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Table (A-Y): The normal distribution
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Table (A-Y): Critical statistics for the Kolmogorov-Smirnov test
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BSTRACT

This study investigates the dependability of AL-Kerkh wastewater
treatment plant through the application of reliability and stability models
which developed by (Niku et al., Y4v%) and (Niku et al., Y3A)Y)
,respectively. Data of effluent biochemical oxygen demand (BOD.) and
suspended solids (S.S) concentrations (©447 readings ) were taken from
the records of AL-Kerkh wastewater treatment plant. This data covered
eight years of operation started in January, Y%A and ended in November,
Y44V, The data of year Y33) was missed because of the war of Y44),
Each set of data represents an operation period of one year.

STATISTICA program has been used to perform the required
statistical analysis for the data.

It was found that data were generally not symmetrical and were
skewed to the right of most frequent values, as measured by the skewness
coefficient .The candidate distribution functions that can be fitted to the
skewed data include Normal, Log-normal, and Gama distributions .These
distributions were tested by Chi-square and Kolmogorov-Smirnov
tests(quantitative goodness-of-fit tests) to examine whether the data of
effluent concentrations follow any one of the above mentioned
distributions. Effluent BOD. and S.S data were found to fit a Log-normal
distribution.

To support the validity of the reliability model in predicting the
effluent quality, the percents of the time that effluent concentrations
exceeded ¢+ (mg/l) for BOD. and 1+ (mg/l) for S.S were computed.

These percents of exceedance were also predicted by using the reliability



model based on log-normal assumption . In most cases the results were
comparable with a little difference.

The validity of stability model had been also investigated by
determining the statistical properties (Range, Mean, and Standard
deviation) of effluent BOD. and S.S data and representing these
properties graphically in two figures for effluent BOD. and S.S |,
respectively .Examination of these descriptive shows a distinct difference
exists between the statistical properties of the data above and below the
value of (+ mg/l) of the standard deviation (this value of standard
deviation called stability cutoff point ). As recommended by Niku et al.
(Y4AY), the appearance of this distinct difference between the statistical
properties of the data gives the validity for this model to be used for
stability assessment. The value of stability cutoff point that obtained in
this study was the same value of stability cutoff point, () + mg/l), that
obtained in the U.S.A by Niku et al.Y3AY,

Dependability study of AL-Kerkh wastewater treatment plant for
the periods before and after the war of Y34)Yindicates that the
performance
Of this plant dropping down. For both of BOD. and S.S , in sixteen sets
of data , only four of them were stable and within the Iraqi effluent
standards of ¢+ (mg/l) for effluent BOD.and %+ (mg/l+) for effluent S.S
the results of Dependability study of AL- Kerkh wastewater treatment
plant show the urgent need to rehabilitate the treatment units and the

operators of this plant to increase its treatment efficiency.
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L IST OF SYMBOLS

Symbol

Description
Regression coefficient.

Regression coefficient.

Microbial decay coefficient & process stability indicator T™'.
Biochemical Oxygen demand after secondary treatment,
(mg/l).

Biochemical Oxygen demand after  days, (mg/l).
Coefficient of reliability.

Coefficient of stability.

Seven days arithmetic mean value.

Thirty days arithmetic mean value.

The largest difference cumulative distribution function.
Critical value of Kolmogorov-Smirnov test.

Moment about the origin for the normal distribution.
Process stability indicator (function of 0 ).

Actual frequency value at mid-interval of each category.
Expected frequency value at mid-interval of each category.
Density function.

Cumulative distribution function.

Observed cumulative histogram at i.

Process stability indicator (function of 0.). T".

Null hypothesis.

Class interval.

Maximum rate of substrate utilization, T~

Substrate concentration at which rate of substrate utilization
is one-half of the maximum rate, ML,

Mixed liquid suspended solids concentration, (mg/l).
Mean of natural logarithm of x.

Mean of x.

Median of x.

Sample size.

Oxygen uptake rate, (mg/l).

Probability density function.

Sludge recycle ratio.

Raw waste load.

Influent substrate concentration, (mg/l).

Standard deviation.



Olnx
O Inx
X/Y
X

Description
Transient influent substrate concentration, (mg/l).

Suspended solids.

Substrate concentration at time t, (mg/l).

Substrate concentration after secondary clarifier, (mg/l).
Sludge volume index.

Variance of x.

Coefficient of variation for BOD. data.

Coefficient of variation for S.S data.
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INTRODUCTION
Introduction

Since Y4V« explicit performance standards have been placed on most
of wastewater treatment plants to restore the quality of receiving waters.
These standards vary from plant to plant, but generally are require very
high average treatment efficiencies and also restrict variations from the
allowable average concentration.

Obviously, the average effluent concentration discharged must be
designed below the standards because there will be a variations above and
below the average.

To produce a high effluent quality and to meet the standards at a
minimum cost, design engineers must be able to estimate the expected
effluent quality and its variations for a given treatment process (ability to
estimate the reliability and stability for a given treatment process).

Reliability of a system can be defined as “the ability to perform the
specified requirements free from failure” or “the probability of adequate
performance for at least a specified period of time under specified
conditions”,(Niku et al. Y3AY). While stability of a system can be defined
as “measure of adherence to the annual mean constituent concentration”.
(Niku et al. Y3AY)

Estimation of reliability and stability (which will called
dependability) requires statistical evaluation of a system’s performance
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over a time period long enough to establish typical operating patterns (the
minimum required period is one year). (Niku et al. Y V1)

Dependability principles have been applied to a set of data which
taken from the records A-Kerkh waste water treatment plant. The data
included the final effluent concentrations for both of biochemical oxygen
demand (BOD.) and suspended solids (S.S) for period of eight years of
operation.

Bl Background for AL-Kerkh Wastewater Treatment Plant

AL-Kerkh wastewater treatment plant is one of the most important
activated sludge treatment plants in Irag. It lays in Baghdad city and
discharges its effluents into Tigris river.

AL-Kerkh wastewater treatment plant consists of nine lines, final
effluents of each three lines mixed together in one lines. Thus, it can be
said that AL-Kerkh wastewater treatment plant consists of three lines .One
of these three lines (line no. three) is not completely yet finished because
of the war of Y1), Final effluent data that used in this research were
collected from the records of the other two lines (lines one and two).

The basic design data of this treatment plant as given by Digremond
company (the designer company) are:

a- Type of sewage to be treated : combined.
b- Population to be served : Y.A million inhabitants.
c- Expected average sewage flow : Y« I/cap./day.
d- Expected daily sewage flow : Y%+« ++ m'/day.
e-BOD. concentration in raw sewage flow : 1+ g/cap./day.
f- S.S concentration in raw sewage flow : 4+ g/cap./day.
h-Treated effluent standards :
BOD. : ¢+ mg/l.
S.S:V mg/l.
j- Normal daily operation of the treatment plant : Y ¢ hours/day.
It is clear that Iraqi standards are differ from EPA standards (Effluent

\
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Figure (Y-1): Flow chart sequence for AL-Kerkh wastewater treatment plant.

IB@Rescarch Significance &

The objective of the work presented here is to investigate the ||
dependability of AL-Kerkh wastewater treatment plant by using reliability
and stability models which were developed by Niku et al. (Y3Y4) and Niku
et al.(Y3A)), respectively. As well as this study aims to develop a
probabilistic model that can be used in predicting of future performance of
AL-Kerkh wastewater treatment plant and in designing of new wastewater

treatment plants that similar to AL-Kerkh wastewater treatment plant.

Il Rescarch Layout

In this research there are five chapters:

Chapter One provides a general introduction.

Chapter Two presents a review of both early and recent studies,
including the factors that affecting dependability of wastewater
treatment plants.

Chapter Three provides a theoretical background for the models that
will be used in this research. This chapter contains the required
equations, tables, and figures for dependability prediction.

Chapter Four includes analysis of results and their discussion.

Chapter Five contains conclusions obtained from the analysis of the

results and some possible recommendations for future works.



LITERATURE REVIEW

BN introduction

Activated sludge process is the most commonly used system for
treating municipal wastewater. However, this process is affected by several
factors such as fluctuation in input loads, environmental conditions,
characteristics of wastewater, and inplant biological variations. Thus, to
obtain the highest efficiency, activated sludge process should be analysed

for each one of the affecting factors.

Many researchers studied the performance of activated sludge
process. In this chapter the main factors that affected the dependability of
activated sludge treatment plants will be discussed, as well as some of the
researches that investigate the dependability of wastewater treatment plants

will be review.

BBl Causes of Effluent Variability

Variation of effluent quality may be affected by several factors such
as temperature fluctuation, wastewater flow and composition of the
wastewater to be treated. The followings are the main causes of effluent

variability.
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Y-Y-\ Variation in Raw Waste Load (RWL)

Variation in raw waste load, such as flow rate, organic concentration .
and presence of toxic materials, may affects effluent quality directly ||
(Edward and Robert, Y4V4).

Robert and Stanley (YVY1), studied the response of activated sludge
process to shock organic load. They found a quick response, quick increase
in effluent (BOD.) and (S.S) concentrations, of activated sludge process to
input organic concentration changes. The effectiveness of flow rate on this
process had been investigated by (Joseph and Alonozo, Y4VY®), (Singh and
Joh, Y4Vv1) and (Krishnan and Gaudy, Y4Y1). They found that an increase
in influent flow will decrease the retention time, this will causes turbulence
and a high over flow rate in the final clarifier which will result in a high

effluent solids concentration.

James (Y22A) and Pinheiro et al. (Y++Y) refer to the effects of
variation in influent composition (especially presence of toxic materials),
significant results were found of toxic materials on performance of
activated sludge process. These materials, even in low concentration, will
kill the bacterial mass which results in upset in the performance of

activated sludge process.

Many researchers, such as (Andrea, Y4AY), (Jan and Edson, Y3A1),
(Chau-Chen et al.,, Y43A), (James, Y444) and (Young, Y%%9), were
recommend for using oxygen up-take rate as an indicator for monitoring of
(RWL) variation. Oxygen up-take rate (OUR) commonly used as a
monitoring indicator because it is extremely sensitive to change in reactor

soluble (BOD) concentration resulting from load variations.
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Y-Y-Y Variation in Temperature

The effect of temperature on biodegradation rates has long been ,V

investigated and is generally well documented. Temperature decreasing
may result in a significant decreasing in the soluble (BOD) removing rate
(Davis, Yav1),

In addition to the effect of temperature on removing rate of soluble
(BOD). Metcalf and Eddy, (Y4V+), reported that a decrease in temperature
will result in a poor setting of the flocs and the flocs tend to break more
easily because of the increasing of water viscosity during the low
temperature period. Fig.(Y-)) illustrated the effect of temperature on
wastewater treatability.
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Figure (¥-1): Effect of Temperature on wastewater treatability, (After Davis, Y AVA)

¥-¥-¥ Sludge Characteristics

Bulking sludge is the main cause of effluent variability, bulking of
sludge results from presence of a significant numbers of filamentous
bacteria in the flocs, such flocs have low density and high compactability
and therefore do not settle well. Thus, such phenomenon will decrease

settleability and results in a high effluent solids concentration. Phenomenon
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of sludge bulking can be monitored through the parameter of sludge
volume index (SVI). (Niku et al., Y3A)Y).

(SVI) is an empirical indication of the settling characteristics of the
sludge. Values of the SVI vary with the characteristics and concentration of
the MLSS ,thus, observed SVI values at a given plant can not be compared
with other plants. In general, if (SVI) greater than normal value (usually
about Y« +), then the sludge will not settle well. (Metcalf and Eddy, Y4V+).

Y-Y-t Process Type

Activated sludge processes are flexible systems and have been
adopted to a number of different flow schematics. The most appropriate
process design reduces the variability ofeffluent quality significantly. In
conventional plug flow activated sludge process, because both influent and
return sludge enter the tank at the head end, the effects of flow and
concentration variations or of the introduction of toxic substances are
maximized and may result in upsets. However, longitudinal mixing tends to

smooth out fluctuations in these variables. (Dowing, Y4V1)

Step aeration, or step feed, process is a modification of the
conventional activated sludge process that evens out the organic load or the
oxygen demand in a treatment process. This modification may result in
reduction of the effluent (BOD) and (S.S) concentration and, thus, in a
more stable process, since it will reduce effluent variation and also will
reduce the effect of shock loads to the plant.(Niku et al., 1AY)

In complete mix systems the influent wastewater and return activated
sludge flow are introduced at several points in the aeration tank and mixed
virtually instantaneously throughout the system. In this case, any input
fluctuations or toxic concentrations are diluted instantaneously with the
entire contents of the aeration unit. This kind of process can thus be

expected to be more stable. (Niku et al., Y3AY),
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Y-Y.¢ Plant Size

It is usually assumed that larger treatment plants produced better- *

quality effluents than smaller plants. This assumption was based on the
idea that larger plants tend to be more sophisticated and they have more
highly trained operators. But, in fact, there is a poor (and possibly
negative) correlation between plant size and mean effluent concentration.
Hovey etal. (Y3VY)

Y-Y-1 Inherent Variability

The term “inherent variability” as applied herein can be defined as:
that variability in effluent quality from a properly designed and operated
biological treatment system which is attributable to the basic nature of the
treatment process. Simply stated, it is the minimum variability which can
be practically obtained assuming proper system design, management and
operational control. There are many factors which cause “inherent
variability”, such as geographical conditions, the nature of biota in the
treatment process and wastewater characteristics. (Davis, Y4V1).

Variation of effluent quality can be reduced by various means
directed, for example, towards increasing the uniformity of flow and
composition of the sewage to be treated and of the operating conditions
prevailing in the works, restriction of release from industrial premises of
substances which would interfere with treatment at works, and use of
automatic control systems which permit the treatment given to be
accurately matched to that ideally required. (Dowing, YV1)

Y-Y-V Miscellaneous Factors

There are several miscellaneous factors which cause effluent
variability, such as changes in pH, nutrient deficiency, loss of dissolved
oxygen, or the presence of substances in aeration basin at toxic or
inhibitory concentrations. These factors can be controlled, however, in
design and operational functions of a biological treatment plant
(Davis, Y4V1).
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IRl Historical Background

Dependability of wastewater treatment plants has been investigated ™.

by many researchers through final effluent data of biochemical oxygen

demand (BOD) and suspended solids (S.S) concentrations.

Thomann (Y4V+), studied daily data of effluent BOD. of eight
wastewater treatment plants over one year period of operation. He used this
data for studying the variability in performance of wastewater treatment
plants, through the use of time series analysis. Probability histograms for
data range from normal to log-normal. The results indicated a high degree
of variability in the final effluent of biochemical oxygen demand (BOD.)

as measured by the coefficient of variation.

Wheatland (Y4VY), developed percentile-mean relations which can
be used to predict effluent biochemical oxygen demand (BOD.) and
suspended solids (S.S) concentrations. Wheatland analyzed the daily data
of effluent (BOD.) and (S.S), for one year period, from fourteen large

wastewater treatment plants in river Trent area.
Calculations were made by wheatland for:
The overall annual mean for each treatment plant.
The concentration which was exceeded on;
© percent of the days (the 2° percentile).
.« percent of the days (the ©+ percentile).
1e percent of the days (the © percentile).

A linear relationship was recognized after plotting annual mean and
corresponding percentiles. Regression models relating these percentile to

means are given in Table (Y-)).

Vo
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The following relation related the predicted concentration, Y (mg/l),

which corresponds to a given percentile to the mean concentration, |

“<

X (mg/l), for both (BOD.) and (S.S). ||
Y=mX+C
where m & C are coefficients depend on effluent characteristics.

Table (Y-1): Coefficients for equations of the form Y = mX + C
(After Whetland, Y VY.

Parameter of .| Coefficient for equation | Correlation
Effluent quality PEERTLE M C coefficient

> T LYY . A%

BOD 3 AR X LA

30 XA y.0 . a1

> NEY ¢ .40

S.S o Y )4 BT

30 V.o oY .an

Porter (Y4Ve), carried out a statistical technique, by using
percentiles as a measure of variability, for specifying standards and
establishing criteria for treatment design. He proposed that standards
should be set on a probability basis. The corresponding mean (design
value) can be obtained from a graph, which describes the effluent
variability for a particular wastewater. This estimation of a mean
concentration of a substance in an effluent will provide information about
expected extreme concentration which is expected to be associated with

mean.

Figure (Y-Y) shows the relationships between mean concentrations of

a substance and the corresponding percentiles.
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Figure (¥-Y): Relationships between mean concentration of a substance

and corresponding percentile. (After Porter, Y4V°).

Popel (Y4V1), constructed a realistic effluent standards concept and
he evaluated its basic parameters by means of data from a number of
wastewater treatment plants (activated sludge plants and trickling filters).
Popel suggested that the normal distribution should be used because it is
the simplest one and it will facilitate the later application of the results of
frequency distribution analysis. But, through the analysis in many cases
effluent data were positively skewed. This sheweness eliminated by
applying the log-normal distributions. Tables (Y-Y) and (Y-Y) show the type
of frequency distribution for effluent daily and monthly samples of data,
obtained from a significant test on skeweness and kurtosis on a ©’ level.
Popel concluded that a fixed standards for an effluent quality parameter
will not be an appropriate measure for effluent quality control, because it
will always be exceeded and the probability of such exceedance decreases

with increasing magnitude of the standards.
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A combined standard consisting of a standard value x;, and a ‘
permissible probability of exceeding it, P(x>Xs), will be more realistic and w\
appropriate to understand variability of wastewater treatment plants. ||
Depending on the type of data distribution, the probability of exceedance of
the combined standards can be determined by using the following

equations:

For normal distribution

P(x>xs):1—¢(xs_ﬂ) --------- (¥-))

o)

For log-normal distribution

P(x>xs)=1—¢['°gj(xﬂ‘97)j ......... (r-7)

log \o
where
Xs : standards,
X . quality parameter of sewage treatment plant effluent,
Xq :log of quality parameter of sewage of treatment plant effluent,
: mean of normally distribution parameter,
c : standard deviation of a normally distributed parameter,
Ky - geometric mean (based on log-normal distribution),

oy . geometric standard deviation (based on log-normal distribution),
) . represents the area under the normal curve (Appendix A-Y).
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Table (Y-Y) Frequency analysis of daily data. (After Popel, Y 4V7).

e

) Correct frequency
Plant Parameters | Dimensions | Mean Varlsche < distribution
" Normal [ Log-normal

g/m’ Yo A [ edn - :

Heilborm BOD
VY £ Y VVE ; X
g/m’ YA ¥4 - -

Maple BOD
Yo s Y £TA : X
BOD g/m’ AR YYy.Y - -
VAo | ) ¢)d - X

Slough .

S.S g/m YA S EY Y - -
R4 | ) iag X

First row: Results on the basis of the normal frequency distribution (mean & variance).

Second row: Results on the basis of the log-normal frequency distribution (mean and S.D.).

X : represent connect frequency distribution

Table (Y-¥) Frequency analysis of monthly data. (After Popel, Y3V71).

_ Correct frequency
Plant Parameters | Dimensions | Mean Varlsche & distribution
" Normal | Log-normal

g/mF AR 1 X -

Clevlant BOD
\S .1 | .OY q - -
g/m’ Y14 oY ) _ .

Cranston BOD
Yy y A% - X
BOD g/m’ VYA ¢4 - :

Gray

YoV | YA : X
Maples lodge| BOD g/m’ YUY £Y Y i ]
YEA | )Aare i X
Marion BOD g/m’ At §Y ¢ ; _
V.o Y .Ave i X
Slough BOD g/m’ YY.o Yo A _ _
TR i X

First row: Results on the basis of the normal frequency distribution (mean & variance).
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Second row: Results on the basis of the log-normal frequency distribution (mean and S.D.).
X : represent connect frequency distribution

Ropert and Stanley (Y 4VY1), introduced a statistical model for long-

term reliability of advanced wastewater treatment plants based on normal
statistics. Daily operation data, which covered six years of continuous
operation, was obtained from south lake Tahoo (Nevada, USA) plants. The
analysed data includes biochemical oxygen demand, suspended solids , and
phosphate as final effluent. Robert and Stanley, indicated that the long-
reliability of any process must be described by, at least, two numbers. If the
distribution of the results is normal then it can be completely described by

the average and the standard deviation.

Englande and Praviz (Y4V%), introduced a study, in which the
application of a frequency response solution and spectral analysis of input-
output data to estimate effluent variability from complete — mix activated
sludge systems was verified by bench-scale studies. Experimental and
theoretical results were compared for random, pulse, and step function
inputs. Puls input into treatment system is very common and can be caused
by a batch discharge or sudden spill of a substance into treatment process,
as shown in Figure (Y-Ya). While step function is characterized by a sudden
lasting change in concentration. Start-up or shut-down of a process, for
example, could results in a step function nature, as appeared in Figure (Y-
Yb). Random input might be approached by an industry with diversified
processes contributing batch discharges with no rigid periodicity, as shown
in Figure (Y-Yc).

Pulse input Step input Random input

AC,

Concentration
=
Concentration

Concentration

T

At

Time Time ’ Time

(a) (b) (©)
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Fig.(Y-¥): Basic wastewater time varying input. (After Englande and

Praviz ,Y V1),

Cheng (Y4VV), developed indicators for process stability and

considered the importance of these indicators to completely mixed

activated sludge process, specifically, to determine the relative influence of

solids retention time O, and hydraulic detention time 6, on process

stability. These indicators enable the design engineers to evaluate the effect

of various designs on process stability.

Monod kinetic equation was first employed by Cheng, and then he

presented a summary for other Kinetic rate equations (Table Y-¢). Cheng

introduced the following indicators:

- Process stability indicator (function of 6,and 6, T™)

B :(Ej 14 k.x.60
0 K, +S

- Process stability indicator (function of 9, T™)

The rate of change of process response with respect to (0) is

0B _ G(6,)
00 6°

The rate of change of process response with respect to (6,) is

e (1) 2]




Where;

b - microbial decay coefficient, T™'.

k : maximum rate of substrate untilization, T~

K : substrate concentration at which rate of substrate utilization is one-

half the maximum rate, ML

S, So

X . organism concentration, ML,

y  :growth —yield coefficient, T

Figure (Y-¢) shows typical graphs of process response.
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- influent and transient influent substrate concentration respectively.

Table (¥-¢): Process stability indictors for various kinetic equations
(After Cheng, Y4VV)

Kinetic equations for WIFBIEA € BT
substrate utilization E(0) G(®) B cozlégzirrztt?on
Monod V0 14 k.x.0 | E(0).G(6.) So/G(6¢)
d_F B kxs ks+s
dt  k+s
First—order: k>>s | v/ | 1+k;.x.0 | E(0).G(0,) So/G(6,)
o
kS
Gaud and Dohanyos, | /g " k,.x.0 £(0).G(6) S,/G(6.)
Ks>>s So
df _k,.x.s
dt S,
zero-order, s>>k,
0 | 1 KX0 | Eg).c(0) So/G(6c)
df S
—=kx
dt




-"Ehapter Two : Literature Review

B small

Eiflyent substrate concentration, S{¢)

B large

(a) Duting shock (b) Afler shock

Time, ¢

Fig.(Y-¢): Characteristics of process response, (After Cheng, Y 4VYV).

Ely Ouano (Y4VYA), made a discussion about the study that made by
Cheng (Y 4VY). Ely has recorded serious a doubt on the qualitative results
from Cheng’s indicators and their applicability to the stability analysis of

the activated sludge process because of the following errors:

V- In the integration of the following equation;

d X 1 X,
qt —KEJ.(H r— r.?j — ,u} X . (Y-N)

Cheng assumed (x,/x) as a constant. This assumption is erroneous

because it is to difficult to maintain this parameter constant.

K +S

variables whose values change in opposite direction during transient state

ds 1 dx

(i.e. a:——.a) then the following equation, which developed by
y

Cheng on the basis of ds/dt=-, helds true only during steady state;

Y- The term Is a constant only at steady state, since (x) and (s) are
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1+b6,

Where;

w  :specific growth rate, T

r - sludge recycle ratio.

Xy : clarifier underflow organism concentration, ML,

Thus, Cheng’s indictors do not describe the process stability during

dynamic conditions of activated sludge process.

Forde et al. (Y4VA), discussed the study of Cheng (Y3VV) as well.

They appointed the following errors:

The first important error is the author’s statement that p="/6.. This is
true only for completely mixed plants at steady state. The generalized
equation (in Cheng’s study) for completely mixed plants with no cells in

the influent is;

Clearly, dx/dt is not zero under shock loading conditions. In addition,

(x) is changing also. Thus, the term (%){(ﬂ r)— r(ﬁﬂ is also changing
X

during the shock. The author uses the erroneous assumption that (,u :6?;1)

and (ij is constant in setting the following equation:
X

r

%:—Klj.(Hr—r.ﬁj—i}x ....... (Y-1)
dt 0 X) 6,

and its integral
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x(t):xo.Exp{—(%)(ﬂ r—r.X—er—éﬂ.t ....... (Y-)Y)

Then the results of these equations will be mislead:

The second error, in the developed model was in the assumption that

the cell and substrate balances are independent equations.

In fact, these two parameters are couple and their coupling is defined
by reaction stoichiometry. Unfortunately, Cheng ignored the stoichimetry

of the reaction.

In the developing of the following equation;

1 k.x.0 S 1 k.x.0
S(t)=S, .Exp|-=|1 A O __|1-Exp|-=.|1+——|t|]..... Y-\ Y
() 0 Xp{ 9[+k+SJ }FHR.X.H[ xp[ 9[+ks+3jﬂ ( )

S
k. +S

S

The author also made a third error due to assuming that the term

(k.x.81(ks +s)) remains relatively constant. However, during transient

period, effluent substrate concentration (s) varies with the time and the
rate, ds/dt, is a function of (s). Then, the preceding assumption does not
hold. As a result, this equation is not generally applicable. Equation (Y-Y)
IS the basic equation that used throughout the rest of Cheng’s study. Thus,

results and conclusions developed by Cheng were erroneous.

Finally, Forde et al. mentioned that the process response indicator,
B, could not be available indication of process stability for several reasons.
First, (B) is not sensitive to change in (s). Second, (B) does not include the
effect of non-soluble effluent substrate. Both of the variables (s) and non-
soluble effluent concentration are the most important variables used in
process control. A third factor is that in the development of the model. The
author presumed that (6) was a constant. Thus, E(6) does not change as a

result of the shock. The interpretation of (6B/88) is therefore questionable.
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Ralph et al. (Y4V4), presented a work to determine the applicability
of percentile — mean relations, such as those of Weatland (Y4VY) and ”\"
Porter () 4V°), to estimate effluent constituents concentrations. The authors
used effluent data from ten secondary and nine advanced treatment plants ||
in their study. Ralph et al. found that the percentile — mean relationships
are applicable. They were submitted Fig.(Y-¢ and Y-°) for prediction
effluent (BOD) and (S.S) concentrations, respectively, for daily, weekly
and monthly running average with (%) percentile.

-

[#3% Percuntiia) -

Weely

Effluent BOD, mg/l, 2¢ in percentile of maximum observed .

Lk d I T T | RO S T 1
0 3 L] 5

Effluent arithmetic mean BOD. mg/I.
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Fig.(Y-¢): BOD. percentile-mean relations(After Ralph et al., Y3V4)

Effluent TSS, mg/l, 4 in percentile of maximum observed .

Fig.(Y-1): S.S percentile-mean relations (After Ralph et al., Y3V1)

Hovey et al. (Y4V4), examined statistically final effluent data of
biochemical oxygen demand (BOD) and suspended solids (S.S) from YA
activated sludge wastewater treatment plants over a period of one year of
continuous operation. The main purpose of that examination was the study
of variability of wastewater treatment plants performance, and to estimate
steady-state effluent design values that should be selected to assure an
effluent quality better than discharge requirements most of the time. The
authors found that no single probability density function could be used to
describe all the twenty sets of ({BQR).and (S.S) data. Thus, simple linear
regression analysis methods were used to relate (BOD) and (S.S)
concentrations with the exceeded concentrations at various percentages of
the time. Hovey et al. presented the following equations (models) for daily,
Y-day, and Y+ -day arithmetic mean values.

X% ile S.Seee =A+B(meanSSe) .. (Y-)¢)

X% ile BODSEC = A + B (mean BODsec) ....... (*'\ o)
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X% ileCdam S.Sec =A+B (meanS.S,) ... (Y-'1) \

X% ile CYdam BODg = A + B (mean BODge) ... (Y-V) \"‘;

X% ile "+ dam S.Sec =A+ B (meanS.S¢.) ... (Y-YA) ||

X% ile '+ dam BODg. = A+ B (mean BODg,) ... (Y-)9)
Where;

X% ile = concentration exceeded )+ +-X% of the time in (mg/l).
A and B = regression coefficients.

Niku et al. (Y4V4), proposed a reliability model based on log-normal
assumption, and presented a simple graphical and tabulated devices that
can be used to predict process performance of plants under design or
currently under operation. Niku et al. developed their model by examine
statistically effluent data of (BOD.) and (S.S) which obtained from the
records of (YV) activated sludge treatment plants across the U.S.A. The
authors noted that in all plants effluent data were not symmetrically
distributed. Generally the distributions were skewed to the right. It was
found that the log-normal distribution consistently fits best to the observed
effluent (BOD) and (S.S) data and consequently the log-normal distribution
may be used to predict effluent quality.

Niku et al. (Y%A)Y), introduced a model, based on statistical
measurements, that can be used to define and compare the stability of
activated sludge wastewater treatment plants. Through the statistical
analysis of effluent (BOD.) and (S.S) data of (¢Y) activated sludge
treatment plants, Niku et al. concluded that plants having a standard
deviation of less than Y+ (mg/l) for both effluent (BOD.) and (S.S) data
may be statistically considered as stable plants. While, plants having
standard deviation greater than Y+ (mg/l) for both effluent (BOD.) and

(S.S) may be considered as unstable plants.

Niku et al. (Y4AY), presented a study determines applicability to
trickling filters processes of the reliability and stability models that



-"Ehapter Two : Literature Review

developed for activated sludge processes. They found that the probabilistic
model already developed for a activated sludge process for predicting
achievable effluent (BOD.) and (S.S) concentrations and estimating the
reliability of plants under operation could be used for trickling filters as
well, also the stability of trickling filters follows the same patterns as
activated sludge plants was. Trickling filters with standard deviation of less
than () + g/m") may be statistically considered as stable, whereas these with

a standard deviation of more than Y+ (mg/l) may be considered unstable.

Tariq (Y 44A), Studied the reliability of AL-Rustamiyah wastewater
treatment plant through the application of the reliability model that
introduced by Niku et al. (Y4Y?%). To evaluate the reliability of this plant
Tariq analyzed effluent data, which obtained from the records of AL-
Rustamiyah wastewater treatment plant, of BOD. and S.S for nine years of
operation. The author had found that the overall reliability(of AL-
Rustamiyah wastewater treatment plant) for effluent BOD. was =V:.4Y%
and 1.« 4%for effluent S.S.



THEORETICAL BACKGROUND

E&N ntroduction

This chapter gives a theoretical background on the statistical models,
(that used in this study); and their application on the final effluent
(BOD.) and (S.S) data of Al-Kerkh wastewater treatment plant. As
well as it will review the methods of finding the appropriate
probability density function (p.d.f), goodness of fit tests, that fits the
final effluent (BOD.) and (S.S) data.

IBBHReliability Concept

Reliability is expressed in probability terms and it can be defined as
“the probability of adequate performance”-that it is the percent of the time

that effluent concentrations meet requirements. (Chorafas, Y41%),

Failure =effluent concentration > effluent requirements ........ (Y-Y)

The probability of failure is extremely sensitive to the distribution
function of effluent concentration. Thus, to develop a reliability model, first
the distribution of effluent concentration should be modeled. Assuming the
distribution of effluent concentration is known, then, the reliability of the
plant could easily be computed. If an expression can be found that gives the

fraction of the time that given concentration has been exceeded in the past,

Y¢
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the future performance of the plant can be predicted, provided process

variables remain the same. (Robert and stanley, Y4V1),

Reliability figures can not be interpreted until common criteria of
performance judgment are established. Regulatory agencies establish these
criteria based on adverse effects that performance failure may cause on the

environment. (Chorfas, Y41+)

IBA Effluent Concentration Distribution

Effluent variability can be shown and analyzed by determining the

histogram and probability density function (p.d.f) of the data, Fig.(¥-)).

The discontinuous curve of the histogram may be approximated by a
superimposed continuos curve, a scaled version of which is called the

probability density function. (Benjamin and cornell, Y4V +).

p.df
[ Frequency I

Effluent Concentration {m2/1)

Fig.(¥-1): Histogram and its p.d.f. (After McCuen, Y2Ae).

Theoretically, positive skewness (distribution toward higher values)
Is very expected in wastewater treatment plant data since there is usually a
lower bound on effluent concentration (no negative values for effluent

concentration), but there are no upper limits. (Niku et al, YaVv4).

Yo
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Of particular concern to the designer engineers is the type of }|
distribution to be used for reliability study, the type of distribution of y-(

effluent concentration can be examined as follows; ||

r-r-y Kolmogorov-Smirnov Test

Kolmogorov-Smirnov test is one of the most commonly used tests
for the selecting of the suitable type of distribution for a given histogram.
This test involves the examination of random sample from an unknown
continuous distribution to test the hypothesis that the unknown distribution
function is the specified known continuous distribution function. The
conventional null hypothesis is that the distribution functions are identical.
The test is based on the difference between the empirical cumulative
distribution function (C.D.F) (Observed cumulative histogram) and the
known cumulative distribution function at each data point. The largest of
these differences, Dmax, is used with sample size to test the hypothesis
(Ho). (Nieetal., YaV?),

If the hypothesis cumulative distribution function Fx(x) and the
empirical C.D.F (observed cumulative histograms) is:

F)=X (*-Y)
n
where;
X : the largest observed value in the random sample.
n - size of the random sample.

i : class interval.
Then (Dmax) can be determined as follows: (Benjamin and Cornell, Y4V +)
D, = max{‘zlﬂ F (xi )— Fx (xi )|] _________ (*-Y)

or

Dmax = maXinzl l:l # — FX (Xi )|:|
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Then (Dmax) will be compared with critical valued (Do) from Table (A-Y) ]|
in Appendix A to take decision about the rejection or acceptance of the null | ¥ v~

hypothesis. ||

If D, <Da accept H,

max —

If Dinax > Do reject Hy

McCuen (Y3Ae) proposed the following steps for running the

Kolmogorov-Smirnov test.

Y- State the null and the alternative hypotheses in terms of the proposed

probability density function and its parameters.

Y- The test statistic, Dmax is the maximum absolute difference between
the cumulative function of the sample and the cumulative function of

the probability function specified in the null hypothesis.

Y- The level of significance should be set; values of +.+), +.+®and +.)

are usually used.

¢~ Arandom sample should be obtained and the cumulative probability
function derived. After computing the cumulative probability
function for the population, the value of the test statistics should be

computed.

o- The critical value, Da, of the test statistic should be obtained from
Table (A-Y) in Appendix A. The values of Da is a function of (o)

and the sample size (n).

1-If the computed Dy is greater than Da., the null hypothesis should

be rejected.

r-r-v Chi-Square Test ( }(2)

Chi-square test is another test which can be used to help in using or
rejecting a certain distribution toward which we have a certain predilection.
This test is based on the difference between actual frequencies, fi, and the
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expected frequencies, fi, of a known distribution function at mid-interval

of each category.

Chi-square statistics for a goodness-of-fit test is given by the

following model; (Hays, )41Y).

Zzzz!fi—fif

—L (Y-°)
fi
where;
fi - actual frequency value at mid-interval of each category.
ﬂ . expected frequency value at mid-interval of each category.

i : class interval.

z° value will be compared with critical value (y2) from

Table (A-Y) in Appendix A to take decision about rejection or acceptance

of the proposed distribution (null hypothesis, H,).
If »2 < y2 accept H,.
If y*> y2 reject H,.

Lawrence (Y4AY), proposed the following steps for running the

Chi-square test:

Y- Formulate the null hypothesis (Ho), for example the sample data

represent a normal distribution.

Y- Establish the significance level, degree of freedom, and the
acceptance and rejection rejoins for the decision rule. For example,

A °7. significance level and (¢) degree of freedom will result with
critical value y? =9.488 (from Table (A-¥) in Appendix A). Degree
of freedom may be calculated as follows: (Lawrence, ) 3AY)

Degree of freedom = Number of categories — Number of the

estimated parameters-' .. (Y-1)
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Y- Compute the test statistics, this step includes the finding of the actual

and expected frequencies and computing y* value.

¢~ Make the decision of rejecting or accepting of the null hypothesis

(Ho), by comparing ( %) value with ( ) value.

Bl Log-Normal Distribution as the Candidate Distribution

Usually final effluent data from wastewater treatment plants have a
positive skewness (distribution toward higher values). This skewed data
can be fitted by using log-normal or gama distribution, (Niku et al, YVv4).
But the log-normal distribution is the most candidate distribution function
to eliminate this skewness, as recommended by Benjamin and Cornell
(YaVY+), Popel (Y4Y1), and Niku et al. (Y3V49).

The log-normal probability law is one commonly used in civil
engineering practice and seems to have been adopted originally to produce
a better fit to skewed data by using this simple transformation of the
familiar normal distribution. (Benjamin and Cornell, YV ),

The log-normal distribution has the following probability density
function; (Benjamin and Cornell, Y4V+).

1 1[ 1 x \|
fX(X):mexp[_E{o-lnxln(m)_(j} ] XZO ......... (Y’-V)

where;
X . represents effluent variable concentration.

o In x : standard deviation of the logarithm of x.
mX : median of x.

From the properties of the moment-generating function of the normal
distribution, the rth moment about the origin as denoted by E(X") is given

by; (Benjamin and Cornell, Y2V +),
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E(xr): (mx)". exp@r2 , a,znxj ,,,,,,,,, (T-A)
In particular,
(1.,
mx=mx.exp(55m] --------- (¥-9)
ox’ :mxz.[exp(a,ﬁx)—l] ....... (Y-)+)
where;

mx  : mean of data.

o x? :variance of data.

From Equations (Y-%) and (Y-):), the relationships for the
parameters of probability density function of the log-normal distribution in

terms of the moments of variable x are; (Benjamin and Cornell, Y4V+).

2
O
My :In[m;2 +1J ....... (Y-)Y)
and
2 | 1.2 YoV Y
Onx = nmX_EO-Inx ------- ( - )
where

min x : mean of the natural logarithm of x.

ol variance of the logarithm of x.
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BBl Development of the Reliability Model

A

Niku et al. (Y 4Y1), constructed a statistical model for predicting the ™

mean constituent value under a certain level of reliability. This model can
be used for designing of wastewater treatment plants, and for estimating of
reliability of the plants under operation.

Niku et al., constructed their model on the basis that effluent
concentration distribution for the (BOD.) and (S.S) data fit a log-normal
distribution.

Statistical models, which constructed for designing of wastewater
treatment plants, should be designed to produce an average effluent
concentration below the discharge standards because of the variations in
effluent quality. Popel (Y 4V1), Roper etal. (Y4V4), and Niku et al. (Y3V4).

The question is, what mean value guarantees effluent concentration
consistently less than a standard with a certain reliability?. The coefficient
of reliability may be introduced that relates mean constituent values (that
IS, the design values) to the standard that must be achieved on probability
basis. The mean constituent value, mx, is then obtained from the following
equation; (Niku et al, Y4Vv4),

mx=(COR)*X, L. (*-17)
where;

Xs . a fixed standard.
COR : coefficient of reliability.

The problem of interest to the designer engineer is to develop an
expression for the coefficient of reliability from which one may compute

the necessary mean value of the process that guarantees the reliability level
()-a).
Suppose that, for some probability of failure o between (+) and (V),

but presumably this value of o is near zero, the designer engineer wish to
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design the treatment process for which the observed log-normal variable X

has the property that;
Px<x)=l-a (r-1¢) ||

This equation is equivalent to choosing the parameters of the log-

normal, so that:

where Z is a standardized normal variable. If Z,_, defined to be the number

with the property that:

P(z<z, )=l .. (*-11)

then Z,_, may be obtained from the standard normal tables.

Substituting the properties of log-normal distribution (Equations
(Y-VY) and (¥-'Y)) in equation (Y-Y°) results in the following;
(Niku et al, Y4Vv4),

Inx, —[Inmx—;(vi +1)}

[In (vf + 1)]1/2

where VX =o,/m( L (¥-1Y)

V-0

this equation can be manipulated as follows;
Inx, — {In mx —%In(vf +1)} =7, [In(vj +1)]1/2
In x, — In mx + %In (vf + 1): 7o [In (Vi + 1)]1/2

/2 /2
—Inx, +Ihmx—1In (vf +1)1 =—7, [In (vﬁ +1)]l
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mXx / .
In {W} =7, [In (vf + 1)]1 ’ v)

ﬁ - exp.(— Z, [ln(Vf + 1)]1/2) ||

™ _ (12 1 2f expl- 2, (Infv2 +1)}?]

Xs

we have COR = mx , then
X

S

COR = % = (vf + 1)1/2.exp[— 21 (In(vf + 1))1/2] _______ (Y-YA)
S

where;
Vx  : coefficient of variation.

The COR (Equation (Y-YA)) relates the mean constituent value, mx,

to the standard, X, for reliability level Y-a.

Two statistical parameters are used in ratability determinations:

* The first parameter is the coefficient of variation, VX, which is the
ratio of the standard deviation, o,, and the mean value, mx;
(Niku et al., Y4v4),

w=2x (Y-19)
mx
*

The second parameter is the percentiles Z,_,, of the standard normal

distribution; that is the number of standard deviations by which X

differs from the mean.

Values of the COR for effluent concentrations for different
coefficients of variation at different levels of reliability are given in
Table (Y-)). In Table (¥-Y), the fractional reliability for effluent
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concentrations is presented as a function of Vx and COR. The results of

Table (Y-Y) have been shown graphically in Figure (Y-Y).

Table (¥-1): COR as a function of (Vx) and reliability. (After Niku et al., Y3V4).

Reliability o AT 9% avy ae7. YA 447 44,47
VX
oy AIER oA A <4 e .oV .ov 80
o8 Yo A YA AN <Y -2% R 2 «YY
.0 Y Y « Yo N « OA «.0) A AR Y1
o VY DAY .oV -3 ey ARG oYY AR
Y% VY YY oYY -X3 -N ey YY YA YA
oA VYA A . oY EA i A « Yo 1
.4 V. Yo AN N e YA YA oYY AR
V. V.60 Ve R 2 A Y1 AR Y

Table (¥-Y):Reliability as a function of normalized mean, and Vx of effluent

concentration. (After Niku et al., Y 4V%).
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©.399( 4299 v A9Y [V AVYF [ AV AAE [ AYY [ v vey [ v ava v ea] v gen [ YY0
oA q ¥ A Y 1 1 Y 1 A Y Y |
399 v AV [ AAT[ VAT [V AYY [V ATY [ A [ VEA A [ Y Y gAe | LYY
Y q q q . Y ° \ ¥ \ q . |
NN I Y R A T I R
oA q 4 ° q \ ¢ \ Y . ¥ Y .
<8990 A9F [ v AVE [ v AEY [ v Qv [V AYY [ A [ e ver | ] nEd ] oFA . g5y
A 1 \ ¥ Y . A q Y q . q
©899 v A9 [ ATA L AT [ AYE [ AEA A [ Ve[ VT AT [ eoA ] gV
Voo Y ° A Y \ ° q ° ¢ q A
A A [ v A0 v AT [ AAT]  AEE [ ASY [ VT [ VY [ TAY [ ear | gAY
)Y Y \ % ¢ . ° s ¢ | 1 1 A
AT AVA [ Ao [ Y[V AAY [ AEE [ VYo [ VYY [ VFA VY] ety [ ey
) ) ° % Y Y 1 ¢ A q ° \ °




-‘r Chapter Three : Theoretical background

1.0

08 |-

0.7 -

06 [

'RELIABILITY

04 +

03 P

02 -

09

05 -

0.1

03 04 05 06 07 08 09 10 i1 12 13 14 15
NORMALIZED MEAN, m, /X,

Figure (¥.Y): Reliability versus normalized mean for different coefficient of variation

(After Niku et al., Y V1),
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IEEHReliability Model Applications

Niku et al. (Y4V?), developed their model for the purpose of the °
design of wastewater treatment plants and the estimation of reliability of

the plants under operation.

r-1-y Using the Model in Designing of Treatment Plants

The results of Table (¥-) have a significant potential application in
design. Values of COR given in the table may be used in design of a
treatment plant expected to perform a certain reliability. The coefficient of
variation for effluent concentration should be estimated. Selection of the
appropriate design value of the coefficient of variation, VX, must be based
on reasonable expectation of performance (that is, experience). This may
be done from past experience or using the results from other similar

treatment plants. (Niku et al., YaV4),

Values of coefficient of variation for effluent BOD.and S.S for some

treatment plants are given in Table (¥-Y) as given by Niku et al.(} 2AY).

Applications of the results of Table (¥-)) in designing process are

described by the following example; (Niku et al., Y4V4).

To have ¢7 reliability that effluent BOD. concentration is equal or
less than a certain standard, Xs, when Vx for the plant is estimated to be -.V,
by using the results of Table (¥-)), the plant should be designed for the
mean value equal to or less than +.¢Y Xs. (If X5 = Y+ mg/l then average
BOD.=+.£Y*Y+=YY 2 mg/l or less. Similarly, for a less stringent standard

of Xs= ¢+ mg/l; average BOD.= +.£Y*£ =YV Y mg/l or less).
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Table (¥-¥): Estimated coefficient of variations (Vs) of various process types

(After Niku et al. Y4A)Y)

Process type Coefficient of variability
BOD

Step feed / aeration A
Conventional A
Complete-mix LYY
Contact-stabilization AR
Trickling filters 81
S.S.

Step feed /aeration CAY
Conventional v AT
Complete-mix Yoo
Contact-stabilization A
Tricking filters v oy

r-1-v Using of the Model in Reliability Prediction

Results from Table (¥-Y) or Fig.(Y-Y) may be used to estimate the
reliability of a treatment plant under operation if the mean and standard
deviation for the plant are known. For example, there is AV7 reliability in a
plant operating with COR = .7 and a Vx=-.V. (Niku et al., Y4V4),

Yv
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BB Process Stability

The term “process stability” has often been used without a formal ™

definition to describe plants with consistent performance. Stability may be
defined in terms of the magnitude of the perturbations of effluent quality
characteristics from the mean values. For example, a process may be
considered stable when fluctuations exist in input loading but large
variations will not appear in the effluent quality characteristics. Process
stability may be analyzed by three approaches: experiment studies under
laboratory conditions, mathematical modeling and simulation techniques,

and statistical measures. (Niku et al, Y3AY),

usually experimental studies under laboratory conditions are
performed under favorable laboratory conditions permitting investigation
of individual variables and thus don’t reflect the variations encountered in
full-scale operations. Therefore, working with full-scale plant data is
preferable where the objective is to develop a measure of actual system
stability. (Niku et al., Y4AY),

Mathematical modeling and simulation techniques are another
techniques occasionally used for quantitative description of waste treatment
process performance. The results of these techniques should be used with
caution in stability studies, because these techniques are based on the
assumption of steady-state conditions, whereas the concern in stability

studies is non-steady — state conditions. (Andrews, Y4V¢),

Because of the intricate nature of the stability problem and the fact
that many of the parameters affecting effluent quality are inherently
stochastic, an obvious approach to analyzing process stability is through
statistical analysis. Statistical examination techniques can be used to
identify and quantify numerical characteristics exiting in the data. Dealing

with data from full-scale plants, the stability of a process may be evaluated

YA
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both qualitatively and quantitatively. In this case, all variables affecting the
process variation are considered, regardless of their cause and effect
relationships. (Niku et al, Y4AY). ‘

BZ¥ Stability Measurement

Stability may be thought of as the property of adherence to a
reference or norm. In the case of wastewater treatment, the best reference
value for stability appears to be the annual mean of constituent
concentration. One complete cycle of weather and a monitoring period long
enough to damp the effects of short-term variations is reflected in the
annual mean value. Variations from the mean on a day-to day, week — to —
week, or month-to-month basis then provided a measure of stability (Niku
etal., YAAY),

Since stability is a measure of variations from the mean, for
comparison purposes a standard quantitative measure of variation (stability
indicator) is of special interest. The stability indicator may be used as a tool
for evaluating different plants statistically and comparing their relative
stability and for examining the effects of various design and operation
procedures have on process stability. The indicators available are variance
and standard deviation, coefficient of variation, and coefficient of stability.
(Niku et al., YaAY).

v-A=\ Variance and Standard Deviation

The most common measure of dispersion are variance and standard
deviation. Variance (Sx") is defined as the weighted average of the squared

deviations from the mean (Benjamin and Cornell, YaV+).

Sx2=—X S(x-xf .. (¥-Y+)

1- Niza



-‘r Chapter Three : Theoretical background

where:

n : number of observations.

X; : observation value.

X : mean of observations values.

i : class interval.

In practice the positive square root of the variance, called standard
deviation (Sx) is given more importance than the variance because this

value has the same units as the variable.

Standard deviation may be used as a logical indicator for stability
comparison of plants. Smaller standard deviations generally imply tighter
distributions, less widely spread about the mean, and therefore a more
stable situation. This has been shown schematically in Fig.(¥-Y), where
probability density functions of the same basic shape but having different
means or standard deviations are shown. The curves in sections (a) and (b)
of the figure differ only in their mean, while the curves in sections(b) and
(c) differ only in their standard deviation. The curve in section (c), which
has a wide spread — corresponds to less stable situation than the curve

shown in section (b). (Niku et al., Y4AY),
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Fig.(¥-¥): Changes in probability density function (P.D.F), with changes in the
mean and in the standard deviation (After Niku et al, Y 3AY).

r-A-¥ Coefficient of Variation (VX)

The coefficient of variation, VX, is another common measure of
relative dispersion. This coefficient is defined as the ratio of the standard

deviation to the mean. (Benjamin and Cornell, Y4V+).

Vx:S—_X
X

The coefficient of variation is not a good or logical measure of
stability. For example, two plants may have the same coefficient of
variation, say (+.V), where one plant has a mean of (°+) mg/l and standard
deviation of (¥¢) mg/l and the other plant has a mean of (}+) mg/l and a
standard deviation of (V) mg/l. Obviously the latter plant has less variation

and thus is more stable than the former. (Niku et al., Y3A)Y).
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r-A-+ Coefficient of Stability (COS)

Forsthl (Y4YY) has proposed the coefficient of stability (COS),

defined as the ratio of variance over the mean, for stability analysis.

COS = S_)_(Z _______ (Y-YY)

X
This coefficient is a far better measure of stability than the
coefficient of variation, because it gives more weighted to the variations
while taking the mean into account. In other words, plants that are
operating at higher mean concentrations are allowed to have more variation
than those operating at lower mean concentrations with same measure of

stability.

XM Selection of the Most Appropriate Indicator of Stability

Niku et al. (Y3A)), selected the standard deviation as the most
appropriate indicator of wastewater treatment plant stability, because
theoretically it is the measure of dispersion and practically it is the most

familiar and simplest term among the measures of stability.

IRl stability Cutoff Point

The stability cutoff point may be defined as a standard deviation
value below which plants are considered stable and above which plants are

considered unstable. (Niku et al., Y3AY),

In Fig.(Y-¢), which was constructed by Niku et al., (Y 3AY) by using
effluent (BOD.) data from ())) treatment plants, the mean, standard
deviation, and range of effluent (BOD.) data are shown. Examination of the
these descriptive statistics leads to the conclusion that plants having
standard deviation of less than ()+) mg/l for effluent (BOD.) may

statistically be considered stable. The () +) mg/l has been selected as the
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stability cutoff point because distinct difference exists between the

statistical characteristics of the plants operating below and above this value. { ¢ {

“<

160 | | | | | ||

—— Range
_| == Standard deviation

Plant No. -
e Mean |

(2]

STABLE |UNSTABLE

120 —

Mean, Standard deviation,and
Ranae (mal/l

40 — —

4 8 12 16 20 24
Standard deviation (mgl/l).

Fig.(¥-¢): Mean, standard deviation, and ranges of effluent (BOD.) concentration
in

different plants. (After Niku et al., Y AAY)
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Table (£-¢): Chi-square test for final effluent (S.S) data of Al-Kerkh wastewater

treatment plant.

_ v | x Y xYa=. 0 Log-
Year | Line No)f'mal nlc;(r)r?l;l G)e(lma Normal nt(r)r?l-al Gama Normal norr?lal Gama
YAA4 \ oo 07| 4 ¥. | Y.¥A o419 q.¢19 Y. AN - X X
Y [ YAAE| Vo) | V.. | 043 | 4.9 | VA ; X X
teq. | [YTVA[ Yo [V¥o | 8% | &% | VA : X X
Y [YYAT| YEV | YV | 044 | a.:3 | YA - X X
taqy | [TYOV[ YR  [VOY [ edT [ YAE [ VA : X X
Y [ViNY| o0 | YAAN| 044 | 044 | VA - X X
vear L) [YYAY[ TR VXY VAV [ TAE | YA . X :
Y (Y AU| Yo. | AAV | YA: | YAE | oaa - X :
taqe | [ AU [YNY [ o8 [ VA [ VA - X X
Y 9YY | 1Yo | ¢Yo | o048 ©.49 ©.44 - - X
taqo | [ELET[ YAV [OYEV] YAE | YAE | YA€ - ; -
Y [ EVNY| R EY | AoE | V.V | V).V | VYoed | - X X
vaan | [SASYIYNV[ARY [V WLV [WWed | X X
Y[ NEAV]AVY | 27 | 4.4 | a£d | .y | - X X
teay | [TVEE[ VIV [VIY VAT VAT [ VA _ X X
Y [V EY| af. | AY | YA | VA | 4:¢4 - X X

X: Represent the acceptance of distribution type.



ANALYSIS OF THE RESULTS

RN introduction

This chapter provides the statistical analysis of effluent data of
biochemical oxygen demand (BOD.) and suspended solids (S.S) for lines
one and two of Al-Kerkh wastewater treatment plant, in order to investigate

the dependability of this plant.

To evaluate the dependability of the above mentioned plant, it is
necessary to model the distribution of effluent data. The knowledgement of
the probability distribution function makes the reliability of plant easy to
compute. As well as it is necessary to establish the common criteria that

concerns the performance of the plant.

In this study, the statistical analysis are based on criteria of Iraqi
effluent standards of ¢+ (mg/l) for BOD. and %+ (mg/l) of S.S for the
treated wastewater disposed into rivers. These criteria are based on the
adverse effects that the performance failure may cause on the

environment.(Tarig, Y 134A)

¢ ¢
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BB Reliability Estimation _~
¢ 0
Reliability of Al-Kerkh wastewater treatment plant has estimated by ||
using of effluent data of BOD. and S.S for eight years of operation (°441

readings).
¢-Y-1 Selection of Distribution Type.

Effluent variability can be shown and analyzed by determining the
histogram and probability density function(p.d.f). Figures (¢-Y) through
(¢-A) are typical histograms of the final effluent (BOD.) and (S.S)
concentrations of Al-Kerkh wastewater treatment plant (lines one and
two).Each figure represents the data of one year. The data of year Y3%)

were missing as a result of the war.

The data were not symmetrical and skewed to right of most frequent

values, as measured by the skewers coefficient (Table £-V).

The candidate distribution functions that can be fitted to the skewed
data include log-normal and gamma distributions (Benjamin and Cornell,
Y4av.), as well as the normal distribution may be suitable for large data
(Lawrence, Y3AY). By using Kolmogrov-Simironov test, Tables (¢-Y and ¢-
) for effluent BOD. and S.S data respectively, and Chi-Square test, Tables
(¢-¢ and ¢-°) for effluent BOD. and S.S data respectively. It has been
found that the hypothesized log-normal distribution function should not be
rejected for both lines at different levels of significance, as shown in these
tables. Thus, the discontinuous curve of the histogram can be approximated
by superimposed of log-normal probability density function (p.d.f.) as

shown in the above mentioned figures.



Table (£-Y): Statistics for final effluent BOD. and S.S data of Al-Kerkh wastewater

treatment plant.
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Effluent BOD- Effluent S.S

Year | Line | Valid Mean | S.D. | Vx Skew-| Valid Mean | S.D. | Vx Skew-
Obs. ness | Obs. ness
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FIGURE (£-Y): Histogram and its p.d.f for final effluent BOD- and S.S data
(Year) 4A%) AL-Kerkh wastewater treatment plant.
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Table (£-Y): Kolmogorov-Smirnov test for final effluent (BOD.) data of Al-Kerkh

wastewater treatment plant ¢V |

‘vt
Dmax | Dmax | pmax Da Log-
Year | Line Normal|Log-normal|  Gama \ 7 o/ (N Normal Gama
normal
M (M (v)
Y4A4 ) cod¥q e eYYo | v oy | v oYY [ e AEY ] L wvoy ) A N X
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Table (£-Y): Kolmogorov-Smimov test for final effluent (S.S) data of Al-Kerkh

wastewater treatment plant.
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Table (£-¢): Chi-square test for final effluent (BOD.) data of Al-Kerkh wastewater

treatment plant.
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. 1Y 7l Y AP Log-
Year Line Normal nlo_l?r%-aI Gama | Normal Log- Gama Normal normal Celm
normal
YAAA | ) | £ VE| ©0£) | 107 | YY 64 | VY .Y | YYod | - X X
Y [Yea)| YAE [V A 033 | YAY | V.A _ X -
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X: Represent the acceptance of distribution type.
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¢-Y-Y Verification of the Resulit.

Daily operation data of effluent BOD. and S.S concentrations have ,”

been collected from the records of Al-Kerkh wastewater treatment plant. ||
The percentile values of effluent BOD. and S.S data have been computed
and given in Tables (¢-° and ¢-7) respectively. These percentiles have
normalized by deducting mean from each value and dividing it by its
standard deviation. Then, the average of the normalized values at each

percentile was computed, as given in the same tables.

The COR based on the data has been computed by using the
averages of normalized percentiles, and given Tables (¢-A and ¢-4) for
different coefficients of variation of effluent BOD. and S.S data at different
levels of reliability. These tables are constructed exactly like Table (¥-)),
but on the basis of the results of pooled plant data from Tables (¢-1 and ¢-

V).

The coefficient of reliability COR based on data is computed as

follows;
P(x<x,)= P(z <M Xlea
SX
Xs =X _ 7
SX
- 1
X =
z, VvV, +1
and
COR a1 :; ......... ()-9)
2, VvV, +1

where the percentile Z,_, is calculated from data.
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Table (£-A) :COR as a function of Vx and reliability from pooled plant data (BOD.).

Reilti;bil o/ LKWA Voo Aoy, 4.9, 400, 440, VYool
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Table( ¢ -°‘) +COR as a function of Vx and reliability from pooled plant data S.S.
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The results of Tables (¢-A and £-) are highly comparable with the
theoretical results based on a log-normal distribution assumption (see
Table(Y-Y)). In most cases, the results are the same or comparable with a

difference less than ©7, usually, the log-normal assumption is conservative.

To support the validity of the model in the prediction of effluent
performance, the percent of the time that effluent concentrations has not
exceeded ¢+ (mg/l) for BOD. and 1+ (mg/l) for S.S has been computed for
each year of data for both lines, as shown Tables (¢-Y+ and £-)Y). This
percent has also been predicted using the reliability model, (Table (¥-Y) or
Figure (¥-¢)), based on the log-normal assumption. The predicted values

were very comparable with the measured values.

Table (£-) +) :Comparison of predicted and measured reliability ,(BOD.), of Al-

Kerkh wastewater treatment plant
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Predicted Measured
Year Line Mean S.D Vx COR
reliability % | reliability %
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Figures (¢-% and ¢-)+) show the 'predicted versus measured

reliability for effluent BOD. and S.S data, respectively. These figures \
¢
indicate that the model of Niku et al., (Y2Y?) is conservative.
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Fig.(¢-4): predicted versus measured reliability (Lines Y and Y-BOD:).
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Table(£-VY): Percentile values of final effluent S.S data of Al-Kerkh wastewater treatment plant.
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¢-Y-v Effects of outliers on reliability.

In ordinary operation data of wastewater treatment plants, it may be
found that there are some days (> Y days), in each year of operation, in
which the effluent BOD. or S.S concentration is much higher than the rest
of the year. This situation will strongly affect the results of both the annual
mean and the variance, (Niku et al., Y3AY). Thus, reliability evaluation
from such data will be misleading, because it is dominated by a few (one to
three) samples (called outliers) that have extremely high values. The plant
may be classified as unreliable because of a few outliers although if the
outliers were neglected the plant might be classified as reliable. These
outliers may be caused by a mechanical failure of a part of the system,
stormy weather and strong wind over the clarifier errors in sampling
measurements, or any other unexpected cause.

To examine the effects of outliers on plant reliability, remove ‘7 of
the upper data for each year of operation for both BOD. and S.S data.
Then, calculate the statistical properties of the rest of data( 147 of the data)
and repeat the evaluation of reliability by following the same procedures
used in reliability evaluation (Niku et al., Y3AY). Tables (¢-)Y and ¢-)Y)
give the reliability of Al-Kerkh wastewater treatment plant after the
removing of outliers.

Comparison of the results of Tables (¢-)Y and £-)Y) with those of
Tables (£¢-)+ and ¢-)Y), shows slight effect of outliers on the data set and
reliability evaluation. The effect of outliers on plant reliability was
insignificant because of two reasons. The first reason, Al-Kerkh wastewater
treatment plant before the war of Y24) was a new treatment project and it
was controlled by good operators. Thus, no mechanical or operational
failure had occured. The second reason, that there was a whole deficit in
the treatment processes after the war of Y293, because of the shortage in
the required chemical materials for treatment processes as well as the
shortage in controlling and monitoring devices, the absence of the trained
operators and the neglecting of the third line. Due to these reasons, the
magnitudes of effluent concentrations have the same tendancy for both low
and high values.

f-Chapter Four : Analysis of the results ———
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TABLE(£-) Y): Comparisons of predicted and measured reliability of 49 percentile

data of effluent BOD.. " A
\,
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Figure (-): Comparison of predicted and measured reliability of percentile data of

effluent (S.S).
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IBS@lProcess Stability

Examination of stability of treatment processes required statistical
analysis of data that obtained from plant operation. The scope of this study
included collection and analysis of daily operation data from Al-Kerkh

wastewater treatment plant.

¢-v-) Stability Evaluation
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The required statistical properties to evaluate the stability of both

lines (one and two) of Al-Kerkh wastewater treatment plant are given in u‘

“<

Table (¢-)¢). ||

Table (£-) ¢): Statistics of effluent BOD. and S.S data of Al-Kerkh wastewater
treatment plant.

BOD® S.S
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The results of Table (¢-)¢) are shown graphically in Figures
(¢-YYand £-VY) for effluent BOD. and S.S data, respectively.
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400 | | | | |

300 — —

200 — —

Bxamination of these |descriptive staistics lleads to tthe conclusion

deviption of'less than Y+ (mg/l) for both

that the yedrs wyith standar
effluent BOD. gnd S.9 datal|may |statistically be| considered stable. The

value of 4+ (mg/l) has beén selected asl the Stability cutoff point because
80 100

distinct dlfference eX|sts between the statlstlcal characteristics of the plant

operating below and above this value. This cutoff point can be visualized

clearly by examining Figures (¢-)Y and ¢-VY).

It is worth noting to mention, that the stability cutoff point, ()
mg/l), that obtained in this study is the same cutoff point that obtained in
the U.S.A by Niku etal., (Y3A)Y).

¢-v-Y Effects of outliers on stability evaluation

It has been mentioned that, the statistical properties of effluent data
may be strongly affected by a few (one to three) samples (called outliers)
that have extremely high values. Standard deviation from such data may be
misleading when used as stability measured, because these outliers may

dominate it.
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To examine the effects of outliners on plant stability, )7 of the

upper data values (¢ days in Y full year of operation) were removed from ( v |

the data set and the statistical properties of the rest of the data (%9
percentile values) were calculated and given in Table (¢-)°). Results of
Table (¢-)°) were shown graphically in Figures (¢-)Y and ¢-)¢) for

effluent BOD. and S.S data, respectively.
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Table (£-1 ¢): Statistics of 14 percentile data of effluent BOD. and S.S of Al-Kerkh
wastewater treatment plant .
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Comparison of the results of Table (£-)¢), that shown graphically in
Figures (¢-)Y and ¢-) ¢), with those of Table (¢-) ¢), shows a slight effect
of outliers on process stability, where the stability cutoff point still Y-
(mg/l) for both effluent BOD. and S.S data. Removing of the upper ‘7 of
the data resulted in an insignificant reduction in the maximum values, due
to the same reasons that presented in the study of outliers effects on plant
reliability.

Removing the V7. of the data set may not be convenient for operators
or acceptable to regulatory agencies. Only if high-value data points can be
proven to be true outliers, that is, the results of accidents or measurement
errors, should their removal be considered because, these data observations
may be true values of process performance and characteristics of effluent
concentration distributions. The nature of these outliers is determinable
only if the source and reason for each outliers is noted and documented

properly by the plant operator (Niku et al, Y3AY),
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X} Dependability of Al-Kerkh Wastewater Treatment Plant
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Results of dependability analysis of final effluent BOD. and S.S data ]|
are summarized in Tables (¢-)7 and £-)V), respectively, for lines one and vg~~
two of Al-Kerkh wastewater treatment plant. In addition, these tables give ||
the results of the analysis of data for the periods before and after the war of
Y44Y and confirm the strong effects of the war on the performance of Al-
Kerkh wastewater treatment plant. The results of these tables confirm the
urgent need for more attention to the environmental impacts, which the war

inflected upon the environment and consequently on the public health.

Results of Tables (¢-Y% and ¢-VV) show clearly the devastating
effects of the war on the performance of Al-Kerkh wastewater plant. For
instance, the overall reliability of Al-Kerkh wastewater treatment plant for
the effluent BOD- has dropped from 47,147 before the war to ©¥.\Y7 after
the war, while the same overall reliability for the effluent S.S has dropped

from 44.1Y7 before the war to ).+ + 7 after the war.

Using of the Vx values listed in Tables (¢-)%1 and £-)V) in
combination with the limits of effluent BOD. and S.S concentrations as set
by Iragi standards on effluents into rivers (effluent BOD.< ¢+ mg/l and
effluent S.S< 1+ mg/l) it can be stated that Al-Kerkh wastewater treatment

plant should be designed on the basis of;

V- Stability;

Average of effluent concentration = S.D / VX
And

Standard deviation, S.D, for stable plant < !+ mg/I
Then

Average of effluent BOD. concentration="+/+14=)¢{ Y mg/l=) ¢

mg/l

Average of effluent S.S concentration = Y+/+.11=12.YY mg/lx)©

mg/I
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Y- Reliability
Average of effluent concentration = COR*X,

Using of results of Table (Y-)) or Tables (¢-A and ¢-9) with VXgops

=% and
Vxss = .17, at reliability level 427, we can find;
CORgops = *.£Y
CORgs = +.%°
Then

Average of effluent BOD. concentration = «.£€Y * £+ = Y1 Amg/l )1 mg/I
Average of effluent S.S concentration = +.£€¢ * 1. =YY mg/I

The designer engineer selects the smallest values of the above
values to produce a stable and a reliable wastewater treatment plant. Thus,

Al-Kerkh wastewater treatment plant should be designed on the basis of;
Average of effluent BOD. concentration =) £ mg/I.
Average of effluent S.S concentration = Y mg/I.

It is worth noting that these design values of Al-Kerkh wastewater
treatment plant are very comparable with those suggested by Niku et al.,

(Y4AMY). They suggested the following values;
Average of effluent BOD. concentration < Y to ‘e (mg/l)

Average of effluent S.S concentration <+ to Y ¢ (mg/l)
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Table (£-11) :Results of Al-Kerkh wastewater treatment plant dependability

analysis for final effluent BOD.. ¢ _‘"“

"<

Mean | SD. | Vx | Reliability% |  Stability |
Pre-war |
Line-» R aY% 9.1y CEA 97 Stable
Line-v YA Qe e R A7,TA Stable
Overall ERE 3¢ CEA 3114
Post-war
Line-» ou vt YAYE e 1 oy o1 Unstable
Line-v Teve €114 VY oV Unstable
Overall ov ¢4 TRA % oY\ Y
Overall o vt ¥i oo .14 oYY

Table (£-1V) :Results of Al-Kerkh wastewater treatment plant dependability
analysis for final effluent S.S.

Mean [ S.D. | Vx | Reliability%s | Stability
Pre-war
Line-) ‘100 v rA0 1.0 Stable
Line-Y YA 01 vy . o% 99,01 Stable
Overall VY 00 q oy .o 39 1)
Post-war
Line-\ 1A an LA .oy Unstable
Line-v WA 2L LY ety Unstable
Overall g £Y. 1 R T
Overall o, qY YA R V.o




CONCLUSIONS AND RECOMMENDATIONS
FOR FUTURE WORKS

IBRM Conclusions

Based on the results of the present study, the following

conclusions can be drawn:

0 The probabilistic models, that used in this study, are valid to be used

to investigate the dependability of AL-Kerkh wastewater treatment

plant.

° Dependability study of AL- Kerkh wastewater treatment plant shows
that the performance of this plant before the war of Y44) was in an
excellent state and within the Iraqgi standards. Where the treatment
process was stable during that period and the overall reliability was
47,147 for effluent BOD. and 44.7V7 for effluent S.S, But, after the
war of Y343, the plant became unstable and the overall reliability
dropped to ©Y. VY7 for effluent BOD. and to 1.+ + % for effluent S.S.

+ Study of outliers effects on the dependability of Al-Kerkh

wastewater treatment plant shows that these effects may be neglected

It was found that after the removing of outliers the overall reliability

Vv
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for effluent S.S increased only with Y.+Y7Z and with Y.Y4Z for
effluent BOD..

Al-Kerkh wastewater treatment plant consists of three lines, one of

them (line No.Y) is out of order. This leads to increase the waste-
water load on the other two lines and consequently in lowering of

treatment efficiency of the plant.

The results of this study indicate that it is more better to take in
consideration, for Al-Kerkh wastewater treatment plant, an effluent
BOD. concentration < Y¢ (mg/l) and <Ye (mg/l) for an effluent S.S
concentration in order to make this plant stable and reliable. These
values seem to be in agreement with the design values that
recommended by Niku et al. (Y3AY), who recommended that
activated sludge treatment plants should be designed for an effluent
BOD. concentration < 'Y to Ye (mg/l) and an effluent S.S

concentration < Y+ to Y (mg/l).

The results of stability study show an excellent agreement with the
results that obtained in U.S.A by Niku et al. (Y 3AY), where it was
found that the stability cutoff point of Al-Kerkh wastewater
treatment plant can be taken at S.D. = Y+ (mg/l), which was the same
cutoff point that obtained by Niku et al. (Y 2AY),

Bl Recommendations

The author would like to appoint the following recommendations for

future studies:

0

The results of this research may be helpful to study the possibility of

introducing more stringent standards on effluents from Iraqi
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wastewater treatment plants, like, BOD. = Y+ (mg/l) and S.S = ¥

(mg/l) to improve the aquatic environment of our rivers.

The same analysis can be carried out on effluent data from other

activated sludge plants in Irag.

Other effluent variables (such effluent Nitrogen and phosphor

concentrations) can be used to perform this analysis.

Dependability of individual processes within the plant can be

evaluated by applying the same analysis.

It is of great importance to follow a study about the population that
served by Al-Kerkh wastewater treatment plant, because it is
probable that Al-Kerkh wastewater treatment plant is serving more
than its ability ().A millions inhabitants) which results in increasing

the wastewater load on the plant.

An annual report about the performance of Iraqi wastewater

treatment plants should be introduced to the lragi environmental
agencies to monitor the performance of these plants. This can be

done with the help of the results of this study.

The third line of Al-Kerkh wastewater treatment plant should be

constructed as quickly as possible in order to minimize the
wastewater load on the other two lines and consequently to increase

treatment efficiency of the plant.
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