hydro-
graphs than on the gradually declining recovery limbs. The peakedness
expressed by the kurtosis coefficients can be explained in terms of
the presence of a few large errors superimposed on otherwise near—

normal error frequency distributions.

5.2 Stochastic Design of Flow Equalization Basins

From the modelling experience of Seetion 5.1 it is assumed
wastewater flowrate series in general can be represented by the tybe
of combined deterministic~stochastic time series models used in this
study. These models form the basis for the proposed flow equalization

basin design method discussed in this section.

5.2.1 Generation of Flowrate Data Series

As an example of the characteristics of flowrate series
generated using the combined deterministic-stochastic models deﬁeloped
in this study, statistics of 364 day:series segments with deterministic
and stochastic properties of the Green Creek flowrate series are

presented in Table 5.10.
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The generation of each segment began with an iﬁdependent random
number so that each 364 day ségment is independent of the others.
Each segment begins with the first day of the 364 day cycle (Section
5.1.1) and ends on the last day, so that, in effect, each is an one
year sample chosen at random from the infinite population of one year

series having the desired characteristics.

From Table 5.10 it is apbarent that the generated samples
of flowrates are, on the whole, considerably more variable than the
observed sample whose properties they have. While not shown here,
many of these segments have large numbers of zero flow intervals, a

condition not expected in practise.

An unfortunate side effect of the adjustment of negative
generated flowrates to zero was the destruction of the property of the
complete independence of daily means and diurnal fluctuation. The
effect was to increase mean flowrates and reduce variances. The
sample correlation coefficient relating generated series annual mean
flowrate (a reflection of the level of the daily means) and diurnal
fluctuation variance before adjustment was 0.23, a value not signifi-
cantly differeﬁt from zero at the 10 percent level. After adjustment,
this correlation coefficient was 0.51, a value significantly different

from zero at the 1 percent level.

While a certain amount of random variability can be attri-
buted to the stochasticity in the generated flowrates, it is evident
from Table 5.10 that a point of inadequacy, not detected during the model-
building process, exists in the procedure to decompose in analysis -and
modelling, and subsequently reconstruct in simulation, the flowrate

time series.
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That some remaining serial correlation in the Green Creek
WWIP flowrates is unaccounted for is the indication of the results of
the clustering test (Table 5.6), but overall results favour the ran-

domness assumption.

The difference between observed and simulated samples is
most likely due to the non-normality of the estimated flowrate model
random component. The effect of tﬁe few large fesiduals on increasing
the overall residual variance (squaring the deviations emphasizes the
tails of a distribution in calculating its variance), the statistic
which forms the foundation of the Monte Carlo method for data genera-
tion, is likely significant. The effect shows up in the values of
kurtosis obtained, all indicating a rather peaked distribution compared

to a normal distribution.

The residual distributions also show skewness, the ignoring
of which, in data generation, would create a difference between the

long term means of the simulated data and observed data.

If the assumption of residual normality is the critical
factor, futurefapproaches could use the empirical residual distribu~
tion or some other theoretical probability distribution to which the
residuals are a close fit in the Monte Carlo series generation in
place of the normal distribution employed here. Purstit of this

possibility is not attempted in this study.

A discussion of residual dependence and non-normality appears in a

paper by Hipel, McLeod and Lennox (30). Delleur, Tao, and Kavvas 20)
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fitted several non-normal theoretical probability distriButions to
ARIMA model residuals for staﬁdardized, logarithmic-transformed

monthly streamflows.

For the remainder of this study it is assumed the generated
series samples and observed samples are drawn from the same population,
regardless of any shortcomings indicated above in the flowrate time

series models.

Also indicated in Table 5,10 is the fact the Monte Carlo
simulation of the flowrate series is more dependent on the random
shocks than the ARIMA parameters. The three segments generated from
the same series of shocks but with different parameter values show
little scatter compared to the ARIMA segments produced from different

shock series, but with common parameter values.

5.2.2 Flow Equalization Basin Performance

Figure 5.24 shows the results of flow equalization basin
performance tests obtained by routing the Green Creek observed waste-~
water flowrate series for December 29, 1974 to December 27, 1975 (364
days of recora, from day one of the 364 day periodic cycle) through
the basin operation procedure using stochastic model parameters
estimated from three different observed series segments, 1970, 1974,
and 1975. At each time step, the procedure involves observation of
the latest flowrate and present volume in storage, forecasting of
future flowrates, and subsequent adjustment of basin operation

(Section 2.3.1).




o
(@]

L]
—

S0°1

- 114 -

ST T

MOTANI INVId NVEW OL MOTIINO NISVH NVEW JO OIIVE TYNNNY

(o]
N
—

OT* T}

. (g% = 9%S¥ X) ON ‘ENNTOA ADVHOIS FATIOTIIT NISYY NOIIVZITVNDE MOTI W
m 00T ez 0z ST 01 g 0.5
r 0 v v verorey T v T oot
B . NOIIJO i
o SIS TOX0TY =
L N . 4T
MOH NOTIdO mqo»wmmmaw: HILIM / qT Mz
( d o
ATV,
(- ON -tltll”- S N e e ettt ettt Rt Tt s s e mt m i e s Sretesvesesonior oo - .l R, N, p N.OM
] RIS G|
5 » o
m om- b . \ .moomm
3 ™ 5
oVt 1%°0
m el l.l l" [N nNU
Q S - l-l-lo . H
a osf R $*03
= T NOIILJO TTIOX0T¥ INOHIIM %
H u’illl. 2 =
S oo} TN -7~ 1908
wm \nlolo’ \-\o\o m
ol NOILdO TTIOKOEY HIIM I O, | =
= 0L L0
Q
* ost o o ‘m.om
m .....T820 - TOBL OL6T M
Q 06F TT=-T88Q - TO®P $L6T *VIVA QIANASHO WOMJI *IST SYIITMVIVA TIQON VWINY 16°0 S
m 1630 - TO®r SL6T m
=001 o°'t1Q
R SL6T 23 -~ 6290 ¥.6T 0

SILVIMOTI MVY JIMM MITID NATYD ONISN JONVIIODIAd NISYE NOIIVZITVNDE MOTI
¥a°s mNo1g




- 115 -

The effects of the recycling of plant effluent.to avoid
projected early depletion of bésin contents are most noticeable in
Figure 5.24 for smaller maximum basin volumes, as the operation pro-
cedure maintains uniform pumping rates out of the basins, instead of
being forced, with empty tanks, to pump only the raw inflows. The
accompanying increase in mean flow pumped out of the equalization
stage is not severe, even for very small basin capacities. Larger
basins generally have more stored wastewater to draw on after the
peaking period has filled the basin, so the recycling capacity is
called upon less often in larger basins, and consequently there

generally is less advantage to its inclusion in the design.

At very large basin capacities, where one expects from
reservoir theory that nearly perfect smoothing would be the result,
a definite decrease in performance accompanies an increase in basin
volume. This surprising result is ;ttributable to the method of
basin operation which attempts to completely pump out the stored
wastewater by the end of the low flow period. Unusual peaks, instead
of being passed through the plant as they would for smaller equaliza-
tion basins, are stored in the larger basins. Later the stored waste-
water must be completely pumped out in the projected low flow period,

resulting in high pumping rates being specified.

It must be realized that the plan of basin operation adopted
here is not the only one that could be used, Since the equalization
basin design method proposed here presumes the resulting facility will

be operated with the same routines as were used for design, the
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performance predicted by the design routine will always reflect the

operating plan.

Figure 5.25 shows the results of flow equalization basin
performance tests using the observed Watts Creek wastewater flowrate

series for December 30, 1974 to February 27, 1975,

Figure 5.24, in agreement with Table 5.9, indicates
longterm operational performance with an ‘adequate model, a@s in
this case, may not be drastically affected by the choice of
ARIMA parameter values if long-term (e.g., from 1 year's

observed series) estimates are used. The behaviour over a shorter term,

such as illustrated in Figure 5.25, may be poor due to the use of

long-term average parameters when local variations are significant.
Optimum performance in actual operation depends on the ARIMA para-
meters. Regular updating of parameters and annual revision of the

deterministic periodic components are advised.

5.2.3 Design Based on Simulated Performance

Each generated flowrate series segment of Table 5.10 was
routed through éhe equalization basin operating procedure to simulate
performance, with the recycling option specified. Figure 5.26 shows
the discrete family of curves describing basin overflows. Figure 5.27
gives the effect on the mean plant flowrate of the use of recycling
capacity. Figure 5.28 shows the effects of the basins in smoothing

the flowrates.
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For interpretation of Figures 5.26, 5.27, and 5:28, it
must be remembered that the values in the series of rates of outflow
from the equalization basin depend on time as well as on the values
of inflow rates. Therefore, any single point on one of these curves
is a measure of average performance over a finite time span, in this
case, 364 days, the period beyond which stationarity was assumed.
The curves of each of Figures 5.26, 5.27, and 5.28 are independent
and drawn at random from the respective infinite populations of curves

describing year-long behaviour.

Most noticeable from Figures 5.26, 5.27, and 5.28 is the
wide variability in the expected performance of one equalization basin
from year to year. This shows clearly that a deterministic approach

to WWTP facility desipgn can be quite misleading.

The curves of Figure 5.24 fall within the ranges of the

respective simulated curves of Figures 5.26, 5.27, and 5.28.

Examples of cumulative conditional distributions of the
generated curves (1975 Green Creek parameters only, basin volume of
7 MG (31,800 m3)) of Figures 5.26, 5.27, and 5.28, respectively, are

plotted on a normal probability scale in Figures 5.29, 5.30, and 5.31.

The basin design-by-simulated-operation procedure is a
deterministic function which transforms stochastic inputs (the waste-
water flowrates) to stochastic outputs (the design curves). For a

given basin volume, the procedure applies a different restraint to
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two equal wastewater inflow rates occurring at different times due to
the occurrence of two different basin storage conditions brought about
by the effect of the serial correlation of the flows. This non-
linearity in the transfer function is evidenced by the non-normality
of stochastic outpups (produced from near-normal gtochastic inputs)
shown in Figures 5.29, 5.30, and 5.3l for the conditional distributions

of each of the performance variables.

The mean response to independent inputs from a transfer
function can be estimated from the mean of the independent sample out-
puts, which, by the Central Limit theorem, is normally distributed
regardless of output distribution, and has standard deviation of

1
> . N
SOUT/N (64) , where Sour 1S the sample output standard deviation, and

N is the size of the output sample.

Confidence limits on the sample mean response can be stated

as (64)

5.1

where t is a vari'ate of the Student-t distribution for the o percent

confidence interval and with N-1 degrees of freedom.

Figures 5.32, 5.33, and 5.34 show 95 percent confidence
intervals on the sample mean responses of Figures 5.26, 5.27, and 5.28,
respectively. Figure 5.35 shows the 95 percent confidence interval
on the sample mean response for the variance of the outflow diurnal

fluctuations. The 95 percent confidence interval on the sample mean
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maximum required recycle capacity over a 364 day period is‘given in

Figure 5.36.

For the basin operation procedure selected here, comparison
of Figures 5.32, 5.34, and 5.35 shows that optimum variance reduction
is not achieved by the use of an arbitrarily large storage capacity to
minimize basin overflows. Peak varlance reduction is indicated when the
fraction of intervals with overflows is about one in ten. The actual
time fraction is less since any occurrence of overflow in an interval

is counted.

Use of recycling capacity as an equalization tool does not
have a severe effect, for the Green Creek case in Figure 5.33, on
increasing the average flow through the downstream treatment stages.

In general, if the situation for which flow equalization is proposed

is not critical with respect to presgnt or proposed treatment plant
design flows, recycling may be extremely beneficial in reducing required.
basin capacity (refer to Figure 5.24). The maximum required recyclé
capacity for all 2912 time steps in a year's period, shown in Figure
5.36, exceeds the mean annual inflow rate. Unfortunately, the dis-
tributions of récycle requirements were not covered in this study, so

Figure 5.36 reports only the extreme requirements.

The design relations of Figures 5.32, 5.33, 5.34, 5.35 and
5.36 are applied by selecting the basin volume at a desired confidence

level corresponding to the desired year-long performance level.
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5.2.3.1 Evaluation

Comparison with other aesign methods must be qualified.
The commonly used mass curve analysis volume determination (Section
1.2.3.2 and (50)), and its variations (Section 1.2.3.2 and (26,37)),
assume day-to-day flow independence and, in effect, presume fore-
knowledge of flowrates, so that optimum basin operation is achieved.
These design methods result in basin volumes purported to give per-
fect flow smoothing, or, for example, "100 percent equalization 90
percent of the time" (26). Uncertainty in the flowrates is treated
lightly, with safety factors, while the limitations of actual basin

operation are not considered at all.

The effect of’ignoring uncertainty in the presently proposed
design method is shown in Figure 5.37, the equalization basin per-
formance curves for the 364 day deterministic periodic component of

the Green Creek raw flowrates.

As an example of the mass curve approach, the frequency
distribution of required basin volumes calculated for each day
("equalized" flowrate to be the daily mean) from a mass -curve analysis
of 3 years (1970; 1974, and 1975) of Green Creek wastewater treatment

plant raw 3-hourly flowrates is given in Figure 5.38.

The same mass curve approach to volume determination, using

Watts Creek WWIP raw flowrates for 1975, is illustrated in Figure 5.39.

Even with an assumed deterministic wastewater flowrate

series, predictable exactly, the basin operation procedure shows its
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fallibility in Figure 5.37. Whatever its form, the operating plan
is probably the limiting factor for performance, whereas design by
Figure 5.38 would sugpgest perfect flow equalization could be achieved

with a large enough basin.

As a rough comparison, the application of LaGrega's proposal
(Section 1.2.3.2 and (37)) to Figure 5.38 results in suggested storage
requirements of 5.5 MG (25,000 m>), 7.5 MG (34,000 m>), and 17.2 MG
(78,000 m3) for "equalized" flowrates for 50 percent, 90 percent, and
100 percent of the days, respectively. Others (26,50) have suggested
the required equalization basin storage capacity is in the range of 10
to 20 percent of the annual mean daily flow, or about 5.6 MG (25,000 m3)
to 11.2 MG (51,000 m3) in this case. This study shows best results
would be obtained with a basin capacity of 9.0 MG (41,000 m3), without,

and 6.5 MG (30,000 m3) with, the recycle option included in the design.

Despite varying complexities, these methods give similar
responses, but the claimed "equalization" provided by the first two
is replaced by the new method's more realistic statements about

expected performance.

Figures 5.39 and 5.25 cannot be similarly compared as the

latter reflects only a small portion of a year's flowrates.

No attempt is made in this study to suggest a decision once
the design curves are drawn. As yet there is not enough knowledge of
the downstream effects of flow equalization to allow the specification
of basin performance requirements. 0Nnly the relation between per-

formance and volume has been determined.
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CHAPTER 6

CONCLUSIONS

6.1 Summary

Time series analyses of raw hourly and 3-hourly wastewater
flowrates to two Ottawa municipal trgatment facilities showed that
neither a deterministic periodic component nor a ;tochastic com-
ponent, which included trends, persistence, and a random element,
dominated the series. For one-year samples of the 3-hourly Green
Creek WWIP flowrate series, approximately 31 to 61 percent of series
variance was explained by the deterministic component, and the
remainder by the stochastic component. For four-month samples of
the hourly Watts Creek WWIP flowrate series, approximately 21 to 85
percent of the variance, with a strong seasonal effect, was explained
by the deterministic component, and the remainder by the stochastic

component.

The flowrate time series were modelled using combined
deterministic-stochastic time series models. The deterministic com-
ponent models used accounted for periodicities in both the level and
the variance of the series by means of a standardization technique.
The ARIMA, or Box-~Jenkins, group of stochastic time series models
was employed to represent the flowrate stochastic components.

An ARIMA model of the form (2,0,0) X (O,l,l)s, where s is
the number of flowrate observations per day, was found in all cases

to be the flowrate stochastic component model combining best fit and.
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parsimonity. Fitted model parameter estimates showed seasonal varia-

tion, but were consistent from year to year.

The random element, estimated by the fitted model residuals,
constituted approximately 18 to 21 percent of the series variance for
the Green Creek WWIP flowrates, and 2 to 12 percent for the Watts
Creek WWIP flowrates. The randomness hypothesis for the model residuals

was accepted in each case, but the normality hypothesis was rejected.

Application of the adopted time series models to flowrate
forecasting showed that the characteristics of the one-interval ahead
forecast errors were similar to those of the fitted model residuals,
as expected by definition, but the variance of the forecast errors
was slightly greater, due to the effect of the periodic component

being included.

Monte Carlo simulation of Green Creek WWIP flowrates failed
to preserve satisfactorily the properties of the observed flowrates
when a normal distribution was assumed for the independent random

component.

Using a pre-determined flow equalization basin operation
plan, which included observation of present conditions, forecasting
of future conditions, and adjustment of controls, performance of
hypothetical basins in smoothing diurnal flowrates was estimated by
routing observed and simulated wastewater flowrate series through the
basins. A stochastic design method was developed which related
expected performance (with confidence intervals) to maximum storage
capacity. Volume requirements suggested by this method for the Green

Creek WWTP agreed with those by previous design methods.
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6.2 Significance

The proposed flow equalization design method represents

a dramatic improvement over methods currently advocated or in use.

Inclusion of stochastic analysis in the deéign allows
probability statements to be made about process uncertainty where
the present practice would be to smother the unknown with a blanket
safety factor. The uncertainty is tHe same in each case; previous

methods merely do not come to grips with it.

Most methods try to smooth diurnal flow fluctuations only,
this method included. Previous methods, however, assume day-to-day
independence of flowrates, while the procedure proposed here considers

the obvious correlation between flows on different days.

Finally, as the basin is to be operated in the real world,
the design method accounts for the performance reduction due to

operational limitations. Previous methods ignore this completely.

The strength, then, in this design method proposal lies in
its close ties with the later utilization of the design product. The
same computer routines are used for both design and day-to-day

operation, an economic plus.

An admitted weakness is the requirement of 24 hour operation.
At discrete time intervals the operation procedure must be performed.
At this time it is anticipated manual adjustment of basin controls
would be instigated. The operational procedure developed here presumes
this; however, conversion to automated operation conceivably could be

accomplished with the proper technology.
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Costs of computation depend on time interval width. Matrix-
like operations in the flow-forecasting and generating, and operating
routines cause computation time to increase approximately as the
square of the number of time steps. The generation and simulated
operation of 364 days (2912 time steps) of Green Creek flowrate data
through 9 separate basins consumed approximately one minute of machine
time on an IBM 360/365 computer. Improved pollution control cannot

be had without expense and effort.

Totally automated wastewater treatment may become a reality
if effluent standards continue to tighten, and there is no reason to
doubt that they will. While certainly not the panacea, the stochastic
design and operation method proposed here for flow equalization is a
significant step in that direction. Meanwhile, its implementation®

is completely feasible.
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CHAPTER 7
RECOMMENDATIONS

As documented experience with the ARIMA models is limited,
unanswered questions arose during the course of this project. Inves-
tigation is therefore recommended into (1) the inadequacy of the
flowrate models suspected in Section 5.2.1, (2) the variations or
non-stationarity, within the fundamental period, of the stochastic
model parameter estimates, and (3) the effect on forecast confidence
limits of the transformation of the stochastic component forecasts

to full flowrate forecasts by the inclusion of the periodic component.

With respect to the flow equalization design problem, it
would be beneficial to investigate, (1) the analytical application of
surplus, deficit, and range theory, t2) the determination of the
optimum time interval for basin operation, (3) the philosophy of basin
operation and use of recycle capacity as an equalization tool, and
(4) the definition of variance reduction standards from a clear

understanding of' the downstream effects of flow equalization.

Finally, the potential of a stochastic approach to design

should be investigated for other treatment processes and variables.
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APPENDIX B

COMPUTER PROGRAM SOURCE LISTINGS - SUBROUTINES

Subroutine Page
ACOR ' 176
ARIMA . 180
CFCST ' 184
DIST 186
ESTIM 191
FCHEK 195
FLOFST 199
FOUR 201
FUNCTIONS - CPROXY,ILOC,NCHOSE 203
GASS6¢ ' 204
GAUSSM 205
HAUS59 206
MATIN 210
MOMEN 211
OPERS. 213
PACOR 216
PLOT 217
PRACHK 219
PRPLC 224
RAND 226

RANDUM 230
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SORTX
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TSMOD
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