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Pilot plant set-up, operation and monitoring.
For this purpose, two parallel pilot plants at the Mitchell’s Plain Wastewater Treatment Plant
were made available by the Cape Metropolitan Council (CMC). The two pilot plants (Modules
A and B) were redesigned as N & P removal UCT configuration systems, such that the two
systems had the same design and operating parameters. The sludge age was 15 days and the
anaerobic, anoxic and aerobic mass fractions 0.091, 0.350 and 0.559 respectively. The treatment
capacity of the two modules was estimated to be 2.0 and 2.7 M{/d for Modules A and B
respectively but due to aeration capacity limitations of the old fine bubble ceramic dome aeration
system, the flows were reduced to 1.4 and 2.1 M#/d. The idiosyncrasies of this old aeration
system and persistent problems with the sludge back flow into the pilot plants from the sludge
treatment facilities resulted in the anoxic and aerobic reactors not functioning as such (leading
to poor anoxic denitrification and significant aerobic simultaneous nitrification-denitrification)
and poor sludge age control. These problems compromised achieving the two research objectives

and ultimately forced cessation of the investigation after 589 days.

To test the AA filament bulking hypothesis at large scale, in the one system (Module B), the
nitrate/nitrite concentration in the anoxic reactor would be controlled to be > 2 mgN/l and hence
in terms of the hypothesis should bulk, while in the other parallel system (Module A) it would
be controlled to < 1 mg{ and hence in terms of the hypothesis should not bulk. To control the
nitrate/nitrite concentrations at the transition from anoxic to aerobic conditions, the ‘a-recycles’
(aerobic to anoxic) were varied to under and overload with nitrate the anoxic reactors of Modules

A and B respectively.

In the 589 day investigation, the pilot plants were sampled routinely once weekly by the CMC
and an additional 3 times weekly specifically for this project. From an examination of the
influent, operational parameters and measured system performance, eight ‘steady state’ long term
periods where these remained approximately constant were identified. An identical laboratory
scale system (~1:200000) was operated for 163 days from day 470 to day 632 (43 days after the
termination of the pilot plant investigation) to evaluate the magnitude of the aeration and sludge

wastage problems on the results of the pilot plant.

Pilot plant performance

i) COD removal

Over the 589 day investigation the average (for the eight ‘steady state’ periods) percentage COD
removal was 87 and 89 % for Modules A and B respectively. The COD mass balance of the two
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modules over the investigation could not be determined because steady state conditions were not

achieved due to waste sludge ingress from the main treatment plant and therefore the oxygen

utilisation rates (OUR) were not measured.

i) Nitrification, denitrification and N removal

For the first two periods (332 days), the nitrification performance was reasonable, with effluent
FSA concentrations at about 1 mgN/{. For all the subsequent periods nitrification was partial
only, indicated by the relatively high effluent TKN and FSA concentrations (5 - 30 mgN/{). For
most periods, the effluent nitrate concentrations were low (10 - 17 mgN/{) in Module A and B
and indicates that denitrification in the system was very good (~50 - 55 mgN/l), except for
Periods IV and V Module A where nitrification stopped (denitrification < 2 mgN/{) due to
aeration problems. The nitrate concentrations in the anoxic reactors of both modules were higher
than expected (5 - 8 mgN/{) which resulted in (i) nitrate feed back to the anaerobic reactor and
(ii) not achieving low nitrate at the anoxic-aerobic transition in Module A. Reducing the ‘a-
recycle’ ratios on Module A and B from 2:1 and 5:1 to 0:1 and 3:1 respectively did not solve this
problem. Later in the investigation it became apparent that these high anoxic reactor nitrate
concentrations were due to air leaks in the air distribution network and back mixing from the

aerobic reactor, in particular in Module A.

To examine the nitrification and denitrification performance, nitrate and nitrite mass balances
were calculated around each reactor and SST from the results. Net denitrification in the anoxic
zones was very low, on average only 2 and 23 mgN/( influent for Modules A and B respectively.
Compared with the influent TKN of 95 to 98 mgN/(, with such low denitrification it is
impossible to achieve effluent nitrate concentrations between 10 and 17 mgN/¢ unless significant
simultaneous nitrification-denitrification was taking place in the anoxic and aerobic reactors.
This was confirmed during Periods VII and VIII when the air supply to Module A was increased
and resulted in a net nitrate production (nitrification) in the anoxic reactor. While such
simultaneous N removal can have advantages, it comes at considerable risk to nitrification,
indicated by the relatively incomplete nitrification. The overall average N removal was 77 % for
Modules A and B. The average N balances calculated for Modules A and B were 57 % and 76
% respectively due to the simultaneous nitrification-denitrification in the anoxic and aerobic
reactors (in the N balance calculations it is assumed that no denitrification takes place in the
aerobic reactor and no nitrification in the anoxic reactor). Operation of the laboratory scale UCT
system also confirmed simultaneous ND - this system yielded a good (99 %) N balance (verifying

that no simultaneous ND took place in it) and its effluent nitrate concentration was 38 mgN/{,
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double that of the pilot plants. Furthermore, the lab system VSS and TSS concentrations were

~40 % lower than those in the pilot plants indicating that sludge ingress was substantial.

iii)  Biological P removal

With the exception of Module A Period III, the filtered (< 0.45 pm) effluent TP concentration
> 2 mgP/l, indicating that the P removal was not limited by the influent P concentration. This
allowed the overall average system P removal capacity for Modules A and B to be measured,
which based on unfiltered influent and filtered effluent TP was 10.0 and 9.3 mgP/0 influent
respectively. The P removal attained was considerably reduced below that potentially achievable
due to the high concentration of nitrate recycled to the anaerobic reactors; on average at 5.6 and
5.0 mgN/¢ for Modules A and B respectively. This reduced the P removal by an estimated 3
mgP/l. Nevertheless, consistently good biological P removal was obtained at 0.015 and 0.014
mgP/mg influent COD for Modules A and B respectively. In contrast to the N mass balance, the
overall average P mass balance for Modules A and B were excellent, at 103 and 97 %

respectively.

The average anaerobic P release was very similar in both modules at 26 and 29 mgP/{ influent
for Modules A and B respectively. The average aerobic P uptake in Module B is significantly
higher than in Module A at 45 compared with 19 mgP/{ influent respectively. In the anoxic
reactors the two modules appeared to exhibit divergent behaviour. Throughout the investigation
P uptake occurred in the anoxic reactor of Module A, while in Module B P release occurred in
the anoxic reactor. For Module A, over the investigation 48 % of the P uptake occurred in the
anoxic reactor. Initially it was thought this was anoxic P uptake in Module A. Hu et al. (2001)
noted that anoxic P uptake tends to be stimulated by an overload of nitrate on the anoxic reactor
and has been observed quite often in laboratory-scale and full-scale plants. When it takes place,
the BEPR is only two thirds to three quarters of BEPR with predominantly (>90 %) aerobic P
uptake (Ekama and Wentzel, 1997). So its occurrence in Module A is apparent and not real
because (i) both modules were overloaded with nitrate, (ii) had similar average anoxic nitrate
concentrations and (iii) aerobic P uptake took place in Module B and (iv) the BEPR was the same
in both modules. Moreover, when the air supply to Module A was increased (at the expense of
Module B), the anoxic reactor switched from poor denitrification (2 mgN/{) to nitrification (5
mgN/{) confirming that the reactor was more aerobic than anoxic. Although not apparent during
the investigation, the occurrence of P uptake in the anoxic reactor therefore is best explained as
aerobic P uptake as a result of excessive DO ingress into the Module A anoxic reactor. Thus for

Module A the experimental evidence suggested P uptake by PAOs under aerobic conditions
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rather than under anoxic conditions. This was later confirmed after termination of the

investigation - many air leaks were found in the air distribution network passing through the

anoxic reactor.

To determine the unbiodegradable particulate COD fraction (f;,,) of the sewage fed to the pilot
plants, the appropriate f;,, value was selected so that the system VSS mass calculated with the
BEPR model of Wentzel ef al. (1990) was equal to the measured VSS mass using the measured
influent readily biodegradable COD (RBCOD) concentration, the influent characteristics of the
sewage (i.e. {5, and total influent COD) and the known system parameters (anaerobic mass
fraction and sludge age) as input taking due account of the nitrate recycled to the anaerobic
reactor. Anoverall average f; ,, value 0f 0.239 was estimated. The P content of the PAOs (fyp )
was estimated as that value which set the calculated P removal equal to the measured P removal.
An overall average fygp value of 0.322 mgP/mgPAOAVSS was estimated for the pilot plants.
A {5, value of 0.239 for the settled wastewater is far too high and is the result of the sludge
ingress from the main treatment plant. Accordingly a more realistic fg,, 0f 0.05 was selected for
the settled wastewater (the lab-scale system yielded a f; ,, 0f 0.03) and the calculations repeated.
The f;,,, of 0.05 yielded a PAO P content (fypgp) 0f 0.39 mgP/mgPAOVSS which is very close
to the Wentzel et al. (1990) model standard of 0.38 for 100 % aerobic P uptake BEPR,
confirming that the BEPR in the pilot plants was normal aerobic P uptake BEPR, and as high as

can be expected.

Shudge settleability and filamentous organisms

The filament most frequently dominant in both Module A and B was M. parvicella (41 and 44
% respectively). The next most frequently dominant filaments were type 0092 and type 1851.
All of these filaments are classified as typical of the low F/M category (Jenkins et al., 1984) later
renamed Anoxic-Aerobic(AA) (Casey et al., 1994) and are almost always observed in full scale
NDBEPR systems whether bulking or not (Blackbeard et al., 1986, 1988). In both modules the
anoxic nitrite concentrations were very low throughout the investigation with an overall average
of 0.17 and 0.25 mgN/{ for Modules A and B respectively. In both modules anoxic nitrate
concentrations were high, with an overall average of 5.36 and 5.17 mgN/{ for Modules A and B
respectively. The high nitrate concentrations in the anoxic reactors indicated that the proposed
control of nitrate in the Module A anoxic reactor to low concentrations had not been achieved
in practice, even though the ‘a-recycle’ was set to zero from Period IIl onwards. However, the
proposed control of nitrate in the Module B anoxic reactor to high concentrations had been

achieved in practise. Thus, while it was not possible to demonstrate the effect of complete
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anoxic denitrification on sludge settleability, the effect of incomplete anoxic denitrification could
be demonstrated. However, because the intended anoxic and aerobic conditions were not
achieved in the anoxic and aerobic reactors, and these reactors were a continuous quasi anoxic
quasi aerobic reactor, it is difficult to apply the AA filament bulking hypothesis to the resuits.
In terms of the hypothesis and the bulking control strategy, since both modules have high anoxic
nitrate concentrations both should produce a bulking sludge due to AA filament proliferation.
In contrast both modules produced very good settling sludges with low overall DSVIs 0f 97 and
102 m¢/gTSS and at no time during the investigation did the 7 day moving average DSV1 exceed
120 m#/gTSS in both modules. The quasi anoxic quasi aerobic conditions in the pilot plants
would be similar to those in Carousel, Orbal and ditch type ND systems, which often produce
poor settling sludges, yet the sludge in the pilot plants settled well. To compound the matter
further, the laboratory scale system fed the same wastewater with 0:1 ‘a-recycle’ like Module A
but with defined anoxic and aerobic conditions and high anoxic to aerobic transition nitrate
concentration (2.1 mgN/l) produced a poor settling sludge (DSVI > 250 m{/gTSS), as expected
from the AA filament bulking hypothesis.

Simulation of pilot plant performance

By giving the same influent flow and concentrations and system design parameters as input, the
system performance was modeled with two NDBEPR simulation programmes, UCTPHO
(Wentzel et al., 1992) and BIOWIN (Envirosim & Associates, Canada, 2001 release), the first
representing models based on 100 % COD balance and the latter representing models that have
included the inexplicable COD loss. Because the modules could not be operated with well
defined aerobic and anoxic conditions and without sporadic siudge ingress, the measured results
cannot be used to comment on the model predictions. Therefore, the second objective, that of
establishing whether or not the unexplained COD loss observed in laboratory scale NDBEPR

systems also takes place in large scale systems, could not be validated.

Conclusions

Despite the significant expenditure by the CMC to modify and refurbished the pilot plants to
UCT NDBEPR systems and major effort in operating, monitoring and analysis ofthe pilot plants,
the persistent problems with the aged fine bubble aeration system, back-mixing of mixed liquor
across the anoxic-aerobic reactor baffle and the back flow of sludge from the main treatment

plant, prevented achieving the project objectives.

(1)  COD mass balances could not be done so no additional information could be obtained
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to date on the unexplained COD loss in NDBEPR systems.

From the way the pilot plants actually operated, i.e. significant simultaneous ND in the
quasi-anoxic quasi-aerobic conditions of the anoxic and aerobic reactors, in terms of the
AA filament bulking hypothesis, AA filament bulking should have taken place in both
modules, but didn’t. Orbal, Carousel and other ditch type ND systems also have such
simultaneous ND conditions and often have bulking sludge. Curiously, the parallel UCT
system did produce an AA filament bulking sludge in conformity with the AA bulking
hypothesis. In seeking an explanation for this divergent behaviour one possibility is
the difference in aerobic DO concentration; Casey et al. (1994) have demonstrated that
aerobic DO does influence DSVI. This is an area that requires further research. Clearly
finding an absolute cure for AA filament bulking in NDBEPR systems remains elusive
despite the considerable South African and international research attention it hasreceived

over the past 20 years.
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CHAPTER 1

INTRODUCTION

1.1 INTRODUCTION

This thesis examines at pilot scale (~2 M{/d) two important aspects of biological nutrient removal

activated sludge (BNRAS) systems viz. :

(1)  Control of low F/M filamentous bulking and

(2) Low COD balances (80 - 85 %) and undetermined COD loss in nitrification-
denitrification (ND) biological excess phosphorus removal (BEPR) systems compared
with ND systems.

1.2 BACKGROUND TO LOW F/M FILAMENT BULKING

The activated sludge process is an efficient means whereby the nutrients nitrogen (N) and
phosphorus (P) can be reduced biologically to low concentrations in municipal wastewater
effluents. However, a major disadvantage of the process is that in the sludge mass which
develops, filamentous organisms can proliferate which results in poor settleability of the sludge
in the secondary settling tank. From a survey of nutrient removal plants in South Africa
(Blackbeard et al., 1988) it was found that out of 45 BNRAS plants, 33 had bulking problems

of considerable proportions which severely reduced the treatment capacity of these plants.

It has been shown by Ekama and Marais (1986) that an important factor limiting the treatment
capacity of an activated sludge plant is the inefficient separation of solids from the liquid phase
in the secondary settling tank caused by poor sludge settleability. For a mixed liquor with a
suspended solids concentration of 3.5 g/{ and a Diluted Sludge Volume Index (DSVI) of 150
m{/g amaximum overflow rate of 1 m/h can be achieved without settling tank failure (i.e. solids

carry over). If the DSVI1is reduced from 150 m{/g to 100 m{/g the maximum overflow rate can
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be increased to 1.8 m/h, thereby increasing the treatment capacity by 2/3. However, if the DSVI
deteriorates from 150 mé/g to 200 m¢/g then a reduction in maximum overflow rate to 0.6 m/h
can be expected, effectively reducing the treatment capacity by 1/3. These findings demonstrate
the importance of developing and maintaining a good settling sludge. The large potential savings
from increasing the treatment capacity of activated sludge plants through improvement in sludge

settleability have motivated considerable research into the causes of bulking.

Bulking is caused by the excessive growth of filamentous organisms which leads to a
deterioration in the separation of solids from the liquid phase. If a sludge contains very small
quantities of filamentous organisms and is dominated by floc formers, then pin-point flocs result,
which while providing a good settling sludge, tends to generate a poorly clarified effluent.
Conversely, a sludge which is largely made up of filamentous organisms will settle poorly but
generate a very well clarified effluent (if carry-over of solids is avoided). Clearly, the correct
combination of these two extremes is desirable such that a good settling sludge is produced

together with a well clarified effluent.

Lee et al. (1983) investigated the effect of the presence of different quantities of filamentous
organisms - measured by Total Extended Filament Length (TEFL, km/g) - on the sludge
settleability parameters Sludge Volume Index (SVI) and Diluted Sludge Volume Index (DSVI).
They found that the DSVI was much better correlated to the TEFL than the SVI and when the
DSVI increased above 150 mi/g, filamentous organisms began to dominate the settling
characteristics of the sludge. From this finding, a sludge with a DSVI of greater than 150 m{/g
is regarded as a bulking sludge. DSVI values between 80 and 100 m{/g are regarded as ideal
because these have sufficient filaments to enable good flocculation and clarification but

insufficient filaments to cause poor settleability.

The current methodology for analysis and control of filamentous bulking sludges is to use the
filament categorization method of Jenkins et al. (1984) in which the presence of a specific
filament type causing bulking is associated with a causative wastewater characteristic or a
process operating condition (see Table 1.1). Eliminating the causative condition will result in
cessation of proliferation of the specific filament type and hence amelioration of the bulking

problem. This method of controlling filament bulking is termed "specific" and contrasts with
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"non-specific" control methods such as chlorination which impairs the growth of filamentous
organisms to a greater extent than floc-formers because of their high surface area to volume ratio.
The use of non-specific methods for the control of bulking does not address the causes of
filament proliferation but merely treats the symptoms. Consequently, it was desirable to develop
specific methods which control the causative filamentous organisms and to do this a more
fundamental understanding of the interaction between floc-formers and filaments was necessary.
Filament identification surveys of South African N & P removal activated sludge plants
(Blackbeard et al., 1988) indicated that the six most commonly dominant filamentous organisms
were types 0092, 0675, 0041, M. parvicella, types 0914 and 1851. From Table 1.1 the first four
of these belong to the Jenkins et al. (1984) low food to micro-organism ratio (F/M) group.
Therefore in order to improve sludge settleability in low F/M or long sludge age BNRAS plants

in South Africa, control strategies need to be investigated to minimize proliferation of filaments

in the low F/M group.
Table 1.1 Categorisation of filaments according to certain causative conditions (Jenkins et
al. 1984).
Suggested causative conditions Indicative filament types ll
Low F/M ratio M. parvicella, types 0041, 0675, 0092, 0581,
0961, 0803, 021N, H. hydrossis, Norcardia spp.
Low dissolved oxygen Type 1701, §. natans, H. hydrossis

Presence of sulphide / septic sewage Thiothrix spp., Beggiatoa spp., type 021N

Low pH Fungi

Nutrient deficiencies S. natans, Thiothrix spp., type 021N, and
possibly H. hydrossis, types 0041, 0675

Chudoba et al. (1973) proposed a selection criterion to explain the occurrence and non-
occurrence of filament bulking in low F/M systems, which was based on the differences in
growth kinetics between floc-formers and filamentous organisms at different substrate
concentrations. In the Monod formulation for specific growth rates it was found that filamentous
organisms generally have lower values for both the half saturation coefficient (Kg) and the

maximum specific growth rate (p,;) making them more responsive to low bulk liquid substrate
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concentrations. Hence, in low F/M or long sludge age plants, filamentous organisms have a
selective advantage and tend to dominate over the floc-forming organisms, thereby producing
a poor settling sludge. Resulting from this, it was proposed that if a "selector" reactor was
introduced to a system such that the substrate concentration in this reactor was maintained at a
high level, then floc-formers would be selected for because of their higher maximum specific
growth rate at high substrate concentrations. The mixed liquor would then tend to contain fewer
filamentous organisms, producing a sludge with better settling characteristics. This idea
stimulated considerable research into the use of selectors for low F/M filament bulking control,
but by 1984 it became apparent that Chudoba's selection criterion does not completely account
for the proliferation or suppression of this filamentous organism group with either aerobic or
anoxic selectors. From the research it appeared that S. natans and Thiothrix, which are not low
F/M filaments, and 021N, are possibly controlled by inducing a selector effect (Gabb et al.,
1988), but there was still no conclusive evidence that the low F/M filaments are controlled by
this method. Consequently a four year investigation (1985-1988) was initiated at UCT to
consolidate and in some cases repeat experiments reported in the literature so as to provide
conclusive evidence whether or not the low F/M filamentous organisms are controlled by
selectors. A number of different experiments were carried out by Gabb et al. (1989a, 1991), in
which the effect of anoxic, aerobic and anaerobic selectors on low F/M filament bulking was
examined in fully aerobic, anoxic-aerobic and anaerobic-anoxic-aerobic systems. It was
concluded that, although anoxic and aerobic selectors were (and still are) promoted as being a
specific method for the control of low F/M filament bulking, they in fact did not do so (Ekama
et al., 1996). This finding together with the observation that low F/M filament bulking seemed
associated with alternating anoxic-aerobic conditions rather than the selector effect, terminated
the selection criterion approach, both kinetic selection (anaerobic or anoxic selectors) and
metabolic selection (anoxic or anaerobic selectors/reactors) and placed bulking research into low

F/M filament bulking in N and N&P removal plants back into an exploratory stage.
A second wide-ranging follow-up research investigation began in 1989 to study the effect of
various sewage characteristics and system operating parameters on low F/M filament bulking,

in particular the low F/M filament response to:

(1)  Readily biodegradable or slowly biodegradable COD from artificial substrate and real
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sewage.

(2)  Plant configurations (i.e. fully aerobic; fully anoxic; intermittent aeration; pre- and post-
denitrification; MUCT and JHB).

3) Sludge age [i.e. short (5 days) or long (22 days)].

(4)  Proportion of anoxic/aerobic mass fraction.

(5)  Frequency of alternation between aerobic and anoxic conditions.

6) Dissolved oxygen in the aerobic zone.

(7)  Nitrate and nitrite concentrations in the anoxic zone(s).

Some of the above parameters were investigated using artificial substrate by Gabb ez al. (1989);

Ketley et al. (1991); Hulsman et al. (1992); de Villiers et al.(1994); Casey et al. (1994). In many

instances it was necessary (either for the purposes of confirmation or because the filaments found

were not those generally found in full-scale plants), to study the effects of the above parameters
with real sewage [Warburton et al. (1991); Ketley ef al. (1991); Hulsman et al. (1992); de
Villiers et al.(1994); Casey et al. (1994)] so that additional uncertainties with using artificial

substrate did not unnecessarily complicate the objective of finding methods for ameliorating low

F/M filament bulking in full scale plants.

From this research it was established that the following conditions have a significant influence

on low F/M filament bulking (after Casey et al. 1994):

(D

@)

€)

(4)

()

Continuous anoxic or continuous aerobic conditions controlled low F/M filament
proliferation to low DSVI values (< 100 m{/g).

An aerobic mass fraction of between 30 and 40 % coincided with high DSVI values. In
contrast, aerobic fractions greater or less than this are associated with progressively lower
DSVIs until fully aerobic or fully anoxic conditions are present.

Low F/M filament proliferation was observed in single reactor intermittent aeration
systems irrespective of the biodegradability of the available substrate (i.e. RBCOD or
SBCOD) for both artificial substrate and real sewage.

Low dissolved oxygen concentration in the aerobic reactor had some influence on low
F/M filament proliferation.

The presence of nitrate and/or nitrite concentrations at the time the conditions in the

various N and N&P removal systems become aerobic (having been anoxic) was
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associated with low F/M filament bulking. In this respect, it appeared that nitrite had a

greater influence than nitrate.

From research results Casey ef al. (1992 a,b; 1994, 1999a,b,c) developed an explanation for the
proliferation of low F/M filaments in N and N&P removal plants. Accepting that the filamentous
organisms reduce nitrate only to nitrite and the floc-formers denitrify nitrate to dinitrogen gas,
when denitrification is not complete in the anoxic reactor (observed by high nitrate and nitrite
concentrations at the transition from anoxic to aerobic conditions), intracellular gaseous
denitrification intermediates (NO, N,O) in the floc-formers inhibit their oxygen uptake enzymes
when conditions become aerobic. The filaments, which do not accumulate intracellularly those
inhibitory denitrification intermediates, are not inhibited in their oxygen uptake ability and
therefore have an advantage over the floc-formers. As a consequence Casey et al. (1994)
renamed the low F/M filaments that tend to proliferate in N and N&P removal plants, anoxic-

aerobic (AA) filaments.

From the above findings, Musvoto et al. (1992) studied the effect of very large anoxic mass
fractions (>50 %) (to ensure low nitrate and nitrite concentrations - < 1 mgNO,-N/{, at the anoxic
to acrobic transition) and concentrations of nitrate and nitrite entering the aerobic zone on low
AA (F/M) filament bulking in nutrient removal activated sludge systems. They concluded that
it is not the aerobic mass fraction per se which affects the proliferation of AA filaments, but
rather the concentrations of nitrate and nitrite in the anoxic zone prior to the aerobic zone.
Although not with 100 % repeatability, this phenomenon has been observed repeatedlyin several
subsequent laboratory investigations with NDBEPR (i.e. Pilson et al., 1995; Sneyders et al.,
1998; and Mellin et al., 1998) and ND (i.e. Ubisi et al., 1997; Cronje et al., 2000; and Beeharry
et al., 2001) systems. Hence it is desirable, for the purposes of design, to ensure that
denitrification is complete (i.e. nitrate < 0.5 and nitrite < 0.2 mgN/¢ respectively) in the anoxic

reactor prior to the aerobic reactor.

These findings, while not always repeatable, provided support for the bulking hypothesis of
Casey et al. (1992a, 1994) which attempts to explain the reason for the connection between high
levels of nitrate (and nitrite) present in the anoxic reactor prior to the aerobic reactor, and high
values of DSVI. The hypothesis and the experimental work leading to it, is reviewed in more
detail in Chapter 2.
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1.3 INEXPLICABLE COD Loss FROM NDBEPR SYSTEMS

A second important phenomenon observed repeatedly in the laboratory-scale investigations on
NDBEPR systems cited above as well as those on external nitrification (EN) biological nutrient
removal (BNR) activated sludge (AS) systems (Moodley et al., 1999; Sotemann et al., 2000; and
Hu et al., 2001), is that in these systems low COD mass balances (80 to 90 %) were observed.
In contrast, on ND systems (i.e. no anaerobic reactor) invariably the COD mass balances are
much higher (90-95 %) and closer to the theoretically expected 100 %. This inexplicable loss
of COD in NDBEPR systems has also been observed in other research laboratories e.g. Virginia
Tech, Wable and Randall (1992). Because the COD mass balance is based on reconciling the
COD mass exiting the system via effluent flow, sludge VSS wastage and carbonaceous oxygen
demand, with the influent wastewater COD mass, the lower COD mass balance results in lower
sludge production and carbonaceous oxygen demand. Indeed so often and repeated has this low
COD mass balance been observed over the past decade that certain BNR models coded into
commercially available computer simulation packages, include this COD loss (~15 %) and so
calculate reduced sludge production and oxygen demand. The mechanism whereby this COD
loss is included in the models is via the fermentation process which transforms the readily
biodegradable (RB) COD to volatile fatty acids (VFA) in the anaerobic reactor - instead of an
equal concentration of VFA being generated from the RBCOD, only a fraction (~50 %) of the
RBCOD becomes VFA, the balance is COD that is lost. The fermentation process has been
selected for this COD loss because it is one of the few biological processes confined to the
anaerobic reactor. The COD loss cannot be due to a lower anoxic heterotrophic yield coefficient
(0.54 mgCOD/mg COD instead of 0.66 mgCOD/mgCOD) because this (i) doesn’t affect the
COD balance and (ii) happens in both ND and NDBEPR systems. The question that arises from
this COD loss phenomenon is - does this COD loss also happen at large or full scale so that it is
scientifically defensible to include this COD loss and design full scale plants on this basis?
Because the pilot plant is potentially a well controlled and monitored plant, it provides an

opportunity to check the COD mass balance at a scale 200 000 x larger than laboratory scale.
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1.4 RESEARCH OBJECTIVES

The hypothesis of Casey et al. (1992a, 1994) and the demonstration of Musvoto ef al. (1992)
indicate that AA filament bulking can be controlled by careful design and operation of the
denitrification zones of N and N & P removal systems. However, as the above has been
undertaken at laboratory scale, application of the proposed specific methods to control AA

filamentous organism bulking needs to be demonstrated at full-scale.

The main objectives of this research were:

(1) To demonstrate and evaluate at full-scale specific bulking control measures in biological
N & P removal systems.

(2) To transfer research and development in bulking control undertaken at laboratory-scale
to full-scale.

3) To verify at full-scale the specific bulking control hypothesis developed from research
over the past 6 years.

4) To check the COD mass balance at full-scale.

1.5 RESEARCH APPROACH

From the hypothesis for bulking by AA filaments, it is evident that if the nitrate and nitrite
concentrations leaving the anoxic reactor/zone and entering the subsequent aerobic reactor/zone
can be controlled to be < about 1 mgN/{, then bulking by AA filaments should be minimised, and
visa versa. The principal aim of this research project was to demonstrate this control
methodology at full-scale. For this purpose, the two parallel Stage 1 modules at the Mitchells
Plain Wastewater Treatment Plant (WWTP) were used. The two modules were refitted as N &
P removal UCT configuration systems, such that the two systems have the same operating
parameters. This would allow one system to be used as a control and the other as an
experimental system, to compare behaviour. In the one system (Module B), the nitrate/nitrite
concentration in the anoxic reactor was to be controlled to be > 2 mgN/¢ and hence in terms of

the hypothesis should bulk, while in the other parallel system (Module A) it was to be controlled
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to <1 mg! and hence in terms of the hypothesis should not bulk. To control the nitrate/nitrite
concentrations leaving the anoxic reactors, the ‘a-recycle’’ (aerobic to anoxic) would be varied
to under or overload the anoxic reactors with nitrate as required. In this manner, by monitoring
the sludge settleability in the two systems (via the DSVI), the efficacy of the control strategy
formulated from the hypothesis could be demonstrated (this approach was shown to be not
completely successful due to difficulties in plant operation). The two modules were to be
monitored sufficiently intensively and regularly to be able to conduct Total N, Total P and COD
mass balances, to see how the COD mass balance compares with laboratory-scale NDBEPR
systems. Further, bulking in nutrient removal plants is inextricably linked to the nutrient removal
performance (Casey e al., 1992a, 1994). Hence, the data was to be analysed in detail to examine

these and possible links to bulking.

During the course of the investigation it became apparent that poor N mass balances were being
achieved. To investigate this further, a laboratory-scale system was set up with the same

operating parameters as the full-scale systems, and operated in parallel on the same wastewater.

The successful design and operation of full-scale NDBEPR plants have been aided by the
development of kinetic simulation models which predict system performance with regard to the
biological removal of carbon, nitrogen and phosphorus. Hence, the effect of COD loss in
NDBEPR systems would be examined by comparing the measured system performance of the
experimental systems with the predicted results of two kinetic simulation programs, UCTPHO
(no COD loss included) and BIOWIN (COD loss included).

'In this investigation, the ‘a-recycle’ refers to the inter-reactor mixed liquor recycle pumped from the
end of the acrobic reactor to the beginning of the anoxic reactor.
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CHAPTER 2

LITERATURE REVIEW

2.1 PREAMBLE

Casey et al. (1994; see also 1999a,b,c) conducted a comprehensive literature review on specific
bulking control in order to consolidate and integrate the findings of other researchers with the
bulking research program undertaken at the University of Cape Town. It is not the intention in
this chapter to do a separate review, but rather to give a brief overview of filamentous organisms
and their effect on sludge settleability and thereafter to review the research which ultimately led
to the formation of a hypothesis (Casey et al.,1994; see also Casey et al., 1999a,b,c) for the
causes of filamentous organism proliferation (bulking) in nutrient removal plants. The review
ends with a discussion on the objectives of the research presented in the remainder of the

document.

2.2 FILAMENTOUS ORGANISMS

Filamentous organisms are a natural component of activated sludge biocenosis and their
occurrence, in small quantities, is in fact beneficial. They frequently form a "back bone" to
which flocs attach and this increases the overall floc density and in addition, filament lengths
extending into the bulk liquid form web-like structures which tend to screen small particles
thereby improving clarification. However, when the occurrence of filamentous microorganisms
exceeds a certain level (i.e. a total extended filament length (TEFL) greater than 30 km/g, Lee
et al., 1983; a DSVI greater than 150 mi/g, Ekama and Marais 1986; a TEFL greater than 10’
um/m¢ or 10* m/g, Jenkins et al., 1984) they begin to dominate the settling behaviour of the
sludge causing excessive volumes of settled activated sludge in the secondary clarifier due to low
compactibility and slow zone settling velocities. There are 29 different types of filamentous
bacteria (Eikelboom and van Buijsen, 1981; Jenkins et al., 1984), some of which are associated

with foaming rather than with bulking (e.g. Nocardia spp. and Microthrix parvicella).
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While different filaments tend to dominate in WWTPs in different countries [England (Foot,
1992); United States (Jenkins et al., 1984); France (Pujol e al., 1991); Germany (Ziegleret al.,
1990); South Africa (Blackbeard ef al., 1988)] it is apparent that 12 filaments are frequently
found in many activated sludge plants (Wanner, 1993). Of these 12, 9 are included in the 14
filaments identified by Blackbeard et al. (1988), which occur in nutrient removal plants in South
Africa. Ranked in descending order of occurrence (as opposed to dominance) the top 6 of the
above mentioned 14 in South Africa are: type 0092, type 0914, M. parvicelia, type 1851, type
0675 and type 0041.

Different filamentous organisms proliferate under different conditions and because of this,
measures used to control their proliferation must apply to as many different filament types as
possible for maximum effect. However, even this is not always sufficient since certain filaments
with a similar abundance to others have a greater effect on sludge settleability. For instance the
occurrence of M. parvicella is believed to influence settleability to a far greater extent than type
0092 (ranked as 3rd and 1st respectively in South Africa by Blackbeard ez al., 1988).

2.3 FACTORS AFFECTING THE GROWTH OF FILAMENTOUS ORGANISMS

There are two approaches to the control of filamentous organisms in activated sludge plants. The
first is "non specific" control which is designed to address the symptoms of bulking by addition
of inhibitory chemicals such as chlorine, ozone or hydrogen peroxide which selectively kill the
filaments. While this approach is suitable in emergency situations it is undesirable as a primary
control measure (due to cost, the formation of chloro-organics and the fact that it is only a
temporary measure) and hence "specific” control, which attempts to address the cause of filament
proliferation is preferable. To isolate specific bulking control strategies a wide range of research
programs have been conducted to elucidate the factors which affect the growth of filamentous
organisms. Since Chudoba et al. (1973) proposed an organism selection criterion as an
explanation for the occurrence or non-occurrence of filamentous bulking, numerous studies have
been conducted both at laboratory-scale and full-scale which have attempted to delineate
strategies for the control of these "weeds of activated sludge" (Donaldson, 1932) or the "AIDS
of activated sludge" (Rogalla, 1993).
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The research reported in this investigation pertains specifically to Nitrogen (N) and Nitrogen and
Phosphorus (N&P) removal plants and therefore the following review is devoted to the research

applicable only to filamentous bulking in these types of activated sludge plants.

From a wide ranging investigation Ekama et al. (1996) concluded that neither kinetic selection
(i.e. the stimulation of high substrate utilisation rates via the imposition of a soluble COD
concentration gradient) nor metabolic selection (i.e. the introduction of an anoxic and/or an
anaerobic reactor to the system) nor a combination of these could control the proliferation of low
F/M filaments in long sludge age nutrient removal activated sludge plants. From this important
conclusion it was evident that an additional factor or factors hitherto not considered was
responsible for the proliferation of low F/M filamentous organisms in N and Nutrient removal
plants. As a foundation for future research, five aspects were identified as possibly influencing

filament proliferation. These were:

1)  Biodegradability of influent (i.e. RBCOD or SBCOD).
2)  Continuous aerobic and continuous anoxic conditions (i.e. no switching between anoxic
and aerobic conditions).
3)  Magnitude of aerobic (or anoxic) mass fraction.
4) Concentrations of NO,” or NO, in the anoxic zone prior to aeration (or the aerobic zone).
5) The difference between intermittent aeration nitrification-denitrification (IAND) and 2-
reactor nitrification-denitrification (2RND) systems. '
5.1  Frequency of alternation between anoxic and aerobic conditions, (i.e. magnitude
of ‘a-recycle’).
5.2  Utilization of RBCOD under aerobic, anoxic or aerobic/anoxic conditions.
5.3 DO concentration in aerobic zone/period (i.e. constant or variable).

5.4  Nitrate concentration in anoxic zone/period (i.e. constant or variable).

2.4 EXPLORATORY INVESTIGATION

In order to assess the influence of the above aspects on filament proliferation a series of

experimental investigations were carried out using both defined artificial substrate and real
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municipal sewage as influent. For clarity the work conducted using these two different types of

influent is discussed separately below (Part I relates to experiments with defined artificial

substrate and Part I relates to experiments with real municipal sewage as influent) although some

sections of the work were carried out concurrently. These investigations were carried out using

one of the following system configurations:

1) single reactor, either continuously aerobic/anoxic or intermittently aerated nitrification-
denitrification (IAND),

2) two reactor, either modified Ludzack-Ettinger (MLE) or Wuhrman, the former being a
pre-denitrification system and the latter a post-denitrification system,

3) multi-reactor University of Cape Town (UCT) system or modified UCT (MUCT)

systems, capable of N & P removal.

The single and two reactor systems in Parts I and I were operated at 15 days sludge age and the
multireactor systems in Part I were operated at 20 days sludge age. All systems were operated
at 20 °C.

2.4.1 Part] - Defined Artificial Substrate as Influent

2.4.1.1 Introduction

From initial investigations by Gabb (1988) it became apparent that the initial response to each
new batch of real sewage of the laboratory systems being operated, differed with each new batch
of real sewage obtained from Mitchell's Plain - a domestic sewage treatment plant in the greater
Cape Town area. In an attempt to eliminate these inevitable variations Gabb (1988) motivated
for the development of a defined artificial substrate as a substitute for municipal sewage as
influent. However, to ensure that the deﬁhed substrate was a suitable substitute, it had to have:
(1) a similar chemical composition to municipal sewage, (2) a similar kinetic response, and (3)
a similar biological response, in that similar organisms types would develop that are similar to
those with municipal sewage. A literature survey on sewage compositions was completed and
the defined artificial substrate was tested and adjusted such that it complied with the above 3
provisos. While the defined artificial substrate appeared to be an adequate substitute in single
reactor batch fed long sludge age systems, it was found that when fed to a MUCT system the
response was very different to that exhibited by a similar system fed municipal sewage. It was

concluded that the MUCT configuration was too complex, as a starting point, to elucidate the
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mechanisms inducing bulking and hence attention was focused initially on single reactor systems.

2.4.1.2 Biodegradability of influent (RBCOD or SBCOD)
In work by Casey et al. (1994; see also 1999a,b,c) and Lakay et al. (1999) the effect of including

and removing RBCOD and SBCOD from the artificial substrate was investigated on Intermittent
Aeration Nitrification-Denitrification (IAND) systems. It was found that the DSVI increased
substantially (from = 500 to = 1000 m¢/g) following a change from SBCOD only to RBCOD
only substrate, and decreased substantially following a change from RBCOD only to SBCOD
only substrate, with the dominant filaments being H. hydrossis or type 1851, or both. It is
difficult to draw direct conclusions from these observations, but it is possible that filaments are
either capable of adapting more rapidly to the change in substrate in the short term and that the
trend would have reversed over the long term, or that the substrate concentration in the reactor
was not sufficient to favour the growth of floc-formers over filaments using the Chudoba
| selection criteria. In addition, it was also noted by Casey et al. (1994, see also 1999a,b,c) that
an increase in DSVI corresponded with an increase in combined effluent NO; and NO,
concentrations (NO,,,) and conversely a decrease in DSVIcorresponded to a decrease in effluent
NO,,;. This suggested that high DSVIs (from greater numbers of filaments) are associated with
areduced denitrification ability of the system. Also using IAND systems, the selector effect was
examined by the addition of either aerobic or anoxic selectors. From these investigations it was
found that, provided selector reactors were sized such that over 90 % of the influent COD was
removed in those reactors and RBCOD-rich substrate was fed to the systems, a dramatic
reductionin DSVIwas observed. Comparison with similar IAND systems (all without selectors)
fed municipal sewage (Warburton ef al., 1991) indicated that the use of the artificial substrate
tended to "amplify" the DSVIs obtained compared to identical systems fed real sewage.

2.4.1.3 Continuous aerobic and continuous anoxic conditions

Ketley et al. (1991) reported that continuous aerobic and continuous anoxic single reactor
systems fed artificial substrate developed low DSVIs (= 100 mi/g). This contrasted sharply with
the finding that, in intermittently aerated systems fed artificial substrate, high DSVIs developed
(= 800 m{/g). In order to control the excessive growth of filaments in this system it was exposed
to continuous aeration and the DSVI decreased dramatically. On reimposing conditions of

intermittent aeration the DSVI increased dramatically. This finding pointed to the switching
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between aerobic and anoxic conditions as being associated with high DSVIs and confirmed the

work of Gabb er al. (1989) with real wastewater.

2.4.1.4 Magnitude of aerobic (or anoxic) mass fraction
Work by Casey et al. (1994; see also 1999a,b,c) on IAND systems showed that, while low DSVIs

were developed in systems which were either completely anoxic or completely aerobic, systems
subjected to alternating aerobic an anoxic conditions developed high DSVIs. By adjusting the
aerobic period relative to the anoxic period it was possible to determine the worst combination
in terms of the highest DSVI and this was found to develop at 30 to 40 % aerobic mass fraction
(see Figure 2.1).
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Figure2.1: Relationship between sludge settleability (DSVIin mé/g) and percentage aerobic

mass fraction (%).

2.4.1.5 Concentrations of NO,” and NO, in the anoxic zone prior to aeration (or the aerobic

zone)
During an investigation into the relative roles of RBCOD and SBCOD in the proliferation of
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filamentous organisms by Casey ef al. (1994; see also 1999a,b,c), it was noted that high DSVIs
invariably occurred when high concentrations 0f NO,,, were measured in the effluent. To further
investigate this observation, an IAND system was operated with continuous NO; addition to the
reactor. The DSVI was initially high (>600 m¢/g) with the effluent NO,,,; >25 mgN/{. Once the
NO," addition was discontinued a dramatic reduction in DSVI was observed to 150 mé/g in 20
days due largely to a reduction in the growth of H. hydrossis. However, after a further 40 days
the DSVI had again increased to over 400 m{/g through the proliferation of filament types 1851
and 1701. By removal of the ammonium (NH,") fraction of the influent substrate it was possible
to once again reduce the DSVI - this time to 200 m{/g after 44 days. The conclusion from these
experiments was that there is a relationship between the NO,,;" in the effluent and the DSVI,
although it was still not clear whether high concentrations of NO,,;” caused filament proliferation

or whether filament proliferation caused high concentrations of effluent NO,, ;"

2.4.1.6 Differences between IAND and 2RND systems
Hulsman et al. (1992) operated 2RND systems with an aerobic mass fraction between 30 and

40 % of the total and found that, although the same filaments as were found in IAND systems

(with similar mass fractions) occurred in these systems, viz. H. hydrossis and type 1851, they

tended to develop significantly lower DSVIs (150-200 m{/g vs 400-600 m{/g). The reasons for

this difference between two systems with apparently similar aerobic mass fractions were not
specifically investigated with artificial substrate but were identified as relating to the following:

i) Frequency of alternation between anoxic and aerobic conditions is considerably greater
in an IAND system (> 30/d), than in a 2RND system (< 5/d) as a consequence of the low
mixed liquor a- (acrobic-anoxic) and sludge return s-recycles.

it) RBCOD is utilized under both anoxic and aerobic conditions in an IAND system,
whereas it is utilized exclusively under anoxic conditions in an MLE (pre-denitrification)
system and exclusively under aerobic conditions in a Wuhrman system (post-
denitrification) system.

iii)  The DO concentration in an IAND system is similar throughout the mixed liquor at any
given moment, but varies depending on whether it is in an aerobic period or an anoxic
period or changing from anoxic/aerobic to aerobic/anoxic. In contrast a 2RND system
has a constant high DO (=>2 mg0/() in the aerobic reactor and a constant low DO (= 0

mgO/() in the anoxic zone and comparatively small masses of mixed liquor are changing



2.8

from anoxic/aerobic to aerobic/anoxic at any given moment in time.

iv) The NO, and NO; concentrations in the aerobic period of an IAND system increase or
decrease depending on whether conditions are aerobic or anoxic, whereas in a 2RND
system, the NO,” and NO, concentrations remain constant in the anoxic reactor given

consistent concentrations of ammonium (NH,") in the influent (i.e. steady state).

The four differences between IAND and 2RND systems identified above formed the basis for
another series of experiments, this time on municipal sewage. Since the main objective of using
defined artificial substrate had been fulfilled, i.e. to assess the impact of SBCOD-rich substrate
on filament proliferation, and it was found that the filaments which developed using artificial
substrate were not always similar to those found in full-scale plants, the use of defined artificial
substrate was discontinued and all further experiments were conducted using real municipal

sewage.

The importance of developing the same types of filamentous organisms in laboratory-scale
investigations as are found in full scale plants, to establish credibility of the results from
laboratory scale systems, prompted the re-examination of many of the aspects described above -
but this time using municipal sewage. A summary of the results and discussion of these

experiments follows in Part II below.

2.4.2 Part Il - Municipal Sewage as Influent

2.42.1 Introduction

Using municipal sewage as influent, the five aspects identified previously as possibly influencing
filament proliferation in N or nutrient removal plants motivated further research which is
reviewed below. In addition the effect of sludge age on filament proliferation also received

attention.

2.4.2.2 Biodegradability of influent (RBCOD or SBCOD)
Although Warburton et al. (1991) did not specifically study the effects of RBCOD-rich or

SBCOD-rich substrates on filament proliferation it was apparent that with average proportions
of RBCOD and SBCOD, the DSVIs obtained using municipal sewage tended to be lower than
those obtained using defined artificial substrate.
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2.4.2.3 Continuous aerobic and continuous anoxic conditions

In work by Casey ef al. (1994; see also 1999a,b,c) it was found that whereas IAND systems
tended to develop high DSVIs (250 m{/g), when these systems were subjected to continuous
aeration the DSVIs decreased to below 100 m{/g from above 150 m{/g in approximately 17 days
(i.e. just over a sludge age). These findings are in agreement with results obtained by Ketley
etal. (1991) and by Gabb et al. (1989). It was further noted from the work of Casey et al. (1994,
see also 1999a,b,c) that acceptable COD balances of between 95 and 100 % were generally
obtained for systems subjected to continuous aeration. However, once these systems were
subjected to intermittent aeration, COD balances deteriorated to as low as 73 %. At the time this
work was carried out there was no satisfactory explanation for this, but from subsequent work
a possible explanation has been put forward by Casey et al. (1994; see also 1999a,b,c) and is

discussed later in this document in the section on the Casey bulking hypothesis.

Ketley et al. (1991) also investigated the effect of continuous anoxic conditions on filament
proliferation and found that if continuous anoxic conditions were imposed on a system with a
high DSVI(= 200 m{/g), this could be reduced (to = 89 m{/g). This finding indicated once again
that switching between anoxic and aerobic conditions promotes filamentous bulking under

certain (and at this stage unexplained) conditions.

2.4.2.4 Magnitude of aerobic (or anoxic) mass fraction

In nitrification-denitrification systems, regardless of their configuration, the mass of nitrate
generated is dependent on the influent Total Kjeldahl Nitrogen (TKN). The ammonium (NH,"),
which contributes approximately 75 % of the nitrogen which makes up the TKN, is utilized as
substrate by the autotrophs and because the growth rate of autotrophs is considerably slower than
that of heterotrophs, the size of the aerobic reactor (or the aerobic sludge age) must be sufficient
to ensure complete nitrification. In addition to these constraints, the size of the aerobic mass
fraction has also been observed to influence the DSVI. Warburton ef al. (1991) studied the effect
of the aerobic sludge mass fraction in IAND systems on the proliferation of filaments. In this
investigation, conducted at 10 days sludge age, it was found that a 30 % aerobic mass fraction
produced much higher DSVIs than a 70 % aerobic mass fraction. A similar conclusion was
arrived at by Casey et al. (1994, see also 1999a,b,c) who conducted experiments using an MUCT

configuration. In this investigation, two systems were operated for 180 days, and it was found
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that with an aerobic mass fraction of 33 %, DSVIs of = 200-250 m{/g were obtained and this
decreased to 100-150 m{/g when the aerobic mass fraction was increased to 65 %. It was also
noted that when the DSVI increased, as a result of a reduction in aerobic mass fraction, the
effluent NO,,; decreased which appeared, initially, to conflict with earlier findings. However,
this observation was explained by the fact that a reduction in aerobic mass fraction was
essentially an increase in anoxic mass fraction and visa versa. Since the larger the anoxic mass
fraction the larger the system's denitrification potential, this meant that decreasing the aerobic
mass fraction (and hence increasing the anoxic mass fraction) increased the system denitrification
potential and consequently reduced the effluent NO,,;”. With regard to the N balances of these
systems, it was observed that high or increasing DSV s tended to produce low N balances, whilst
low or decreasing DSVIs tended to produce higher and more acceptable N balances. Work by
Musvoto et al. (1992) investigated the effect of a large anoxic mass fraction (>50 %) on the
proliferation of low F/M filaments and concluded that it is not the anoxic mass fraction per se
which affects the proliferation of low F/M filaments, but rather the extent to which denitrification

is complete in the anoxic reactor preceding the aerobic reactor.

2.4.2.5 Concentrations of NO,” and NO, in the anoxic zone prior to aeration (or the aerobic
zone)

Casey et al. (1994; see also 1999a,b,¢) investigated the influence of NO,,; concentrations in the
2nd (i.e. pre-aerobic) anoxic reactor of MUCT systems and showed that increasing the
TKN/COD ratio of the influent to 0.12 to 0.14 by addition of ammonium (NH,"), increased the
NO,,; concentration in the 2nd anoxic reactor and also increased the DSVI. Conversely,
reducing the influent TKIN/COD ratio from 0.08 to 0.10, by discontinuing ammonium addition,
reduced the NO,,; concentration in the 2nd anoxic reactor and also reduced the DSVI. It was
further observed from these experiments that as the DSVI decreased the VSS increased, and as

the DSVI increased the VSS decreased.
As noted in a previous investigation of Casey et al. (1994; see also 1999a,b,c) concerning N
balances, it was apparent that low N balances were obtained when DSVIs were high or

increasing, while high N balances were obtained when DSVIs were low or decreasing.

The investigation of Casey et al. (1994; see also 1999a,b,c) described above showed that high
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concentrations of NO,,, in the anoxic reactor preceding the aerobic reactor were associated with
high DSVIs. It was not clear, however, from these experiments whether the DSVI correlated

more closely to the concentration of nitrate or nitrite.

2.4.2.6 Sludge age
From work done by Warburton et al. (1991) who examined the effect of sludge age on the

proliferation of filaments in an IAND system, it appears that reducing the sludge age of a system
from 20 days to 10 days has little effect on DSVI. Reducing the sludge age still further, from 10
to 7 and then to 5 days did reduce DSVI marginally, but short slﬁdge ages (i.e. < 10 days) are
detrimental to the maintenance of stable nitrification, particularly at cold temperatures (i.e. winter
conditions) and thus cannot be realistically put forward as a control mechanism for filament
proliferation in nutrient removal plants. Foot ez al. (1994) came to the same conclusion from full

scale plant operation.

2.4.2.7 The difference between intermittent acration nitrification-denitrification (IAND) and

2-reactor nitrification-denitrification (2RND) systems
From work performed with artificial substrate (see Part I} certain differences between IAND and

2RND systems were identified as areas where further research was required in order to explain
the different behaviour of these two types of system (with regard to filament proliferation) which
had apparently similar operating conditions. The differences identified (i.e. the frequency of
alternation between anoxic and aerobic conditions, the utilization of RBCOD under anoxic,
aerobic or anoxic/aerobic; the DO concentration - constant or variable; the nitrate concentration
- constant or variable) are discussed below and their relative impacts on filamentous bulking

reviewed.

i) The frequency of alternation between anoxic and aerobic conditions

Ketley et al. (1991) conducted experiments on IAND systems with aerobic periods of 30 %
relative to the total and with NO, dosed throughout the anoxic period to ensure that conditions
did not become anaerobic which might have provided suitable conditions for the biological
removal of Phosphorus - a further undesirable complication. To assess the effect of the
frequency of exposure of the sludge to anoxic and aerobic conditions the anoxic-aerobic cycle

lengths were varied between 20 minutes and 3 days. It was found that proliferation of low F/M
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filaments took place irrespective of the frequency of anoxic-aerobic cycles.

In follow-up work conducted by Hulsman ez al. (1992), two 2RND systems were operated, with
aerobic mass fractions of 30-40 % of the total. The ‘a-recycle’ ratio (from the aerobic reactor to
the anoxic reactor) in one system was relatively low (3:1) while the ‘a-recycle’ in the other was
high (> 30:1). With an ‘a-recycle’ ratio of > 30:1 it was hoped that a frequency of alternation
similar to that found in an JAND could be achieved. However, it was found that neither the
system with a low ‘a-recycle’ nor that with a high ‘a-recycle’ promoted the growth of filamentous
organisms. These findings indicated that the frequency of exposure of the sludge to anoxic-
aerobic conditions could not be the difference between an IAND and a 2RND system which

promotes bulking in the former but not in the latter.

ii) Utilization of RBCOD under anoxic, aerobic or anoxic-aerobic conditions

In order to approximate the feeding pattern of an IAND system, Casey et al. (1994, see also
1999a,b,c) conducted experiments using a ZRND system in which the influent was fed to the
anoxic and aerobic reactors in proportion to their contributions to the total sludge mass of the
system. This investigation was conducted over a period of 56 days during which time the DSVI
remained constant at 150 m{/g. The conclusion from this work was that the feeding pattern,
provided feeding to either the anoxic zone or the aerobic zone was continuous, did not appear
to stimulate filament proliferation. In further work on this aspect by Casey et al. (1994; see also
1999a,b,c), sewage was separated into RBCOD and SBCOD usihg ultrafiltration and these
separate sewage fractions were fed to different JAND systems to assess their influence on
filament proliferation. In one system, the DSVI remained >200 m{/g irrespective of whether
RBCOD or SBCOD was used as influent, but on closer examination the dominant filament
present was found to be type 021N which is often associated with septic sewage. In the other
IAND system, it was found that the DSVI increased to =400 m{/g from the proliferation of the
low F/M filament M. parvicella, when SBCOD was used as influent, and decreased initially to
<150 m¢/g when RBCOD was used as influent. However, this decrease was short-lived and the
proliferation of H. hydrossis and type 1701 caused the DSVI to increase again to ~400 m{/g.
These findings confirmed results obtained previously by Still ez al. (1985) (see also Ekamaet al.,
1986) which suggested that low F/M filaments do not require RBCOD to proliferate, even in

nitrification-denitrification systems.
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To assess the effect of utilization of RBCOD exclusively in a predenitrification anoxic reactor
(i.e. anoxic reactor of an MLE system) and exclusively in an aerobic reactor (i.e. aerobic reactor
of a post-denitrification system), an investigation was carried out by Casey et al. (1994, see also
1999a,b,¢), in which RBCOD was fed to an IAND system only during the aerobic period, and
then in a separate investigation, only during the anoxic period. It was found that when RBCOD
was fed during the aerobic period the DSVI declined rapidly and when fed during the anoxic
period, increased rapidly due to the presence of H. hydrossis and type 0041, From these
experiments it was concluded that with RBCOD as substrate, low F/M filaments common to
nutrient removal plants did not proliferate irrespective of whether it was fed during exclusively
aerobic or anoxic conditions and also during anoxic-aerobic conditions (i.e. continuously fed to

an IAND system).

iii)  The effect of a variable or constant DO concentration

Another difference between IAND and 2RND systems is that in the former at any given time the
DO concentration throughout the sludge mass is the same but this value depends on whether
aeration is taking place in the reactor or not or whether the system is in a transition phase
between aerobic and anoxic conditions. In a 2RND system, the DO concentration in the aerobic
reactor is always high (i.e. >2.0 mgO/() whilst the DO concentration in the anoxic reactor is zero
withthe change taking place rapidly. Inorder to assess whether these differences are responsible
for the greater low F/M filament proliferation observed in an IAND system, two sets of
experiments were carried out by Casey et al. (1994; see also 1999a,b,c). In the first set,
experiments were conducted on IAND systems to examine the effect of low DO (i.e. 0.2 <DO
< 0.5 mgO/t) conditions on filament proliferation, and the following observations were made:

1) In spite of the low DO (0.2 <DO < 0.5 mgO/t) conditions, filaments did not proliferate

if aeration was continuous.

2) For an IAND system with a high DSVI, amelioration of the bulking condition was
achieved more rapidly by continuous aeration at a high DO (i.e. 0.2 <DO < 2.0 mgO/()
than at a low DO (0.2 < DO < 0.5 mgO/0).

3) For an IAND system operated with cycles set at 35 % aerobic and 65 % anoxic, the
higher the peak DO during the aerobic period, the higher the DSVI.
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4) The presence of an anoxic period adversely influences sludge settleability.

In the second set of experiments, 2RND systems were operated to examine the effect of a
decreasing DO concentration. In an attempt to prevent the sudden reduction in DO normally
experienced by sludge in the ‘a-recycle’ which passes from the aerobic reactor with a high DO
concentration, to the anoxic reactor with a negligible DO, a small reactor was introduced to the
‘a- recycle’. The DO in this reactor was controlled to be < 0.5 mgO/{. Resulting from this
modification, a small reduction in DSVI was noted from = 155 ml/g to = 120 mé/g in 41 days.
This reduction, however, was not considered to be significant and thus the conclusion drawn
from this experiment was that the comparatively slow decrease in DO, inherent in an JAND
system, compared with the rapid decrease in DO from aerobic to anoxic conditions in a 2RND

system is not responsible for the proliferation of filaments in the former system.

iv) Variable or constant NOy concentration

The fourth difference between IAND and 2RND systems concerns the concentration of NO;".
For an JAND system at the beginning of an anoxic period, the nitrate concentration is initially
high but decreases during the anoxic period to zero or to some positive value depending on
whether denitrification is complete or incomplete respectively. At the beginning of the aerobic
period, the concentration depends on the extent of denitrification in the preceding anoxic period,
and then increases to some maximum value related to the nitrification rate and/or the initial mass
of ammonium (NH,") available for nitrification. The concentration of nitrate is thus in a constant
state of flux in an IJAND system. However, in a 2RND system operating under steady state
conditions, the nitrate concentration in the aerobic reactor is constant at some high value related
to the influent ammonia (NH,"). Also, the nitrate concentration in the anoxic zone is constant
and is set by the extent of denitrification. If the nitrate concentration is negligible then
denitrification is complete but if appreciable concentrations of nitrate are present, then
denitrification is incomplete, i.e. residual concentrations remain when conditions become

aerobic.

To examine this difference in the nitrate concentration between IAND and 2RND systems, a
series of experiments were conducted by Casey et al. (1994; see also 1999a,b,¢) in which the

redox potential and nitrate/nitrite concentrations were measured. Initially, a 2RND system was
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operated to establish average redox potential values in the anoxic (= -81 mV) and in the aerobic
(+48 mV) zones. Having established these, the system was changed to operate as an JAND
system and after a period of time sufficient to allow a consistent DSVI to be attained, redox
measurements were taken throughout an 8 hr intermittent aeration cycle together with
measurements of the nitrate and nitrite concentrations. From this test, the redox potential was
observed to drop from +40 mV at the end of the aerobic period to -180 mV at the end of the
anoxic period. Further, it was observed that the high concentrations of nitrate present at the
beginning of the anoxic period were reduced to negligible concentrations quite some time before
the end of the anoxic period and hence conditions during this latter part of the anoxic period were

effectively anaerobic.

To ensure that anoxic conditions prevailed throughout the anoxic period in subsequent tests,
ammonium (NH,") was added to the influent, and it was observed that in the 9 day period after
the addition, the DSVI increased from = 200 mé/g to = 220 m{/g. The ammonium (NH,")
addition was then increased still further, to increase the TKN/COD ratio to 0.14 and another
increase in DSVI was observed - this time to 240 m{/g. From measurements taken throughout
subsequent 8 hr intermittent aeration cycles (as before) it was found that, although anoxic
conditions could be maintained throughout the anoxic period by addition of ammonia to the
influent, this took place at the expense of the sludge settleability which was observed to

deteriorate (DSVI increased) as the influent ammonia concentration was increased.

This important observation found support from previous work by Casey et al. (1994; see also
1999a,b,c). Using defined artificial substrate, the effect of RBCOD and SBCOD on filament
proliferation was examined and it was noted that an increase in DSVI was associated with an
increase in the NO,,, concentration in the reactor. In previous work by Casey et al. (1994; see
also 1999a,b,c) using municipal sewage fed to MUCT systems, it was observed that a high
concentration of NO; in the anoxic reactor preceding the aerobic reactor was associated with

a high DSVI and conversely a low or negligible NO,  concentration was associated with a low
DSVL
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2.5 CONCLUSIONS FROM THE EXPLORATORY INVESTIGATION

From the above experiments on N and N&P removal systems receiving real wastewater
throughout most of which filaments common to N and N&P removal plants at full scale were
observed (i.e. type 0092, M. parvicella, Thiothrix, type 0041, H. hydrossis and type 1851) it was
concluded that a major factor influencing the proliferation of filaments in these systems was
intermittent aeration, causing the organisms to be alternately exposed to aerobic conditions and
anoxic conditions, provided complete reduction of NO;" and denitrification of NO, did not take
place before conditions again became aerobic. From this, two conclusions emerged: (i) that the
name low F/M filaments was no longer appropriate and because the conditions for their
proliferation appear to be closely linked to anoxic-aerobic conditions, they were renamed Anoxic
- Aerobic (AA) filaments; (ii) that the cause for AA filament proliferation lay in the requirement
of the sludge mass to switch between aerobic and anoxic metabolic pathways, this switching in
some way affording filamous organisms a competitive advantage over floc-formers or
alternatively disadvantage to the floc-formers. Clearly, a more fundamental understanding ofthe
respiratory processes of facultative organisms wasrequired, and entailed a thorough examination
of the biochemical mechanisms responsible for anoxic and aerobic respiration and growth.
Accordingly, Casey et al. (1994; see also 1999a,b,c) embarked on a comprehensive literature
review of the biochemical mechanisms relevant to the growth of facultative aerobic organisms,

particularly with regard to the interaction between aerobic and anoxic respiration pathways.

From the work of Krul (1976) on a facultative organism, Alcaligenis sp. extracted from activated
sludge, it was found that if the organism was subjected to anoxic and aerobic conditions, its
utilization of oxygen was severely inhibited by the accumulation of the denitrification
intermediate, nitric oxide (NO). Other research had indicated that the presence of intraceilular
NO; is also inhibitory, although not to the same extent as NO (Carr and Ferguson, 1990). From
the above, together with an in depth study of the biochemistry of facultative organisms and the
findings of bulking research on nutrient removal systems, Casey et al. (1994; see also 1999a,b,¢)

put forward a hypothesis for the causes of low F/M (AA) filament bulking.
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2.6 AA FILAMENT BULKING HYPOTHESIS

From a settleability point of view, two groups or organisms are important in activated sludge
systems: floc-formers and filaments. These two groups of organisms compete for substrate in
order to grow and maintain themselves and any competitive advantage for the filaments in a
system will promote the proliferation of these organisms and cause poor sludge settleability. In
continuously aerobic or continuously anoxic conditions, filaments do not proliferate. However,
in nitrogen or nutrient removal systems the organisms in the activated sludge are subjected to
alternating anoxic and aerobic conditions which can lead to a competitive advantage for the
filaments allowing them to proliferate should denitrification be incomplete when aerobic

conditions commence.

The circumstances under which this occurs stem from the hypothesized ability of floc-formers
to reduce nitrate to dinitrogen gas (nitrate denitrifiers), while the filaments are only able to reduce
nitrate to nitrite (nitrate reducers). Under anoxic conditions, floc-formers denitrify nitrate

according to the following sequence (Payne, 1973):

For nitrate reduction :
NO,; — NO,
nitrate nitrite
For nitrate denitrification :
NO;y — NO; = NO(g) — N,O(g) = Ny(g)

nitrate nitrite  nitric oxide nitrous oxide dinitrogen

In instances when the supply of electrons from biodegradable substrate in the anoxic zone is
sufficient to ensure the complete reduction of nitrate to nitrogen gas, the subsequent utilization
of oxygen by floc-formers in the aerobic reactor is unaffected and the filaments are afforded no
competitive advantage. However, when the supply of electrons is insufficient to ensure the
complete reduction of nitrate to nitrogen gas, the denitrification intermediate, nitric oxide (NO)
is accumulated intracellularly in floc-formers. The presence of NO within the floc-formers is
responsible for inhibiting the enzymes specific to aerobic respiration (constitutive oxidase o) on

entry into the aerobic zone. Under these circumstances the inhibition of aerobic respiration
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causes electrons to continue to be directed to nitrate and the enzymes responsible for
denitrification, until the floc-former has generated sufficient alternative (non constitutive)
enzyme (oxidase aa,) to proceed with aerobic respiration. This aerobic reduction of nitrate is in
turn inhibited by the presence of nitrite and the net result is that the utilization of substrate by

floc-formers is adversely affected and they experience retarded growth rates.

Filamentous organisms, however, under anoxic conditions are hypothesized to effect nitrate
reduction to nitrite only and are not capable of utilizing other denitrification intermediates as
terminal electron acceptors, as follows:

NO; — NOy
As a consequence of this, they are not able to accumulate NO and hence their subsequent

utilization of oxygen in the aerobic zone is not inhibited.

In summary therefore, given alternating anoxic-aerobic conditions, if denitrification of nitrate and
nitrite to nitrogen gas is incomplete in the anoxic reactor of a 2RND system or at the end of the
anoxic period of an IAND system, it follows that the utilization of oxygen by floc-formers is
inhibited while the utilization of oxygen by filaments is unaffected. This places floc-formers at
a disadvantage and causes the proliferation of filaments causing a deterioration in sludge
settleability. To validate the hypothesis it is necessary to show that (1) filaments denitrify only
to NO, and flocformers to dinitrogen gas and (2) the inhibition of oxygen utilisation is manifest
in a bulking sludge. The first could not be conclusively tested by Casey et al. (1994, see also
1999a,b,c) since it requires specialised microbiological techniques and hence attention was

focused on the second.

2.7 EXPERIMENTAL EVIDENCE SUPPORTING THE HYPOTHESIS

2.7.1 Demonstration of Inhibition

To determine whether or not inhibition of oxygen utilization takes place in activated sludge
which is subjected to alternating anoxic-aerobic conditions, aseries of batch tests were conducted
on sludge drawn from the anoxic reactor of the 2RND system operated by de Villiers et al.

(1994). To assess oxygen utilization the maximum specific OUR was measured (Ekama ef al.,
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1986) upon sewage addition with both anoxic and aerobic pretreatment conditions.

2.7.1.1  Anoxic denitrification

From Figure 2.2 below it is demonstrated that inhibition of OUR was induced in the sludge after
a2 hour anoxic period with NO, present during both the anoxic and subsequent aerobic periods.
The addition of = 25.0 mgNOQ,-N/{ at the start of the acrobic period exhibited dramatic inhibition
while less marked inhibition was noted on addition of = 5.5 mgNO,-N/{, and almost no

inhibition was measured on addition of 0.1 mgNO,-N/{.
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Figure 2.2: Oxygen utilisation rate [OUR, in mgO/(g.VSS.h)] with time under aerobic batch
conditions (nitrification inhibited) on sludge harvested from a 2 reactor ND
system with a two hour anoxic period prior to the aerobic test and with varying
nitrite concentrations at the start of the aerobic test, demonstrating the initial but
gradually declining inhibitory effect of NO, on maximum specific OUR (0.1, 5.5
and 25 mg NO,-N/{).

Two conclusions were drawn from the observation (1) inhibition of OUR in the presence of NO,

is observed, and (2) the degree of inhibition is directly related to the concentration of NO," at the
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beginning of the aerobic period. It could not be determined from these tests however, whether
the inhibition results from the NO generated by NO,” denitrification under anoxic conditions or

under aerobic conditions.

2.7.1.2  Aerobic denitrification

To determine whether activated sludge from the 2RND system exhibited aerobic denitrification,
aerobic batch tests were conducted on specially prepared sludge samples. In the preparation of
these samples virtually all the NO,” and NO, were removed from the sludge by dilution with tap
water, seftling and decanting the supernatant three times. The studge was then held anoxic in the
presence of 120 mgCOD/{ sewage in order to denitrify any remaining NO that might be present

within the organism.
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Figure 2.3 : Oxygen utilisation rate [OUR, in mgO/(g.VSS.h)] and nitrite and nitrate
concentrations (NO, and NO,, in mgN/{) with time under aerobic batch
conditions (nitrification inhibited) on sludge harvested from a 2 reactor ND
system with a two hour anoxic-anaerobic period during which NO, was added
(20mgN/1), prior to the aerobic test.
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After 2 hours, during which thiourea was added (10mg/{) to inhibit NO, formation by
Nitrosomonas, aeration was commenced (2.0 < DO < 4.0 mgO/{). After 1 hr aeration, 20
mgNO, - N/? of nitrate was dosed. After a further 1 hour aeration, 360 mgCOD/({ (final batch
volume) sewage was added and the OUR, nitrate and nitrite concentrations measured with time.
Figure 2.3 above shows that OUR inhibition is exhibited. In a similar test but with NO;” addition
(20 mgN/0) instead of NO,’, no inhibition was exhibited. These observations suggested that NO
inhibition does take place with NO;, (the NO apparently produced by aerobic denitrification of
NO,) but not with NO,. In a control batch test, in which no NO,” or NO;” was added, no
inhibition was exhibited, these results were reproducible with sludges from IAND and MUCT
systems. In the batch tests presented so far, it appears that during the aerobic period after sewage
addition the inhibition is relieved, reflected in a steadily increasing maximum specific OUR, in
some cases levelling off at a constant value before the precipitous decrease in OUR when the
RBCOD has been depleted. The relief of OUR inhibition possibly arises because the presence
of significant quantities of RBCOD under aerobic conditions accelerates the NO — N,O — N,
part of the denitrification pathway so that the NO produced from NO, denitrification does not

accumulate.

2.7.1.3  Effect of RBCOD on QUR inhibition by NO
To check if OUR inhibition takes place in the presence of significant quantities of RBCOD, an

aerobic batch test was conducted in which NO, was added after the sewage addition but while
RBCOD was still present, rather than before sewage addition when only SBCOD (principally
generated from organism death and lysis) is present as in the previous batch experiments. In this
test no inhibition was noted, and it was concluded that the presence of RBCOD (in sufficient
quantity) prevented or relieved the inhibition. From this it seemed reasonable to accept the
suggestion above that the RBCOD accelerates the NO — N, steps of the pathway in such a way

that NO no longer is accumulated, is reasonable.

2.7.1.4 Determination of the extent of NO, reduction and denitrification under anoxic
conditions by filaments and floc-formers

With the experiments above, it was demonstrated that OUR inhibition hypothesised to be by NO,

takes place in the presence of NO, in switching from anoxic to aerobic conditions. For the

proposed explanation to be acceptable, it needed to be shown even superficially that floc-formers
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denitrify from NO, to N, gas, and so are susceptible to OUR inhibition by accumulated NO,
whereas the low F/M filaments reduce NO," to NO,” only, and therefore do not accumulate NO
and so are not susceptible to this inhibition. Clearly this is an experiment that needed to be taken
up by microbiologists and biochemists (it has see Tandoi et al., 1997), but for the purposes of
testing the hypothesis, sludge samples from a fully anoxic (FX) system (low DSVI) and the
2RND system on which the batch tests above were done (high DSVI), both fed real sewage, were
subjected to a nitrate reduction test, a test which allows the generation of NO, and/or N, gas to
be determined. The sample with the high DSVI (many AA filaments) showed an accumulation
of NO", withno N, gas being detected in 8 out of 10 tests. The sample with the low DSVI (few
AA filaments) accumulated N, gas, but no NO, accumulated in 8 out of 10 tests. From this it
is reasonable to accept that qualitatively, filaments tend to reduce NO, to NO, only, where floc-
formers denitrify NO, to N, gas. This observation lends credibility to the proposed hypothesis
for low F/M filament proliferation. With a reasonable hypothesis for low F/M filament
proliferation in N and N & P removal systems, attention was directed at devising strategies for

the control of these filaments in the systems.

2.7.1.5 The effect of incomplete denitrification on sludge settleability in MUCT systems
Having found some credibility for the AA filament bulking hypothesis of Casey et al. (1994; see

also 1999a,b,c) by demonstration of OUR inhibition and correspondingly substrate utilization
in batch tests, Musvoto et al. (1992) set up two MUCT systems in order to demonstrate the effect
of floc-formers inhibition on sludge settleability, in nutrient removal activated sludge plants

running at steady state.

In these experiments the anoxic zones comprised 65 % of the system mass fraction (i.e. large to
enable complete denitrification) with 15 % anaerobic and 20 % aerobic mass fractions. It was
found that whilst no nitrate or nitrite was dosed to the 2nd anoxic reactor of these systems, and
thus nitrate and nitrite concentrations entering the aerobic reactor were < 1. 0 mgNO,-N/{ and
< 0.2 mgNO, -N/l respectively, low DSVIs were observed. Conversely when nitrate was dosed
to the second anoxic reactor of one system to provide an equivalent TKIN/COD ratio of 0.16
mgN/mgCOD the DSVI increased from 80 m{/g to 176 mé/g (bulking) in 111 days. Also, when
nitrite was dosed to the second anoxic reactor of the other system to provide an equivalent

TKN/COD ratio of 0.18 mgN/mgCOD, the DSVI increased rapidly from 90 to 174 mi/g
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(bulking) in 55 days. These findings provided considerable support for the AA bulking
hypothesis of Casey et al. (1994; see also 1999a,b,c).

2.7.1.6 Qbservations from other laboratory and full scale systems
The AA bulking hypothesis as an alternative to the selector approach for explaining the causes

and control of low F/M (AA) filament bulking is a recent development and therefore still needs
thorough evaluation and validation. However, a significant body of information providing
indirect support for this alternative conceptualization of the low F/M filament bulking problem
is emerging not only from laboratory scale systems reviewed above, but also from subsequent
investigations conducted in the UCT laboratory such as those by Pilson et al. (1995), Sneyders
et al. (1997) and Mellin e al. (1998). In this respect the conference proceedings of the 1* ASPD
Specialist Group make interesting reading (for details see Ekama, 1994) e.g.:

1) From a survey of Danish plants, Andreasen and Sigvardsen (1993) concluded that the
“first survey at nutrient removal plants show a higher percentage with S¥7>150 ml/g and
especially at some plants which include BEPR which seem to have constant high S¥7
with filaments M. parvicella, type 0041 and 0803”. Also Kristensen et al. (1994) noted
“ a distinct variation over the year in sludge settling characteristics. Sludge settleability

improved during summer and deteriorated during winter.”

2) From asurvey of Rome’s plants, Rossetti ef al. (1994) found that “systems operating with
alternating aeration conditions (like Carousel type) with short anoxic-aerobic cycles show

permanent high levels of low F/M filaments with the main filament being M. parvicella.”

3) From a survey of German plants, Kunst and Reins (1994) state that “in the last years a lot
of treatment plants with bio-P removal went into operation and people thought that
anaerobic reactors in the treatment plants would be able to prevent sludge bulking - the

experience in technical practice shows this didn’t happen.”

4) From practical experience in operating long sludge age plants in South England, Foot et
al. (1994) concluded that (i) there is an inverse relationship between the total filament

length (TFL) and the total oxidized nitrogen (TON) concentration in the effluent - the
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higher the TON concentration, the lower the TFL and visa versa, and (ii) “the widespread
occurrence of this species (M. parvicella) in WWTPs would tend to indicate that it is not
so much the substrate (sewage characteristics) which are important as the configuration

and operation of the plant.”

5) From 10 years experience with bulking in Dutch full scale plants, Eikelboom (1993,1994)
concludes that (i) “development of M. parvicella shows a distinct seasonal pattern with
highest DSVIs in spring and lowest in autumn”, (ii) “M. parvicella grows better in
Carousel type systems than in other extended aeration plants and it is worse with settled
sewage”, (iii) “the usefulness of selectors for controlling M. parvicella decreases as the
overall load on the plant increases”, (iv) “after introduction of nutrient removal
conditions, the DSVI increased in 60 % of these plants and M. parvicella was dominant
in 87 % of them” so that (v) “the application of BNR methods will even increase the
dominating position of this organism”, and (vi) “the ultimate effect of selectors for
control of M. parvicella is insufficient and unpredictable so far. In Holland over 80
selectors have been incorporated in full-scale plants. Comparing the results with 15 years
ago, it seems that the percentage of plants with bulking has not significantly changed with

application of selectors”.

While most of these statements and conclusions indirectly but inconclusively support the research
on low F/M (AA) filament bulking reviewed above, those of Foot ef al. (1994) and Eikelboom
(1994) are particularly pertinent; (i) the problem being worst in spring (also noted by Kunst and
Reins, 1994), (ii) worse with settled wastewater, (iii) the inverse relationship between the TFL
and effluent TON, and (iv) the efficacy of aerobic selectors decreasing if denitrification is
permitted to take place in the main aeration reactor (due to either under aeration or increased
plant load). All these factors influence the denitrification performance of the plant and increase
the likelihood of significant nitrate and nitrite concentrations being present at the transition from
anoxic to aerobic conditions. Interestingly, in later research prompted by the publication of this
hypothesis, Tandoi et al. (1997) showed that a strain of M. parvicella isolated from an Italian
WWTP and genetically similar to Australian strains, reduced nitrate to only nitrite, which

provides some direct microbiological support for the AA filament bulking hypothesis.
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2.8 SCOPE OF THIS RESEARCH

From the research reviewed above, it has been established experimentally that the presence of
nitrate and/or nitrite at the transition from anoxic to aerobic, results in the inhibition of floc-
formers when they pass into the aerobic reactor. In this respect nitrite is more important than
nitrate because generally, nitrite accumulates slowly while nitrate is denitrified and is denitrified
only when nitrate has reached low values (< 1.0 mgN/0) (Stern and Marais, 1974; Pilson et al.,
1995; Ekama and Wentzel, 1997). In terms of the hypothesis therefore, if leakage of nitrate
and/or nitrite from the anoxic reactor to the aerobic reactor can be prevented, then inhibition of

floc-formers should not occur and a non-bulking sludge should develop.

Accepting the validity of the hypothesis, this investigation seeks to check at large scale a low
F/M (AA) filament bulking control strategy that follows from the hypothesis. By operating in
parallel the two Mitchell’s Plain Stage 1 full-scale plants with the same design and operating
conditions, except for the mixed liquor ‘a-recycle’ from the aerobic to the anoxic reactor, the
feasibility of controlling AA filaments in full scale NDBEPR plants will be tested. In one plant
{Module A), the “a-recycle’ ratio will be set to a low value, so under-loading the anoxic reactor
with nitrate leading to low nitrate/nitrite concentrations at the anoxic-aerobic transition. In the
other plant (Module B) the “a-recycle’ will be set to a high value, so overloading the anoxic
reactor with nitrate leading to a high nitrate/nitrite concentration at the anoxic-aerobic transition.
In terms of the bulking hypothesis, a low DSVI is expected in the first module (A) and a high
DSVI in the second module (B).

Additional to this objective, sufficient testing and monitoring will be undertaken on the two
modules to determine the Total P, TKN and COD mass balances, thus to check whether or not
the low COD mass balances (80-85 %) observed on laboratory scale NDBEPR systems also are
observed on full scale NDBEPR systems.
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CHAPTER 3

REDESIGN AND SIMULATION OF THE FULL-SCALE PLANTS

This chapter describes the layout of the Stage 1 full-scale plants and the redesign, simulation and
modifications done to convert the original plants from nitrification-denitrification (ND) systems
to nitrification-denitrification-biological excess phosphorus removal (NDBEPR) UCT systems

taking cognizance of the research objectives.

3.1 LAYOUT OF THE STAGE 1 PLANTS AT THE MITCHELL’S PLAIN WWTP

At the Mitchell’s Plain WWTP, the Stage 1 plants (Modules A and B) were built in 1975 by the
Cape Town City Council to generate design data for the Stage 2 plant (Modules C to F) built a
few years later. The two parallel full-scale-scale modules (A and B), appropriately modified,
were to be used to demonstrate the full-scale application of AA filamentous organism bulking
control. The position of the Stage 1 plants in relation to the rest of the Mitchell’s Plain WWTP
are shown in Figure 3.1(highlighted in box).

3.1.1 Description of the Influent Flow Path

The raw wastewater flows to the inlet works where it is lifted by two levels of Archimedean
screw pumps. The inlet works typically removes solid material (such as rags, papers, plastics,
glass etc.) by means of coarse and fine screens and grit by means of two Pista type grit removal
tanks with air-lift pumps. Thereafter the wastewater flows through the disused fat flotation plant
where flows in excess of the desired average flow of 27 M{/d for the plant are diverted to the
equalisation basins. The equalisation basins control the hydraulic load on the plant by storing
the excess flows and pumping this stored wastewater when the influent flow drops below the
desired average flow for the plant. The flows from the inlet works and the equalisation basins
are further lifted at the intermediate pump station into an open channel where it is measured by
means of a venturi measuring flume with an ultra-sonic flow recording facility. The measured

flow is channelled to a flow splitter which splits the flow between the full-scale plants (Stage 1,
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Modules A and B) and the rest of the Mitchell’s Plain WWTP (Stages 2 to 4, Modules C to H).
Flow control at the overflow weirs of the splitter is achieved by means of crude and inefficient
sluice plates which control the head over the weirs. The flow to the full-scale plants (Stage 1)
gravitates from the flow splitter to a primary settling tank (PST) where particulate material and
organics are settled out in the primary sedimentation phase. The overflow (settled wastewater)
from the single PST is split between the biological reactors of Modules A and B. The flows to
Modules A and B are measured by v-notch weir plates in their respective influent channels.
Because the reactor volumes of the Modules A and B are not equal (see Figure 3.1), the flow to
each module was set in proportion to it’s volume. The inlet arrangement and flow scheme were

not modified.

3.2 DESCRIPTION OF THE STAGE 1 PLANTS BEFORE MODIFICATION

A schematic layout of the full-scale plants before modification is shown in Figure 3.2 with the
details of the original infrastructure summarised in Table 3.1.

3.2.1 Primary Settling Tank
The single 22 m diameter Stage 1 PST served both Modules A and B. The primary settler had
a sloped floor and primary sludge settled on the tank floor was scraped by mechanical scraper

arms and collected for removal with the underflow.

3.2.2 Biological Reactors

The two full-scale plant reactors were not identical:

ModuleA: 1361 m’ tworeactor anoxic/aerobic Modified Ludzack Ettinger (MLE) N removal
plant, see Figure 3.2 and Table 3.1.

ModuleB: 2043 m’® four reactor anoxic/aerobic/anoxic/aerobic 4stage Bardenpho N removal
plant, see Figure 3.2 and Table 3.1.

In both modules aeration was achieved via fine bubble aeration through ceramic diffuser domes

served by three Roots type blowers. During the investigation this aeration system gave

considerable problems due to progressive blocking of the aged ceramic domes and eventually

failed irreparably resulting in termination of the project.
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P uptake BEPR behaviour in the lab system. It should be noted that the poor sludge settleability
is not likely to be associated with the anoxic uptake BEPR compared with the aerobic uptake
BEPR in the full-scale plants because poor sludge settleability (DSVI > 250 m{/g) due to AA
filaments like M. parvicella, has been often observed in lab systems with predominantly aerobic
P uptake BEPR (e.g. Clayton et al., 1989) and good sludge settleability (DSVI < 60 m{/g) in
systems with high anoxic P uptake BEPR (e.g. Hu et al., 2001).

5.6 24 HOUR TFESTS ON THE FULL-SCALF PLANTS

On days 326 to 327 and 344 to 345 of the investigation, Modipa and Diale (2000) did two
separate 24 hr tests on influent, reactor and effluent samples of the full-scale plants (Modules A
and B). The main objectives of these tests were (i) to measure oxygen utilisation rates (OUR)
in order to calculate COD mass balances and (ii) to determine the variations in the influent,
reactor and effluent concentrations over a day (24 hr period) for the full-scale plants. A summary
of their more important results is given in Table 5.21 below. It can be seen that the average
(Modules A & B) COD mass balances were very poor on both occasions (varying between very
high- 150 % and very low- 44 % for the first and second tests respectively) mainly due to
uncertainty in the OUR measurements and the extent of sludge ingress from the main treatment
plant. Clearly the OUR of the first 24h test is much too low to be realistic, and therefore the
sludge ingress must have been high at this time to make the COD balance > 140 %. Then when
the QUR is high, the COD balance is low. The mass balance calculations are based on the
unaerated and aerated reactors receiving zero and sufficient oxygen. The fact that this was not
the case in the full-scale plants also distorts the COD mass results. It can also be seen that the
average estimated fg,, value on both occasions were very high (0.384 and 0.771) due to the
substantial sludge back flow problems already mentioned. The average N mass balances (83 and
74 %) were also low due to the simultaneous nitrification-denitrification in the aerobic reactors

of the full-scale plants.

The most important outcome of the 24h tests is that the Module A and B influent, reactor and
effluent concentrations were fairly constant over the 24 hr periods indicating that the single grab
samples taken from the reactors in the “site” data set (see Table 4.4) can be considered

representative of the concentrations in the reactors for that day. Graphs showing the profiles of
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the reactor concentrations over the 24 hr periods are given in Appendix J.

Table 5.21: Summary of OUR and mass balance results for the 2 x 24hr tests.

24 br Test Module OUR N balance COD balance fsup
(mgO//h) (%) (%)
First A 13.35 77 159 0.306 |
Day 326-327 B 8.94 88 140 0.462
Second A 59.28 97 38 0.735
[ Day344-345 | B 56.25 | 51 49 0.806
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5.7 SIMULATION OF THE FULL-SCALE PLANTS

Over the past two decades activated sludge (AS) systems have been successfully designed and
operated at full-scale, progressively including the biological removal of carbon (C), nitrogen (IN)
and phosphorus (P). The implementation of these advances has been aided by the development
of a number of steady-state models (e.g. WRC, 1984; Wentzel et al., 1990; Maurer et al., 1994)
and kinetic simulation models (e.g. Dold ef al., 1980; Van Haandel et al., 1981; Henze et al.,
1987; Wentzel et al., 1992; Henze et al., 1995).

All activated sludge models (the equations) which include nitrification-denitrification and BEPR
(NDBEPR) have their basis on that Wentzel ef al. (1992). This model has been coded into a
Pascal computer programme called UCTPHO. Other models such as ASM N° 2 or 2d (Henze
et al., 1995) and that of Barker and Dold (1997) are modifications/additions to the Wentzel et
al. one. When using a NDBEPR computer programme it is important to know which model has
been included init. In some instances the changes in the models are significant and have a major

influence on the simulation results. Differences in the models hinge around two main areas :

(1) The denitrification ability of the PAOs. In the Wentzel ef al. and IWA N° 2 models, the
BEPR is based on 100 % aerobic P uptake, whereas the IWA ASM 2d and Barker and Dold
(1997) models include anoxic and aerobic P uptake; the first two models were validated with a
substantial data set including enhanced cultures of aerobic uptake PAOs; however, the validation
of ASM 2d and Barker & Dold models are uncertain in particular in respect of anoxic uptake
BEPR and the heterotrophic denitrification rates in the anoxic reactors.

(2) The fermentation process of RBCOD to volatile fatty acids (VFA) in the anaerobic reactor.
In the Wentzel e al. and ASM 2 and 2d models (as well as the Dold et a/., 1980 and IWA ASM
N° 1, Henze et al., 1987 models for ND systems), no COD loss takes place under anaerobic
conditions (i.e. zero nitrate and DO) in the anaerobic fermentation of RBCOD to VFA, whereas
in the Barker & Dold model COD is lost in this process. This loss of COD results in a lower
BEPR so to increase the predicted P removal a hydrolysis of slowly biodegradable COD to
RBCOD process is included in the model. This process and its magnitude has little experimental
support and is primarily based on matching the predicted and observed P removals when

allowing loss of RBCOD under anaerobic conditions.
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The various models have been coded into computer programmes. As mentioned above, the
Wentzel et al. model is coded into a programme called UCTPHO. Frequently used programmes.
are ASIM 2.2 (Gujer, 1995) and Aquasim (Reichert, 1998). These two programmes are “shell”
packages which allow programming into them, both the model of ones choice or making and
system to be simulated. The Barker and Dold model is commercially available as BIOWIN
(Envirosim & Associates, Canada, 2001). Other activated sludge simulation programmes
available are SIMBA (Otterpshl, Germany) and GPX (Hydromantes, Canada). As mentioned
above, it is vitally important to know and understand the details of the model included in the
package being used. In this investigation, UCTPHO and BIOWIN are used and compared as
characteristic of COD conservative - 100 % aerobic P uptake - COD loss and anoxic/aerobic P

uptake models respectively.

While using BIOWIN (latest BIOWIN32 release, 2001) for the modelling of the full-scale plants
for each of the steady state periods (see Table 4.1), it was found that the steady-state solver in
BIOWIN produced solutions that could not be considered theoretically valid. These spurious
results were first noted by De Haas et al. (2001) in BIOWIN (earlier BIOWIN32 release, 1998),
viz. :
® PAO biomass “washed out” (zero PAO biomass in the steady-state solution
leading to zero BEPR and no uptake of RBCOD in the anaerobic reactors - the
anaerobic S, concentration equal to influent concentration, after accounting for

the dilution effect due to the ‘r-recycle’).

This problem was solved by running the dynamic simulation with constant influent flow (and
therefore load) which produced a “dynamic steady-state” solution that was different from the
steady-state solver solution and consistent with that expected from steady state theory - it appears
that the “dynamic steady-state” solution is derived mathematically independently of the steady-
state solver. Two other aspects also noted by De Haas et al. (2001) were mentioned above, but

bear repeating:

® Large COD losses (via fermentation in anaerobic reactor), leading to lower VSS
production and OUR and a low COD mass balance (80-90%) and,

® High denitrification rates in the anoxic reactor (1998 version).
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In this section it was proposed to examine the effect of COD mass loss, by comparing
experimental data to simulated performance with UCTPHO (no COD loss) and BIOWIN (COD

loss included).

5.7.1 Comparison of sludge production, OUR and COD loss in the default BIOWIN and
UCTPHO

While using BIOWIN and UCTPHO for modelling the full-scale plants, it was found that the
BIOWIN simulations with the default settings for model parameters produced results which were
significantly at variance with the UCTPHO model results for the identical (or closely similar)
design and operating system set-up. De Haas ef al. (2001) lists the detailed differences in model
structure of BIOWIN and UCTPHO. De Haas et al. noted that one of the major differences
between BIOWIN and UCTPHQO was the COD mass balance issue. The UCTPHO model is
based on 100 % COD mass balance whereas the default BIOWIN model (when an anaerobic
processes are included) includes COD losses (and is therefore based on a lower COD mass
balance). This inclusion of COD losses leads to significantly lower predictions of sludge VSS
production and oxygen utilisation rates (OUR). Hence, the default BIOWIN model parameters
were adjusted to eliminate as much as possible this COD loss so as to closely emulate the
UCTPHO model parameters (see De Haas ef al., 2001; Wentzel et al., 2002).

Table 5.22 below gives a comparison of the sludge production, OUR and % COD recovery for
the UCTPHO and default BIOWIN models. In Table 5.22, full-scale plant Long Term Periods

VII and VIII were chosen for the illustration, as considerable problems with sludge wasting from
the full-scale plants occurred in the earlier stages of the investigation (see Section 4.1). It can

be seen that using the default settings, BIOWIN predicted on average approximately 14 % less

sludge production, relative to UCTPHO. The difference in VSS prediction between the models
is attributed directly to the inclusion of the COD losses. It can also be seen that the VSS
predictions with UCTPHO are slightly closer to the measured values than the default BIOWIN

predictions but it is known that the measured VSS values are too high due to the sludge ingress
problems. Table 5.22 shows that the OUR predictions using the default BIOWIN were
consistently lower than UCTPHO predictions. On average the OUR was about 24 % lower for
the default BIOWIN predictions, relative to UCTPHO predictions. Finally, it can be seen that,

as expected, 100 % COD mass balances were obtained from the UCTPHO model predictions.

This was clearly not the case with the default BIOWIN predictions which gave COD mass
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balances of 79 to 93 %, due to the incorporation of COD loss mechanisms explicitly in the

model.

Table5.22: Comparisonof UCTPHO and the default BIOWIN predictions for the VSS, TSS,
OUR and % COD recovery of the full-scale plants (Modules A and B).

Long Module A
Term VSS (mgVSS/t) TSS (mgTSS/0) *OUR (mgO/Lh) | COD bal. (%)

Period | Measured | UCTPHO | BIOWIN | Measwred | UCTPHO | BIOWIN | UCTPHO | BIOWIN | UCTPHO | BIOWIN

default default default default
e e :

n VI | 2593 | 2841 | 2365 | 3343 | 3663 | 3085 | 56.8 | 39.0 | 100 79

2702 | 3163 | 2689 | 3626 | 4245 | 3891 | 64.7 | 46.5 | 100

Module B
VSS (mgVSSs/t) TSS (mgTSS/l) *OUR (mgO/th) | COD bal. (%)

—— ]

2]

Measured | UCTPHO BIOWIN | Measured | UCTPHO BIOWIN UCTPHO BIOWIN UCTPHO BIOWIN

default default default default
IV[I 2580 | 2332 | 2114 | 3330 | 3010 | 2873 | 47.9 | 33.7 | 100 84 "

IVI]I 2249 1 2345 | 2015 | 3012 | 3140 | 2828 | 49.1 | 45.7 | 100 93 “

* The OUR in the aerobic reactors of the full-scale plants could not be measured because of the non-steady state

conditions.

Examining this COD loss more closely shows that the default BIOWIN model settings

incorporate two COD loss mechanisms :

(1) In the anaerobic fermentation process, BIOWIN includes an empirical factor for COD loss and
assumes that only a portion of fermentation products is short chain fatty acids (SCFA), the
remainder is lost from the system. The stoichiometric constant regulating this COD loss in
BIOWIN 15 Y ,¢ (i.e. fermentation yield);

(2) Of the the SCFA sequestered in the anaerobic reactor by the polyphosphate accumulating
organisms (PAOs), only a fraction appears as poly-B-hydroxybutyrate (PHB), the balance
assumed lost from the system. The stoichiometric constant regulating this COD loss in BIOWIN
is Ypyp (i.e. PHB yield upon sequestration).
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De Haas et al. noted that in the end these COD loss mechanisms in BIOWIN do not significantly
affect the PAQOs, because an anaerobic hydrolysis process of slowly biodegradable COD to
RBCOD compensates for this COD. The model therefore transfers the COD loss onto the
ordinary heterotrophic organisms (OHOs). Thus, the net effect of the COD loss in BIOWIN is
to reduce the slowly biodegradable COD (SBCOD) concentration available for growth of the
OHOs. In tumn, the reduction in OHO active mass is partly compensated for by a reduced
heterotrophic cell yield under anoxic conditions, which increases the specific denitrification rate.
Of these changes, the most theoretically and experimentally validated one is the reduced anoxic
yield. With regard to the anaerobic COD loss, this has been frequently observed in lab-scale
NDBEPR experimental systems, but the electron acceptors for this COD loss have not been
found yet after a decade of research. So while COD loss is substantiated, there is no theoretical
basis for it yet. To check if this takes place at large scale was one of the objectives of this
investigation but unfortunately could not be achieved due to sludge wastage problems at the
plant. Because the COD loss is unsubstantiated at large scale and can lead to considerable under-
design of reactor tankage and oxygen supply, itis recommended that COD losses not be included
in the model until a better understanding of the phenomenon of COD loss in NDBEPR systems
emerges. This is the principal reason why COD loss is not included in UCTPHO. Therefore, in
the adjusted BIOWIN model settings, the COD loss mechanisms were eliminated by setting both

Y,c and Y, equal to unity.

57.2 Comparison of reactor denitrification rates in the defauit BIOWIN and UCTPHO
In earlier versions of BIOWIN, the reactor denitrification rates for ordinary heterotrophic
organisms (OHOs) in the default case for BIOWIN were significantly higher compared with
UCTPHO. In the latest release of BIOWIN (2001, which was used in this investigation to

simulate the full-scale plants) the OHO denitrification rates were reduced to more closely
conform to the denitrification rates in the UCTPHO model. However, as mentioned earlier,
BIOWIN (based on the Barker & Dold model) includes anoxic P uptake (and associated
denitrification by PAOs) whereas UCTPHO does not. De Haas et al. (2001) noted that BIOWIN,
under anoxic conditions applied a neta term (1) to the acrobic PAO growth expression. The neta
term conceptually represents the proportion of PAOs in the system capable of growing under
anoxic conditions. De Haas et al. and Hu et al. (2001) noted that the contribution of the PAOs

to denitrification is small (~10 % of the total reactor denitrification rate) even with significant
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anoxic P uptake and that biological N removal is relatively insensitive to the value for n, (.. the
fraction of PAOs that denitrify). Nevertheless, in the simulation of the full-scale plants using the
adjusted BIOWIN the contribution of the PAOs to denitrification was eliminated by “switching
off” anoxic P uptake by settingn, equal to zero.

With the above-mentioned changes made, the adjusted BIOWIN (used in the simulation of the
full-scale plants) therefore very closely emulates the UCTPHO model with no significant

differences between the two models.

5.7.3 Comparison of measured values with the default and adjusted BIOWIN predictions

Tables 5.23 and 5.24 below, give comparisons of the measured effluent values with the default
and adjusted BIOWIN model results for Modules A and B respectively. Similarly, Tables 5.25
and 5.26 below, give comparisons of the measured sludge production with the default and
adjusted BIOWIN model results for Modules A and B respectively. A comparison of the default
and adjusted BIOWIN OUR reéults is also given in Tables 5.25 and 5.26. From Tables 5.25 and
5.26 with the exception of Long Term Period IV, Module A, lower sludge production in terms
of reactor VSS (and TSS) is obtained with the default BIOWIN model. For some long term
periods, the measured VSS (and TSS) are significantly greater than both sets of predicted values.
Again, as mentioned above this can be attributed to the inadequate sludge wasting from the full-
scale plants particularly in the earlier stages of the investigation. Also, with the exception of
Long Term Period IV, Module A, the oxygen utilisation rates (OUR) are lower with the default
BIOWIN model.

From Tables 5.23 to 5.26 it can be seen that, in general, the combination of results obtained from
the BIOWIN simulations using the adjusted model parameters were closer to the measured data
than the default BIOWIN simulation results. However, a good correlation was never expected
and certainly was not obtained due to the sludge wastage and aeration difficulties experienced
in the full-scale plants. The simulation results nevertheless have value because (i) it gives an
indication of the full-scale plants results under “ideal” conditions (i.e. anoxic and aerobic reactors
are indeed functioning as such) and (ii) compares the two NDBEPR models with and without

COD conservation and anoxic P uptake kinetics.
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5.74 Comparison of measured effluent and reactor parameters with the adjusted

BIOWIN and UCTPHQ predictions.

Figures 5.48 to 5.55 and Tables 5.27 & 5.28 below, show the measured versus predicted (using

the adjusted BIOWIN and UCTPHOmodels) effluent and reactor parameters for each steady state

period (I to VIII). More detailed comparisons between measured and predicted values (BIOWIN
and UCTPHO) are given in Appendix K.

5.7.4.1

Effluent parameters

From Figures 5.48 to 5.55 it can be seen that :

There is a reasonably good correlation between the measured and predicted S, and FSA
concentrations. The S was achieved by using the calculated f5 ; values (see Section
5.1.2) as input to the programmes. The FSA was achieved by inputting the DO (for each
long term period) and adjusting the autotroph half-saturation constants (Kgg, in
UCTPHO set between 0.10 and 2.00 and Ky, 57 in BIOWIN set to 0.50) of the oxygen
switching functions.

With the exception of Long Term Period I, for both modules, the predicted effluent NO,
concentrations were consistently higher than the measured values. This was due to
significant aerobic denitrification which occurred in both modules (see Section 5.2.2.4) |
whereas in the model this did not take place to any significant degree. One can induce
it with the switching functions but this was not done.

For the effluent Ortho P concentrations, areasonably good correlation between measured
and predicted values was obtained for Long Term Periods I to IIl, V and VIII. The
BIOWIN model predictions for the effluent Ortho P concentrations (linked to the system
P removal) are greatly affected by the accuracy of the predicted NO, recycled from the

anoxic to the anaerobic reactor (see below).
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Table 5.23 : Comparison of measured effluent data with the default and adjusted BIOWIN model simulation results for Module A.
I Long Effluent S, (mgCOD/{) Effluent FSA (mgN/{) Effluent NO; (mgIN/f) Effluent PO, (mgP/W
Term
Period “Site” | BioWin | BioWin | “Site” | BioWin | BioWin | “Site” | BioWin | BioWin | “Site” | BioWin | BioWin
_ Default | Adjust. Default | Adjust. Default | Adjust. Default | Adjust.
| I 40.11 37.02 40.10 0.30 1.59 0.98 13.00 25.88 14.60 5.01 7.20 4.72 l
11 32.11 40.98 32.87 1.86 4.56 2.10 12.49 29.85 25.40 1.19 0.51 1.36
m 4221 57.73 45.03 10.40 7.44 5.77 10.05 35.80 33.54 0.36 0.18 0.71
v 120.89 | 4837 76.08 61.80 65.58 65.91 0.49 0.21 0.02 6.91 6.34 0.18 “
\Y% 63.00 78.47 63.88 24.23 221 23.64 1.62 16.88 10.02 1.47 0.15 0.25 l
VI 47.73 69.10 52.18 4.30 3.85 5.75 14.10 30.96 32.63 3.81 0.10 0.40
VI 59.06 76.41 69.18 3.15 10.44 9.29 15.27 34.74 32.80 4.85 0.18 0.19
VIII 65.62 90.29 79.24 4.95 11.28 10.00 12.52 38.25 36.34 1.98 0.20 0.23

Note: S, - unbiodegradable soluble COD, FSA - free and saline ammonia, NO, - nitrate, PO, - orthophosphate.

“Site” - measured “site” effluent data for Module A.

BioWin default - BIOWIN using the default kinetic and stoichiometric model constants

BioWin adjust. - BIOWIN using adjusted kinetic and stoichiometric model constants of De Haas et al. (2001) and Wentzel et al. (2002).
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Table 5.24 : Comparison of measured effluent data with the default and adjusted BIOWIN model simulation results for Module B.
Long Effluent S, (mgCOD/() Effluent FSA (mgN/l) Effluent NO, (mgN/0) Effluent PO, (mgP/() “
Term
Period “Site” | BioWin | BioWin | “Site” | BioWin | BioWin | “Site” | BioWin | BioWin | “Site” | BioWin | BioWin
_ DefaulL Adjust. Default | Adjust. | Default | Adjust. Default { Adjust.
| I 35.88 36.72 ] 38.69 0.60 1.61 0.95 [ 14.60 25.98 15.77 522 7.46 4.82
i 33.42 31.18 31.96 0.68 0.92 1.92 15.79 22.33 24.86 3.83 9.99 1.78 ]
m 4741 54.47 42.85 237 3.54 1.17 16.25 31.66 20.99 1.30 0.46 1.22 “
v 48.67 58.34 59.76 1.02 0.78 1.09 13.57 24.90 18.34 7.66 0.31 0.49
A% 58.29 65.62 60.97 5.20 6.18 2.34 13.17 27.11 18.40 3.26 4.37 0.30
VI 57.00 64.94 49.07 1.21 222 2.45 16.96 29.05 28.70 343 0.24 0.41
VI 79.50 70.76 71.93 28.01 592 27.62 7.29 29.58 9.30 2.62 0.59 0.16 Il
Vil 83.54 83.84 78.81 2.78 6.95 5.50 17.16 33.80 31.64 0.78 2.18 0.83 ll

Note: S, - unbiodegradable soluble COD, FSA - free and saline ammonia, NO, - nitrate, PO, - orthophosphate.

“Site” - measured “site” effluent data for Module B.
BioWin default - BIOWIN using the default kinetic and stoichiometric model constants.

BioWin adjust. - BIOWIN using adjusted kinetic and stoichiometric model constants of De Haas et a/. (2001) and Wentzel et al. (2002).
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Table 5.25 : Comparison of measured (“site” data) sludge production with the default and

adjusted BIOWIN and UCTPHO model results for Module A.

[ e e

Long Aerobic V88 (mgV8S/10) Aerobic TSS (mgTS8/8) Aerobic OUR (mgO//h)
Term
. “Site” UCT- BIOWIN | BIOWIN “Site” BIOWIN | BIOWIN UcT- BIOWIN | BIOWIN
Period PHO | Default | Adjusted Default | Adjusted § PHO | Default | Adjusted
[ _.__T...—-——-—- e e ———

1 3824 2758 22685 2547 4257 2639 3178 48.7 44.3 45.1

| 2621 2223 2058 2312 3604 3266 3460 44.8 42.4 46.0

i 2322 2123 2344 2519 3150 3226 3336 49.0 45.1 513

2085 2191 3399 2381 2503 3887 2959 233 23.7 20.8

v 3787 3058 2916 3063 5006 3609 3802 46.8 387 42.9

2860 3317 2568 2628 3878 3331 3338 64.9 42.7 49.8

VH 2593 2601 2365 2412 3343 3085 3178 37.5 39.0 35.0

ipreseenre s

VI 2702 2922 2639 3249 3626 3891 4439 65.3 46.5 49.5
s

Table 5.26 : Comparison of measured (“site data) sludge production with the default and

adjusted BIOWIN and UCTPHO model results for Module B.

Long Aerobic V88 (mgV8S/t) Aecrobic TSS (mgTS8/8) Aerobic OUR (mg0/i/h)

Term
Period “Site” UCT- BIOWIN | BIOWIN “Site” BIOWIN | BIOWIN UCT- BIOWIN | BIOWIN
€110 . .
PHO Default | Adjusted Default | Adjusted PHO Default | Adjusted
P mJ'_——_.___ B m s e,

I 5142 27135 2381 2796 5473 3008 3470 48.6 44.5 50.2

I 3146 2213 1863 2301 4082 2597 3431 45.5 45.6 46.7

it 2893 1948 2124 2226 3829 2904 2869 45.3 43.8 472

v 3204 1889 1627 1838 4321 2115 2281 32.5 317 335

v 2123 2578 2315 2580 2819 2706 3193 44.5 39.8 44.2

VI 2958 2755 2309 2628 3914 3063 3338 49.5 474 49.8

VI 2580 2195 2114 2412 3330 2873 3178 40.4 337 39.0

Vil 2249 2172 2015 2524 3012 2828 3446 49.7 45.7 49.5
R e s R
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Long Term Period I Effluent
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Figure 5.48 : Comparison of measured versus predicted (BIOWIN and UCTPHO) effluent

parameters for Long Term Period I
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Figure 5.49: Comparison of measured versus predicted (BIOWIN and UCTPHO) effluent

parameters for Long Term Period II.
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Long Term Period III Effluent
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Effluent concentrations {mg/l)
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Figure 5.50: Comparison of measured versus predicted (BIOWIN and UCTPHO) effluent

parameters for Long Term Period IIL

Long Term Period IV Effluent
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Figure 5.51: Comparison of measured versus predicted (BIOWIN and UCTPHO) effluent

parameters for Long Term Period IV.
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Figure 5.52: Comparison of measured versus predicted (BIOWIN and UCTPHO) effluent

parameters for Long Term Period V.
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Figure 5.53: Comparison of measured versus predicted (BIOWIN and UCTPHO) effluent

parameters for Long Term Period VI.
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Long Term Period VII Effluent
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Figure 5.54: Comparison of measured versus predicted (BIOWIN and UCTPHO) effluent
parameters for Long Term Period VIL
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Figure 5.55: Comparison of measured versus predicted (BIOWIN and UCTPHO) effluent
parameters for Long Term Period VIIL



5.74.2

5.80

Reactor parameters

From Tables 5.27 and 5.28 below, it can be seen that:

There is a good correlation between the measured and predicted anaerobic NO,
concentrations. This is not difficult as all NO, entering it is denitrified.

The comparison of the measured and predicted anoxic NO, values is inconsistent and
varies throughout the long term periods.

with the exception of Long Term Period VII, Module B, the predicted NO, values are

consistently higher than the measured.

The poor correlation between the measured and predicted anoxic & aerobic NO; concentrations

in both modules can be attributed to the poor anoxic denitrification and the significant aerobic

denitrification experienced in the full-scale plants.

With the exception of Long Term Periods Il and VIII, Module B, the predicted anaerobic
Ortho P concentrations are higher than the measured values indicating greater P release
predicted.

For Module A, the predicted anoxic Ortho P concentrations are consistently and
significantly higher than the measured. The lower measured Ortho P concentrations can
be attributed to periods of excessive DO ingress into the anoxic reactor stimulating P

uptake under aerobic conditions. In Module B, a much better correlation between the

measured and predicted anoxic Ortho P concentrations is achieved.

With the exception of Long Term Period III, Module B, the predicted aerobic Ortho P
concentrations are consistently lower than the measured values indicating greater aerobic
P uptake predicted.

The simulation results of UCTPHO and the adjusted BIOWIN for the reactor parameters

of Modules A and B are very similar for most long term periods of the investigation.
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Table 5.27 : Comparison of measured “site” reactor data and BIOWIN & UCTPHO model results for Module A.

St

Long Anaerobic NO, Anoxic NO, (mghN/f) Aerobic NO, (mgN/Q) | Anaerobic PO, (mgP/) Anoxic PO, (mgP/) Aerobic PO, (mgP/l)

Term (mgN/t)

Period | “gite” UCT- | BioWin | “Site” UCT- | BioWin | “Site” UCT- | BioWin | “Site” UCT- | BioWin | “Site” UCT- | BioWin | “Site” UCT- BioWin
| PHO Adjust. PHO Adjust. PHO Adjust. PHO | Adjust. PHO Adjust. PHO Adjust.
1=

i N/A | 000 | 001 N/A | 500 | 479 | N/A | 1520 | 1446 | N/A | 3790 | 2949 | N/A | 11.50 | 11.94 | N/A | 1.20 4.90 “

I 140 | 000 | 002 | 722 | 980 | 1170 | 1175 | 232 | 2540 | 18.60 | 3550 | 33.55 | 6.04 | 1230 | 1265 | 2.20 | 0.00 1.36

1 021 | 000 | 000 | 339 | 0.10 | 0.09 | 10.00 | 30.70 | 33.55 | 29.99 | 66.80 | 25.29 | 11.14 | 45.70 | 22.82 | 1.55 | 0.00 0.71

v 0.11 | 0.00 | 000 | 007 | 000 | 000 } 2.00 | 2.10 | 002 | 13.03 | 57.60 | 3938 | 9.24 | 33.00 | 35.02 | 044 | 0.00 0.18

A% 021 | 0.00 | 000 | 0.13 | 020 | 005 1.59 | 1240 | 10.02 | 34.10 § 77.50 | 58.62 | 12.66 | 32.80 | 2652 | 3.78 | 0.00 0.25

051 | 0.00 | 0.01 6.94 | 040 | 615 | 11.73 | 26.60 | 32.50 | 25.69 | 64.50 | 61.38 | 10.26 | 34.50 | 35.84 | 3.61 | 0.00 0.75

Vi 048 | 000 | 000 | 673 | 050 1.34 | 10.09 | 34.00 | 32.80 | 23.92 | 49.90 | 44.56 | 10.05 | 31.70 | 28.33 | 5.87 | 0.00 0.19

VIII 0.18 | 000 | 000 | 832 | 0.30 1.29 | 13.51 | 37.10 | 36.34 | 24.48 | 53.40 | 4382 | 7.25 | 35.60 | 29.31 | 2.17 | 0.00 0.23 J

Note: NO, - nitrate, PO, - orthophosphate.
N/A - for Long Term Period I no NO, and PO, reactor data are available.
“Site” - measured “site” data for Module A.
BioWin adjust. - BioWin32 using adjusted kinetic and stoichiometric model constants of De Haas et al., 2001 and Wentzel et al., 2002,
UCTPHO - Default UCTPHO (Wentzel et al., 1992)
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Table 5.28 : Comparison of measured “site” reactor data and BIOWIN & UCTPHO model results for Module B.
Long | Anaerobic NO, (m;.l-\l/ﬂ) Anoxic NO, (mgN/f) A;obic NO, (mgN/t) | Anaerobic PO, (mgP/¢) Anoxic PO, (n:;;/";)”‘ Acrobic PO, (mgP/0)
ferm “Site” | UCT- | BioWin | “Site> | UCT- | BioWin | “Site” | UCT- | BioWin | “Site” | UCT- | BioWin | “Site” | UCT- | BioWin | “Site” | UCT- | Biowin
| Period PHO | Adjust. PHO | Adjust. | PHO | Adjust. PHO | Adjust. PHO | Adjust. PHO | Adjust
I I N/A 0.00 0.01 N/A 6.10 6.41 -N/A 15.00 | 1565 | N/A §33.70 | 2750 1 N/A | 1020 | 11.24 | N/A 1.80 | 5.0;-
1 0.39 0.00 0.03 8.01 12.40 | 14.15 | 14.78 | 2290 | 2486 | 22.22 | 31.20 | 30.16 | 9.38 9.20 9.85 445 0.60 1.78
I 0.18 0.00 0.00 5.17 5.70 4.14 | 1491 | 21.70 | 2100 | 3149 | 4430 | 1668 | 1333 | 1740 | 949 1.26 6.00 2.62
v 0.13 0.00 0.02 5.01 5.70 8.52 10.57 | 1530 | 1834 | 27.85 | 35.10 | 32.01 | 1505 | 1100 | 1043 § 7.56 6.00 6.50
v 0.10 0.00 6.01 3.29 5.20 730 § 11.07 | 16.00 | 1840 | 2825 | 6240 | 4943 | 10.21 | 19.10 | 1542 | 1.74 6.00 0.30
6.27 0.00 0.04 534 930 | 1475 § 1503 | 23.00 | 28.51 | 3133 | 4350 | 46.79 | 13.05 | 14.10 | 1632 | 3.43 0.00 6.70
VI 0.14 0.60 0.00 1.67 0.50 0.33 9.51 11.80 | 930 | 2039 | 41.20 | 3826 | 13.03 | 1580 | 1494 | 2.06 6.00 6.16
VI 0.26 i 0.00 0.02 4.44 890 | 1302 {1 1358 | 2790 | 3164 | 31.02 § 3260 | 2421 | 16.19 | 1390 | 10.52 | 5.06 1.20 0.82J

Note: NO; - nitrate, PO, - orthophosphate.

N/A - for Long Term Period I no NO, and PO, reactor data available.

“Site” - measured “site” data for Module B.

BioWin adjust. - BioWin32 using adjusted kinetic and stoichiometric model constants of De Haas et al., 2001 and Wentzel ez al., 2002.
UCTPHO - Default UCTPHO (Wentzel et al., 1992)
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CHAPTER 6

CONCLUSIONS

6.1 BACKGROUND AND OBIECTIVES

Biological nutrient (N & P) removal (BNR) by nitrification and denitrification (ND) and
biological excess phosphorus removal (BEPR) in single sludge activated sludge systems
(NDBEPR) has become an established practical technology implemented widely at full-scale.
However, implementation of BNR has brought with it a new set of difficulties (Ekama and
Wentzel, 1997), viz. (1) it’s tendency to develop bulking sludges due to filamentous organism
proliferation, (2) it’s requirement for a long sludge age to ensure nitrification, (3) the limitation
of the N and P removal placed on the system by the influent wastewater characteristics, in
particular the readily biodegradable COD (RBCOD) fraction and the TKIN/COD & P/COD ratios
(Pitman, 1991) and (4) the problems that arise in the treatment of P rich waste sludge (Pitman

etal.,1991). The focus of this investigation was on the control of filamentous organism bulking.

It has been shown by Ekama and Marais (1986) that an important factor limiting the treatment
capacity of an activated sludge plant is the inefficient separation of solids from the liquid phase
in the secondary settling tank (bulking) caused by poor sludge settleability (DSVIs > 150 m{/g).
The large potential savings from increasing the treatment capacity of activated sludge plants
through improvement in sludge settleabilityhave motivated considerable research into the causes

of bulking.

Extensive research on low F/M (Jenkins ef al., 1984) filamentous organism bulking in biological
N and N & P removal plants has been undertaken principally at laboratory-scale. This research
has shown that the promoted specific control method of selectors, which stimulate removal of
influent RBCOD in anaerobic, anoxic or aerobic selectors by metabolic or kinetic selection, is
not successful in controlling bulking by biological N and N & P removal plants (Ekama ef al.,
1996).

A growing body of laboratory-scale evidence and observations from full-scale plants support the
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findings that the conditions that stimulate biological N removal are conducive to bulking, viz.
alternating anoxic-aerobic conditions with the presence of oxidized nitrogen at the transition
from anoxic to acrobic. Hence, the low F/M filaments were renamed anoxic-aerobic (AA)
(Caseyet al., 1994), to more accurately reflect the conditions under which they proliferate. From
a review of the experimental results collected at laboratory-scale, a hypothesis on AA
filamentous organism bulking was developed - stated simply (but not completely), if
denitrification is not complete (nitrate/nitrite concentrations > 2 mgN/{) at the time conditions

switch from anoxic to aerobic, then proliferation of AA filaments occurs and visa versa.

Application of this specific method to control AA filamentous organism bulking derived from
the hypothesis of Casey et al. (1994) needs to be demonstrated at full scale to check the validity
of this new specific bulking control approach. The principal objective of this research project
was, therefore, to demonstrate at full-scale the specific control methodology developed at

laboratory-scale.

A second important phenomenon observed repeatedly in the laboratory-scale investigations on
NDBEPR systems as well as on external nitrification (EN) biological nutrient removal (BNR)
activated sludge (AS) systems (Moodley et al., 1999; Sotemann et al., 2000; and Hu ez al., 2001),
is that in these systems low COD mass balances (80 to 90 %) are observed. In contrast, on ND
systems (i.e. no anaerobic reactor) invariably the COD mass balances are much higher (90-95 %)
and closer to the theoretically expected 100 %. This inexplicable loss of COD in NDBEPR
systems has also been observed in other research laboratories (e.g. Virginia Tech, Randall et al.,
1988). Because the COD mass balance is based on reconciling the COD mass exiting the system
via effluent flow, sludge VSS wastage and carbonaceous oxygen demand, with the influent
wastewater COD mass, the lower COD mass balance results in lower sludge production and
carbonaceous oxygen demand. Indeed so often and repeatedly has this low COD mass balance
been observed over the past decade, that certain BNR models coded into commercially available
computer simulation packages, include this COD loss (~15 %) and so calculate reduced sludge
production and oxygen demand. The mechanism whereby this COD loss has taken place is via
the fermentation process which transforms the readily biodegradable (RB) COD to volatile fatty
acids (VFA) in the anaerobic reactor - instead of an equal concentration of VF A being generated
from the RBCOD, only a fraction (~50 %) of the RBCOD becomes VFA, the balance is COD
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that is lost. The fermentation process has been selected for this COD loss because it is one of
the few biological processes confined to the anaerobic reactor. The COD loss cannot be due to
a lower anoxic heterotrophic yield coefficient (0.54 mgCOD/mg COD instead of 0.66
mgCOD/mgCOD) because this (i) doesn’t affect the COD balance and (ii) happens in both ND
and NDBEPR systems. The question that arises from this COD loss phenomenon is - does this
COD loss also happen at large or full scale so that it is scientifically defensible to include this
COD loss and design full scale plants on this basis? Because the full-scale plant is potentially
a large well controlled and monitored plant, it provides an opportunity to check the COD mass

balance at a scale 200 000 x larger than laboratory scale.

For this purpose, two parallel full-scale plants at the Mitchell’s Plain Wastewater Treatment Plant
were made available by the Cape Metropolitan Council. The two full-scale plants (Modules A
and B) were redesigned as N & P removal UCT configuration systems, such that the two systems
had the same design and operating parameters. The sludge age was 15 d and the anaerobic,
anoxic and aerobic mass fractions 0.091, 0.350 and 0.559 respectively. The treatment capacity
of the two modules (1361 and 2043 m®) each with its own SST (25 m diameter, 3 m side water
depth & hydraulic suction) was estimated to be 2.0 and 2.7 M{/d respectively for a DSVIof250
m{/g and reactor concentrations of around 4 gTSS/l. However, due to aeration capacity
limitations of the old fine bubble ceramic dome aeration system, the flows were reduced to 1.4
and 2.1 M{/d giving a hydraulic retention time of about 24 h. Sludge was wasted hydraulically
from the end of the main reactor over a calibrated weir and discharged by gravity to the main
plant’s sludge treatment facilities. The idiosyncrasies of the old aeration system and persistent
problems with the sludge back flow into the full-scale plants from the sludge treatment facilities
resulted in the anoxic and aerobic reactors not functioning as such (leading to poor anoxic
denitrification and significant aerobic simultaneous nitrification-denitrification) and poor sludge

age control. These problems compromised achieving the two research objectives.

To test the AA filament bulking hypothesis at large scale, in the one system (Module B), the
nitrate/nitrite concentration in the anoxic reactor would be controlled to be > 2 mgN/{ and hence
in terms of the hypothesis should bulk, while in the other parallel system (Module A) it would
be controlled to < 1 mg! and hence in terms of the hypothesis should not bulk. To control the

nitrate/nitrite concentrations leaving the anoxic reactors and entering the subsequent aerobic
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reactors, the ‘a-recycles’ (aerobic to anoxic) were varied to under and overload the anoxic
reactors of Modules A and B respectively. In operation, the ‘a-recycles’ for Modules A and B
were initially set at about 2:1 and 5:1 respectively with respect to the influent. However, from
plant performance monitoring it was noted that the nitrate concentrations in the anoxic reactors
of both modules were excessively high, which caused significant nitrate to be recycled to the
anaerobic reactor, adversely influencing biological P removal. These high anoxic nitrate
concentrations were due in part to the high TKN/COD ratio of the settled wastewater and the
high underflow ‘s-recycle’ ratios (~ 2:1) required to maintain the hydraulic syphons on the
suction lift SSTs (see Section 6.4 below). Accordingly, the ‘a-recycle’ ratios for Modules A and

B were reduced to 0:1 and about 3:1 respectively.

In the 589 day operation of the full-scale plants, from an examination of the influent, operational
parameters and measured system performance, eight ‘steady state’ long term periods where these
remained approximately constant were identified. System performance monitoring commenced
on 31 October 1999 (day 1). Initially the plant was monitored once a week on Sundays by the
Scientific Services Department of the CMC. From 12 June 2000 (day 225) more extensive
sampling and analysis was simultaneously carried out on the full-scale plants every second day,
excluding Sundays. The “CMC” data was primarily used as a cross check on the more extensive
“site” data. The experimental results and evaluation of this investigation are summarised below

in Sections 6.2 {0 6.7.

6.2 OPERATION PROBLEMS

L. Progressive blocking of the ceramic diffuser domes increased the back pressure in the
aeration system which caused thermal trip-out of the compressor. The compressorpulley
wheel diameters were reduced, which solved the trip-out problem but reduced the air
supply by about 10 %. On 11 June 2001 (day 589) the pipe distribution system

irreparably ruptured and forced cessation of the investigation.

2. Even though the influent flow was reduced to match the aeration capacity, the air supply

was too low for the aerobic reactors to be properly aerobic resulting in significant
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simultaneous denitrification. Also, leaks in the distribution pipework in the anoxic
reactors (part of which were aerobic reactors in the former configuration) as well as
considerable back mixing from the aerobic to anoxic reactor in Module A, resulted in
poor denitrification in the anoxic reactors. As a consequence the anoxic and aerobic
reactors did not operate as such and were both quasi anoxic quasi aerobic to different

degrees in the two modules.

3. Sporadic ingress of main treatment plant sludge via the sludge wastage drain resulted in
significantly higher (30 to 50 %) sludge concentrations in the modules than would
develop from the settled wastewater itself, particularly in the earlier stages of the
investigation. As a consequence “steady state conditions” could not be achieved. Due
to its labour intensiveness it was planned to measure the oxygen utilisation rates only
when this problem was eliminated but the investigation had to be terminated before this

could be achieved. As a consequence, COD balances could not be done.

4, An identical laboratory scale system (~1:200000) was operated for 163 days from day
470 to day 632 (43 days after the termination of the full-scale plant investigation) to
evaluate the magnitude of the above problems on the full-scale plant results.

6.3 COD REMOVAL PERFORMANCE

5. Over the 589 day investigation which was divided into eight periods ranging from 40 to
224 days during which influent and operating conditions were relatively unchanged, the
average (for the eight steady state periods) percentage COD removal was 87 and 89 %
for Modules A and B respectively. With the exceptions of Period IV Module A and
Periods VII and VIII Module B, consistently good COD removals were achieved with
unfiltered effluent COD concentrations < 75 mgCOD/{. The membrane filtered effluent
COD concentration was 53 mg/l giving an unbiodegradable soluble COD fraction of
0.086 for the settled wastewater.
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The COD mass balance of the two modules over the investigation could not be
determined because steady state conditions were not achieved and therefore the oxygen

utilisation rates (OUR) were not measured.

The overallaverage TSS and VSS concentrations were 3622 mgTSS/0 and 2710 mgVSS/¢
& 3661 mgTSS/¢ and 2787 mgVSS/{ for Modules A & B respectively. This is ~10 %
higher than expected from 100 % COD mass balance models (UCTPHO - see 24 below)
and ~60 % higher than measured in the lab-scale system, indicating that sludge ingress

was substantial, taking due account of the lower influent COD to the lab-scale system.

6.4 NITROGEN REMOVAL PERFORMANCE

10.

The influent TKN/COD ratio varied between 0.10 to 0.24 with an average of 0.16
mgN/mgCOD which is above the estimated upper limit (0.14 mgN/mgCOD) to avoid

nitrate recycle to the anaerobic reactor.

For Periods I and II (332 days), the nitrification performance was reasonable, with
effluent FSA concentrations at about 1 mgN/{. For all the other periods nitrification was
partial only, indicated by the relatively high effluent TKN and FSA concentrations (5 -
30 mgN/{). From Period III to midway Period VI (140 days), nitrification was
particularly poor in Module A (effluent FSA > 5 mgN/{), which indicated inadequate
aeration. From Period V1, more air was directed to Module A at the expense of Module
B. This reduced the effluent FSA from Module A to < 5 mgN/¢ but increased it from
Module B to > 20 mgN/{.

The nitrite (NO,) concentrations were negligible (<0.5 mgN/{) in the anoxic and aerobic
reactors throughout the investigation. For most periods, the effluent nitrate
concentrations were low (10 to 17 mgN/{) in Module A and B compared with the very
high influent TKN/COD ratio and indicates that denitrification in the system was very
good (~50 - 55 mgN/t), except for Periods IV and V Module A where nitrification failed

(<2 mgN/t). The nitrate concentrations in the anoxic zones of both Modules A and B
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were higher than expected (5 - 8 mgN/{) which resulted in (i) nitrate feed back to the
anaerobic reactor and (ii) not achieving low nitrate at the anoxic-aerobic transition in
Module A. Reducing the ‘a-recycle’ ratios on Module A and B from 2:1 and 5:1 to 0:1
and 3:1 respectively did not solve this problem. Later in the investigation it became
apparent that these high anoxic reactor nitrate concentrations were due to back mixing

from the aerobic reactor and air leaks in the air distribution network.

To examine the nitrification and denitrification performance, nitrate and nitrite mass
balances were calculated around each reactor and the SST. Net denitrification in the
anoxic zones was very low, on average only 3 and 24 mgN/{ influent for Modules A and
B respectively. Compared with the influent TKN of 95 to 98 mgN/{, with such low
denitrification it is impossible to achieve effluent nitrate concentrations between 10 and
17 mgN/{ unless significant simultaneous nitrification-denitrification was taking place
in the anoxic and aerobic reactors. This was confirmed during Periods VII and VIII when
the air supply to Module A was increased (at the expense of Module B) and resulted in
a net nitrate production (nitrification) in the anoxic reactor. This simultaneous
nitrification-denitrification in the anoxic and aerobic reactors invalidates the N balance
calculations which assumes that no denitrification takes place in the aerobic reactor and
no nitrification in the anoxic reactor. The average N balances calculated for Modules A
and B were 57 % and 76 % respectively indicating that Module B was closer to the
desired operation conditions (i.e. sufficient air in the aerobic reactor only) than Module

A.

The overall average N removal was 77 % for Modules A and B. Accepting a 100 % N
balance in the system for the eight steady state periods, the total N concentration removed
(via denitrification + N in the waste sludge) was exceptionally large, on average at about
74 mgN/t influent for both modules. Of this N, about 21 and 25 mgN/{ influent for
Modules A and B respectively was removed with the waste sludge leaving about 53 and
49 mgN/{ influent for Modules A and B respectively as nitrate denitrified. From the
nitrate mass balance around the anoxic and aerobic reactors, of this nitrate, only about 3
and 24 mgN/{ influent for Modules A and B respectively was denitrified in the anoxic

reactor and 17 and 42 mgN/{ nitrified in the aerobic reactor, confirming simultaneous
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nitrification-denitrification in the anoxic and aerobic reactors. While such simultaneous
N removal can have advantages, it comes at considerable risk to nitrification, indicated

by the relatively incomplete nitrification (see 11 above).

On average over the 589 day investigation the N mass balances for both modules were
poor - 57 and 76 % for Modules A and B respectively. Two possibilities for this were
identified, (i) the simultaneous nitrification-denitrification already mentioned and (ii)
error in nitrate measurements. While supporting evidence for the latter was identified-
separate independent analysis of nitrate samples gave about 10 % higher concentrations,
by far the greatest contribution to the poor N balances was simultaneous N removal in the
anoxic and aerobic reactors. Furthermore, a parallel laboratory-scale UCT system with
the same design parameters as the Module A full-scale plant and fed the same wastewater
as influent but with none of the operating problems gave a good N balance (99 %) and

a much higher effluent nitrate concentration (38 mgN/{).

6.5 PHOSPHORUS REMOVAL PERFORMANCE

14.

15.

16.

The average influent Total P (TP) concentration was 12.7 mgP/{ making the influent
P/COD ratio 0.021 mgP/mgCOD. This is not a high value, and with the influent readily
biodegradable (RB) COD of 217 mgCOD/{ (measured as the difference between
floc/filtered influent and effluent COD concentrations) has the potential to achieve very

good P removal with effluent TP <1 mgP/(.

With the exception of Module A Period III, the filtered (< 0.45 pm) effluent TP
concentration > 2 mgP/{, indicating that the P removal was not limited by the influent P
concentration. This allowed the overall average system P removal capacity for Modules
A and B to be measured, which based on unfiltered influent and filtered effluent TP was
10.0 and 9.3 mgP/{ respectively. The unfiltered effluent TP was 2.9 and 4.0 mgP/{
making the P/VSS ratio of the ESS 0.06 mgP/mgVSS (similar to that in the reactor).

The percentage P removal of Modules A and B were similar at 69 and 64 % respectively
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based on unfiltered influent and effluent samples. The P removal attained was
considerably reduced below that potentially achievable due to the high concentration of
nitrate recycled to the anaerobic reactors; on average at 5.6 and 5.0 mgN/{ for Modules
A and B respectively. This reduced the P removal by an estimated 3 mgP/l.
Nevertheless, consistently good biological P removal was obtained at 0.015 and 0.014
mgP/mg influent COD for Modules A and B respectively.

In contrast to the N mass balance, the overall average P mass balance for Modules A and
B were excellent, at 103 and 97 % respectively. The good overall averages indicate that
the data relating to P was reliable. The P/VSS ratio of the sludge mass in the reactors
was 0.065 mgP/mgVSS, which is significantly above the 0.025 mgP/mgVSS for non-
BEPR activated sludge. However, it should be noted that had sludge from the non-BEPR
main treatment plant not sporadically entered the full-scale plants, the P/VSS ratio ofthe

sludge mass would have been significantly higher.

The average anaerobic P release was very similar in both modules at 26 and 29 mgP/{

influent for Modules A and B respectively. The average aerobic P uptake in Module B

- was significantly higher than in Module A at 45 compared to 19 mgP/¢ influent

respectively. In the anoxic zones the two modules appeared to exhibit divergent
behaviour. Throughout the investigation P uptake occurred in the anoxic reactor of
Module A, while in Module B P release occurred in the anoxic reactor. For Module A,
over the investigation 48 % of the P uptake occurred in the anoxic reactor. Initially it was
thought this was anoxic P uptake in Module A. Hu ef al. (2001) noted that anoxic P
uptake tends to be stimulated by an overload of nitrate on the anoxic reactor and hasbeen
observed quite often in laboratory-scale and full-scale plants. When it takes place, the
BEPR is only two thirds to three quarters of BEPR with predominantly (>90 %) aerobic
P uptake (Ekama and Wentzel, 1997). However, its occurrence in Module A is
apparently not real because (i) both modules were overloaded with nitrate, (ii) had similar
average anoxic nitrate concentrations and (iii) aerobic P uptake took place in Module B
and (iv) the BEPR was the same in both modules. Although not apparent during the
investigation, the occurrence of P uptake in the anoxic reactor therefore is best explained

as aerobic P uptake as a result of excessive DO ingress into the Module A anoxic reactor.
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In Module B, DO ingress into the anoxic reactor was much less, and air supply to the
aerobic reactor greater than Module A, with the result that the anoxic and aerobic reactors
were closer to these conditions than the anoxic and aerobic reactors of Module A. Thus
for Module A the circumstantial (and experimental) evidence suggested P uptake by

PAOs under aerobic conditions rather than under anoxic conditions.

The BEPR performance of the full-scale plants (Modules A and B) was assessed by
comparing the measured P removal with the theoretical P removal calculated by the
steady state model of Wentzel ef al. (1990). In doing this calculation procedure, the
unbiodegradable particulate COD fraction (f5,), the two active heterotrophic organism
fractions of the VSS [i.e. polyphosphate accumulating organisms (PAOs), f,, ., and
ordinary heterotrophic organisms (OHOs), £, o0] and the P content of the PAOs (fxpgp)
are determined. To determine the unbiodegradable particulate COD fraction (f; ) of the
sewage fed to the full-scale plants, the appropriate f;, value was selected so that the
system VSS mass calculated with the BEPR model of Wentzel et al. (1990) was equal
to the measured VSS mass using the measured influent readily biodegradable COD
(RBCOD) concentration, and the influent characteristics of the sewage (i.e. fraction of
unbiodegradable soluble COD/total influent COD, f;, and total influent COD, S;;) and
the known system parameters (anaerobic mass fraction and sludge age) as input. An
overall average fg , value of 0.239 was estimated. The OHO and PAO active VSS mass
fractions were determined from the ratio of the masses of OHO and PAO VSS to the total
VSS giving overall average f,, oyoand £}, pao values of 0.210 and 0.140 respectively. The
P content of the PAOs (fxpp) Was estimated as that value which set the calculated P
removal equal to the measured P removal. An overall average fyyp value of 0.322
mgP/mgPAOAVSS was estimated for the full-scale plants. A {5, value 0f 0.239 for the
settled wastewater is far too high and is the result of the sludge ingress from the main
treatment plant. Accordingly a more realistic f;,, of 0.05 was selected for the settled
wastewater (the lab-scale system yielded a fg,, of 0.03) and the calculations repeated.
The f;,,, 0£0.05 yielded a PAO P content (fxpgp) 0f 0.39 mgP/mgPAOVSS which is very
close to the Wentzel et al. (1990) model standard of 0.38 for 100 % aerobic P uptake
BEPR, confirming that the BEPR in the full-scale plants was normal aerobic uptake
BEPR.
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6.6 SLUDGE SETTLEABILITY AND FILAMENT IDENTIFICATION

20.

21.

22.

In both modules the anoxic nitrite concentrations were very low throughout the
investigation with an overall average of 0.17 and 0.25 mgN/l for Modules A and B
respectively. Inboth modules anoxic nitrate concentrations were high, except for Module
A Periods IV and V where nitrification failed, with an overall average of 5.36 and 5.17
mgN/{ for Modules A and B respectively. The high nitrate concentrations in the anoxic
zones indicated that the proposed control of nitrate in the Module A anoxic zone to low
concentrations had not been achieved in practice, even though the ‘a-recycle’ was set to
zero from Period Il onwards. However, the proposed control of nitrate in the Module
B anoxic zone to high concentrations had been achieved in practice. Thus, it would not
be possible to demonstrate the effect of complete anoxic denitrification on sludge
settleability, though the effect of incomplete anoxic denitrification could be
demonstrated. However, because the intended anoxic and aerobic conditions were not
achieved in the anoxic and aerobic reactors, and these reactors were a continuous quasi
anoxic quasi aerobic reactor, it is difficult to apply the AA filament bulking hypothesis
to the results. Nevertheless, in single reactor Carousel, Orbal and other intermittently
aerated ND plants in which substantial simultaneous ND takes place, sludge settleability
often is poor (DSVI > 200 mi/g) caused by AA filaments like M. Parvicella and Type
1851. So apart from the fact that the full-scale plants include BEPR, from the quasi
anoxic quasi aerobic conditions in the anoxic and aerobic reactors of the full-scale plants,

the expectation is that the sludge should bulk due to AA filament proliferation.

The sludge settleability of the two systems was monitored by means of the Diluted
Sludge Volume Index (DSVI). In terms of the hypothesis and the bulking control
strategy, since both modules have high anoxic nitrate concentrations both should produce
a bulking sludge due to AA filament proliferation. In contrast both modules produced
good settling sludges with low overall DSVIs 0f 97 and 102 m#/gTSS. At no time during
the 589 day investigation did the 7 day moving average exceed 120 m{/gTSS.

From 17 monthly microscopic identifications the filament most frequently dominant in
both Module A and B was M. parvicella (41 and 44 % respectively). The next most
frequently dominant filaments were type 0092 and type 1851. All of these filaments are
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classified as typical of the low F/M category (Jenkins et al., 1984) later renamed Anoxic-
Aerobic(AA) (Casey et al., 1994) and are almost always observed in full scale NDBEPR
systems whether bulking or not (Blackbeard et al., 1986, 1988). The five most frequently
occurring filament types in Modules A and B in descending order of frequency were, M.
parvicella present in 82 and 94 % of samples, type 0092 present in 77 and 69 %, type
18511in 53 and 63 %, type 1701 in 6 and 13 % and N. limicola in 6 and 6 % respectively.

6.7 SIMULATION OF THE FULL-SCALE PLANTS

23.

24.

The 24h intensive monitoring tests were conducted by Diale and Modipa (2000) for their
BSc thesis project on the two full-scale plants during which all the influent, reactor and
effluent concentrations were measured every 2 hours and the OUR every hour mid-way
along the length of the aerobic reactor. These indicated that diurnal variation in all these
concentrations was not significant and the grab samples taken for the “CMC” and “site”
data sets could be accepted as daily average values. Owing to the operation problems
mentioned above and difficulty obtaining representative OUR samples, poor COD and

N balances were obtained in these tests.

By giving the same influent flow and concentrations and system design parameters as
input, the system performance was modeled with two NDBEPR simulation programmes,
UCTPHO (Wentzel et al., 1992) and BIOWIN (Envirosim & Associates, Canada 2001
release). These two programmes were selected because of their distinct model
differences (i) UCTPHO is COD conservative (i.e. 100 % COD balance) whereas
BIOWIN includes COD losses in the anaerobic processes and (ii) the BEPR in UCTPHO
is based on 100 % aerobic P uptake whereas BIOWIN includes anoxic-aerobic P uptake
BEPR. The measured effluent and reactor concentrations of Modules A and B were
compared to the predicted values of the BIOWIN and UCTPHO kinetic models. Because
the modules could not be operated with well defined aerobic and anoxic conditions and
without sporadic sludge ingress, the measured results cannot be used to comment on the

model predictions.
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26.

27.
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The BIOWIN simulations with the default kinetic and stoichiometric constants produced
results which were at an unacceptably large variance with steady state ND and BEPR
models and UCTPHO predictions, particularly in regard to denitrification rates in the
anoxic reactor. This was in part due to anoxic P uptake BEPR and in part due to too high
kinetic rate constants. Also the predicted VSS and OUR were significantly below (~10
%) those of UCTPHO due to anaerobic COD loss. Hence, adjusted BIOWIN model
parameters (De Haas et al., 2001 and Wentzel et al., 2002) were adopted in the
simulation of the full-scale plants to closely emulate the UCTPHO model parameters i.e.
(1) eliminated the COD loss, (ii) reduced the denitrification rate and (iii) stopped anoxic
P uptake and its associated denitrification. It was found that in general for Modules A
and B, the combination of results obtained from the BIOWIN simulations using the

adjusted model parameters were closer to the measured data than the default BIOWIN

simulation results. However, the full-scale plant data cannot be accepted as a basis for

model validation.

A reasonably good correlation between the measured and predicted effluent
unbiodegradable soluble COD (S,,) and free and saline ammonia (FSA) concentrations
was achieved. The predicted effluent and reactor nitrate (NO,) concentrations were
consistently higher than the measured values. This can be attributed to the significant
denitrification in the aerobic reactors of both Modules A and B which were not modelled
in BIOWIN and UCTPHO. As the effluent and reactor Ortho P concentrations are greatly
affected by the predicted NO, recycled from the anoxic to the anaerobic reactor, a poor

correlation between the measured and predicted values was achieved.

For some long term periods, the measured VSS and TSS are significantly greater than the
predicted values of BIOWIN and UCTPHO. This can be attributed to the inadequate
sludge wasting from the full-scale plants particularly in the earlier stages of the

investigation.
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6.8 CLOSURE

The principle aim in this research project was to investigate at full-scale the implementation of
the proposed strategy to control bulking by AA filaments, namely that by limiting the anoxic
nitrate/nitrite concentrations to < 1mgN/{ at the anoxic to aerobic transition by controlling the
‘a-recycle’ ratio, a good settling sludge could be achieved. In the investigation, the two full-scale
plant modules were run in parallel, one (Module A) with a low ‘a-recycle’ ratio to give low
anoxic nitrate concentrations and the other (Module B) with high “a-recycle’ ratio to give high
anoxic nitrate concentrations. In terms of the AA filament bulking hypothesis and the control
strategy derived from it, this should cause the module with high anoxic nitrate concentrations to
bulk due to AA filament proliferation (Module B) and the module with low anoxic nitrate

concentrations (Module A) not to bulk.

In operation of the two full-scale plant modules, it was found that despite the difference in ‘a-
recycle’ ratio, both modules had high anoxic nitrate concentrations. This was caused by the poor
anoxic denitrification performance in the two modules due to air ingress and back mixing from
the aerobic reactor, particularly in Module A. Thus, the effect of low anoxic nitrate concentration
on sludge settleability could not be examined. However, since both modules had high anoxic
nitrate concentrations, the effect of this on sludge settleability could. In terms of the AA bulking
hypothesis this should stimulate AA filament proliferation and hence bulking. However, this did
not occur in practice: In both modules, throughout the investigation (589 days where monitoring
took place) relatively low DSVIs (< 110m¢/gTSS) were measured. Clearly, this is contrary to the
AA bulking hypothesis. However, the difficulties with sludge ingress from the main plant (see
point 3 in Section 6.2 above) makes drawing definitive conclusions in this regard difficult.
Furthermore, because of inadequate aeration in the aerobic reactors, and air and DO ingress into
the anoxic reactors, these were in effect quasi anoxic quasi aerobic reactors in which substantial
simultaneous ND took place (~50 % of N removal). These conditions are similar to Orbal and
Carousel ND systems which frequently experience high DSVI due to AA filament proliferation.
Even so the full-scale plants had very good settling sludge. Curiously, the lab-scale system had
apoor settling sludge (DSVI> 200 m{/gTSS) throughout its 163 day operation, and appeared to
conform to the AA bulking hypothesis, with DSVI increasing as anoxic NO, increased. In
seeking an explanation for this divergent behaviour one possibility is the difference in aerobic

DO concentration; Casey et al. (1994) have demonstrated that aerobic DO does influence DSVL
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This is an area that requires further research. Clearly finding the cure for AA filament bulking
in NDBEPR systems remains elusive despite the international research attention it has received

over the past twenty years.

With regard to the second objective, that of establishing whether or not the unexplained COD
loss observed in laboratory scale NDBEPR systems also takes place in large scale systems, could
not be validated also. This was due to the sporadic sludge ingress into the full-scale plants from
the main ND activated sludge plant via the waste sludge drainage system leading to significantly

greater masses of sludge in the modules than would accumulate from the influent flow.
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APPENDIX A

CHARACTERISATION OF INFLUENT COD, TKN & TP
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CHARACTERISATION OF INFLUENT COD

Total Influent
COD
(St)
610.74
(mgCOD/D

;

Biodegradable
COD
(Sbi)

527.68
(mgCOD/)

'

Bio. soluble
COD
(Sbsi)
217.30

(mgCOD/1)

fos (fis)
0.412 (0.356)

Y

Bio. particulate
COD
(Sbpi)

310.38
(mgCOD/1)

fop
0.588

Y

Unbiodegradable
COD
(Sui)
83.06
(mgCOD/)

Y

Unbio. soluble
COD
(Sus;)
52.52

(mgCOD/I)

fS,us
0.086

Y

Unbio. particulate
COD
(Supi)
30.54
(mgCOD/1)

*sup
0.050

Note : * The more realistic value for fsup = 0.05 is used rather than the calculated value of 0.239 (see Section 5.3.4.1).
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CHARACTERISATION OF INFLUENT TKN

Total Influent
TKN
(Nt)
97.90

(mgN/1)

;

Y

Free & Saline Organically
Ammonia bound N
(Nai) (Noi)
68.58 R 29.32
(mgN/D) (mgN/D)
: .
Biodegradable Unbiodegradable
Organic N Organic N
(Nob;) (Nous)
24,16 516
(mgN/1) (mgN/D

Y

Bio. soluble
Organic N
(Nobsi)
13.35
(mgN/)

fobsi

Y

Bio. particulate
Organic N
(Nobpi)
10.81
(mgN/D

fNobpi

Y

Unbio. scluble
Organic N
(Nousi)
3.10
(mgN/1)

fNousi

Y

Unbio. particulate
Organic N
(Noupi)

2.06
(mgN/D)

fNoupi
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CHARACTERISATION OF INFLUENT TP

Total Influent
Total P
(Pti)
12.74
(mgP/1)

Y

Organically
Ortho-P bound P
(Psi) (Poi)
9.96 2.78
(mgP/D) (mgP/l)
v -
Biodegradable Unbiodegradable
Organic P Organic P
(Pobi) (Pous;)
1.25 1.52
(mgP/1)

(mi?’/l)

Y

Bio. soluble
Organic P
(Pobsi)
0.39
(mgP/l)

fPobsi
0.031

v

Bio. particulate
Organic P
(Pobpi)
0.86
(mgP/l)

fPobpi
0.068

Y

Unbio. soluble
Organic P
(Pous)
0.29
(mgP/1)

fPousi
8.022

-

Unbio. particulate
Organic P
(Poupi)

1.24
(mgP/l)

fPoupi
0.097
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Characterisation of influent COD

Su = total unfiltered influent COD

Susi = flocculated/filtered effluent COD
Supi = fs,up X Su

Sui = Susi + Supi

Shi = 8¢ - Sui
Susi = flocculated/filtered influent COD - Susi
Sbpi = Sbi - Sbsi

fsup = obtained by setting the calculated VSS = measured VSS using the BEPR model of Wentzel et al. (1990).
fs,us = Susi / S¢

fos = Sbsi / Sbi

fis = Spsi / Sii

fop = Supi / Su

Characterisation of influent TKN

N = total unfiltered influent TKN

Nai = influent FSA

Noi = Nii - Nai

Noupi = fa X Supi / fov [ fa=0.10 mgN/mgVSS, WRC, (1984); fov = 1.48 mgCOD/mgVSS ]
Nousi = flocculated/filtered effluent TKN - effluent FSA
Nouwi = Noupi + Nousi

Nowi = Noi - Noui

Nobsi = (filtered influent TKN - influent FSA) - Nousi
Nobpi = Nobi - Nobsi

fNoupi = Noupi / N

fNousi = Nousi / Nt

fNobsi = Nobsi / Ny

ﬁ\k)bpi = Nobpi / Nii

Characterisation of influent TP

Py = total unfiltered influent TP

Psi = influent Ortho P

Poi = Py - Psi

Poupi = fp X Supi / fov [ fp = unfiltered reactor TP / reactor VSS; fov = 1.48 mgCOD/mgVSS ]
Pousi = filtered effluent TP - effluent Ortho P

Poui = Poupi + Pousi

Pobi = Poi ~ Poui

Pobsi = (filtered influent TP - influent Ortho P) - Pousi
Pobpi = Pobi = Pobsi

fPoupi = Poupi /Py

fPousi = Pousi / Pu

fpobsi = Pobsi / Ps

fPobpi = Pobpi /Py



TableAl:

AS

and Total P for the redesigned full-scale plants.

Comparison of estimated with calculated characterisationofinfluent COD, TKN

Settled Wastewater Parameter Symbol Units Estimated | Calculated
Value Value

Total COD S, mgCOD/t 861
Unbiodegradable COD Sy mgCOD/¢ 116 84 II
Biodegradable COD Se; mgCOD/ 745 527
Unbiodegradable soluble COD (fraction) Susi (fsu9) mgCOD/A 82 (0.095) 53 (0.086)
Unbiodegradable particulate COD (fraction) Supi (fS,up) mgCoD/t 34 (0.039) 31*(0.050)
Biodegradable soluble COD (fraction) Sisi (fbs) mgCOD/¢ 239 (0.32) 217 (0.41)
Biodegradable particulate COD (fraction) pri (fbp) mgCOD/A 506 (0.68) 310 (0.59)

| Total TKN N;; mgN/{ 96 98
Free and saline Ammonia (fraction) N, (£ mgN/g 79 (0.82) 69 (0.70)
Organically bound N N, mgN/¢ 17 29
Unbiodegradable organic N N mgN/{ & 5
Biodegradable organic N Nooi mgN/t it 24 1
Unbiodegradable soluble N (fraction) Nousi (Friousi) g/ 4 (0.037) 3(0.032)
Unbiodegradable particulate N (fraction) Noupi (fNoupi) mgN/{ 2(0.024) 2(0.021)
Biodegradable soluble N (fraction) Niobsi (Frvobsi) mgN/¢ 5.5 (0.058) 13 (0.136)
Biodegradable particulate N (fraction) NNObpi (fuoboi) mgN/t 5.5 (0.058) 11 (0.110)
Total P P mgP/l 19.2 12.7
Ortho P (fraction) P (fpsi) mgP/ 14.8 (0.776) | 9.96(0.784)
Organically bound P . é mg;__lf 4.3 2'7=__—

Note : * The more realistic value for fg,,0£0.05 is used rather than the calculated value 0f 0.239

for the full-scale plants.
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Bi-DAILY “SITE” RESULTS
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Mod A calculated vs measured P removal
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Figures F.1 & F.2 and F3 & F4: “Site” bi-daily calculated vs measured P removal for f,_,
=0.239 and f; ,,=0.050 for Modules A & B respectively.
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DAILY “UCT” CALCULATED vs MEASURED P REMOVAL
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APPENDIX H

MONTHLY FILAMENT IDENTIFICATIONS







H.1

Table H1 : Filament identifications for Modules A & B and lab-scale system.
Sample Filamentous Rank Abundance
Date Organisms Large-Scale Pilot Plant | Lab-Seale | Large-Scale Pilot Plant | Lab-Scale
Module A | Module B |{UCT System| Module A | Module B {UCT System
02/11/1999 | M. parvicella 2 2 NA 1 1 N/A
type 1851 1 1 N/A 2 2 N/A
22/11/1999 |type 1851 1 1 N/A 2 2 N/A
N. limicola 2 N/A 1 1 N/A
20/12/1999 | M. parvicella - 2 N/A - 1 N/A
type 1851 1 1 N/A 2 2 N/A
19/01/2000 | M. parvicella 2 2 N/A 2 2 N/A
type 1851 1 1 N/A 3 i N/A
Nocardia sp. - 3 N/A - 3 N/A
23/03/2000 | M. parvicella 1 1 N/A 2 2 N/A
type 0092 2 2 N/A 1 1 N/A
20/07/2000 |\ M. parvicella 2 2 N/A 2 1 N/A
type 1851 3 3 N/A 1 1 N/A
type 0092 1 1 N/A 3 3 N/A
31/08/2000 | M. ] 2 2 1 2 2 4
type 1851 - 3 - 1 2
type 0092 1 1 - 3 3 -
28/09/2000 | M. parvicella 2 2 1 2 3 3
type 1851 3 1 - 2 3 -
type 0092 1 3 - 3 2 -
20/10/2000 | M. parvicella 1 2 1 3 2 3
type 1851 3 3 - 2 1 -
type 0092 2 1 - 2 3 -
{H. hydrossis - - 2 - - 2
23/11/2000 | M. j 1 1 1 4 3 3
type 0092 2 2 - 2 2 -
14/12/2000 { M. parvicella 2 1 1 2 3 4
type 0092 1 2 - 3 2 -
23/01/2001 | M. parvicella 1 1 N/A 3 3 N/A
type 1851 4 3 N/A 1 2 N/A
type 0092 2 - N/A 2 - N/A
type 1701 3 2 N/A 1 2 N/A
01/03/2001 | M. parvicella 2 2 1 2 2 3
type 0092 1 1 2 3 3 2
21/03/2001 [ M. parvicella 1 1 1 3 3 3
type 0092 2 1 2 3 3 3
type 1701 - 3 - - 1 -
19/04/2001 | M. parvicella 1 1 1 3 3 4
type 1851 - 3 2 - 1 1
type 0092 2 2 - 3 2 -
25/05/2001 | M. parvicella 1 1 1 3 3 4
type 0092 2 2 2 2 2 2
20/06/2001 | M. parvicells - N/A 1 - N/A 3
type 1851 1 N/A 2 2 N/A 2
type 0092 2 N/A - 1 N/A -
23/07/2001 (M. parvicella N/A N/A 1 N/A N/A 3
type 0092 N/A N/A 2 N/A N/A 2
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DAILY “UCT” RESULTS




=l able I1:

Daily "UCT" data.

L1

230473004 § 3 443.2] 6.8 44,8 384 ﬂﬂ 1316 0.4 8.0 858 0.0 7. 35 .40 {4 14.4 2.8 L4}
M 5291 4890, 313621 48.1 43 2.3 196.7 8.0 2.0 §1.2 0.0 035 120 3420 38.40! 143 18.7 18.8)
M 53¢ 4648 !_2“11 68.5 48.1 86.4; 182.0 5.8 0.8 338 00! 193 .38 37,00/ L 138 20%9| 119
Aemagei | s
338472001 ! 416.8) 046, 1 364 4.1 526 2063 z.ll L7 42.3 0.0] 8.4 40] 41.80
dsvegony {53
11043001 | 5 3: 8 200! 220 £221 2016 1.4 200 1L
1884/2001 333 3928 26854, 581 58.1 7.3 gLl 3.2 14.4) 123
13042001 $36) 5130 2885.8 565 301 722, 1723 25] 178 14.8,
20042003 | 5 31100 35070 58 03 m!ﬂ 32 133 142
L 22043001 | 538 5030 4, 24 13 3 13 13.6 9.6/
| 2304200 | 5400 49300 38437 a4 264 728 2023 21 143 9.5/
2440472001 | S48)  se34f 35349 7 336 804 2037 2.3 99 106
282042008 542
260472001 3 539.5 64,6} 6 740 Liki 1.7 13 &5 0.0 808 8 # 122 152 1
21042001 | 344) 5 8540 211 4 22 02 28 210 o83 132 163/ 148
28042001 | 343t 33531 39896 Ja8 1908, 28 .0/ X .0, . 42,00/ 128, 13.6 102
29042000 |
24  mo e 112
6l susl T2l 183a 12| !
' 626 763) 1904 A1 WX
sesl 73l {998 T
364 714 w12 0.5
a4 716l 3156 26
44.4 X 28, 21
423.4) ILt i84.1 81
48.4, e[ 1] 1.2, L Ki
845 yix] 1897 3.7
410 312 1580} 22 21 10.6] o2 848 8, .00, i3 R 1.8
13l szl 1369 22 285 708 o Y ; . 113 14.3) o8
3241 92.4. 1738 43 o8 $0.4 0.0 857 9.94] 43,30 .40/ 1.5 164! 23
A5.4 853 1843 18] 12 $4.6) $1.3
423 8.6 1483 27 L7 23.7)
42,0/ b %) ) 2.7 Al 164 173
45.0) 78.5 140.7] 22 8.4 m 158,
263 011 11:_91 s 0.0 33.4, 158 108




oD TEN TomtP psvVi | OUR Miss MLVES
Date | DoyNo. | inffom | Rescwor | vsrem | FRBm | oot | Resctor | UntEm nfhsant Anoic | Awobk: | FREM | Awobls | Awob | Asmoxie | Asobic | Amaic | Ascbi
L (/)| (gD, _eR P (o
Y Y T 238 szl seal wol  aaal w3l sesosl 269
Y Y ERTTY T wol gl aal sl sl e
Y YT YY) Y 134 ) Y P ssl 304
B Y Y Y T3 EEETY! T Y 941 33400
68 rr Y
y asl sl 70 YY) Y Y 152 12:[
30. [0 TEY 28 Y 19] 147 57
4l w22l s sol syl 762 48 vl s
sl segl  yemy al ol e % 23107
sl s 8 22 wl eol o 68| 116
sonl _ 7e7l  gone sgr ssl sosl o3 y Y Y
44.9] 79.9 158.2 45 622 2.7 0.[7] 3.78 2,001 36.00 52.9 160} 113
163 ls.s‘ 1787 u_»f T Y el oasl 2ol ameol  wmenl  yssl  1ag 87
wsl w2l 1es 35 200 &7 o.gl XY Y P s7l s 90
y 26 0 0.0 Y Y Y X1 ) 106] 168 100
y 367 59 27 7 Y ) ! T Y T AT Y
ol sasl sasn 21 % Y % 2 040 pal el sao
sool sosl 1ys] ool ool ol ool o2 ems| spen] ascol aeal 74 71
Y aol  mal e 13 o] gl osl oml sl sl aapl  uel 158 97
szl ol  woel - im3 42 s,sl 582 Y1 Y s 2 1 w3l sl 1o
a0l sos 31 sl asel ool aml 4.3 ool sl tzsl  sas
sso 757l tesel 310 3 2l oal sl oso gl 23l 20s
ssol 70 mg} 7 w0l i
sol sl el 77 g
szl seol  smal s sl i
soof _ joptl  aize 98 58 i3
c2of _josal geral 9 Y
212 4 48] 33
1453 2 3 g3
ool 28 w8l 128
1764 33 rr Y
osuI72001 P Y 1281 33 Y Y
cIR0L 15| sseql s10] sl 8 7% Y
ou772001
| QT )
| osm00 el ssaol usmol  7mel  seol  emel usio s oY)
ssal sl 43 w4l 124
365) 1565 53 sl L8
snsl  1s3el 50 el s
w3l 1812 52 a3l 362 T Y Y
sa7t  waal a1 w8l 798 sl el 128
ol sl wsal 34 14l 764 Tr YT Y
oy YT Y sl 812 Ty INTY YY)
2480712001 @]  swol ool ewo]l ol o27] gees] 33 Y Y 70 Y Y
Avarsge soagl geszol  ssal  eadl  msil  asp 37 Y Y v Y Y Y DY Y Y Y




13

UCT Daily COD
1000 300
= T + &
8 s00 a0 8
® 1 i \ N Top 2
& 600 4 — T 300 B
- T M‘J f - 4 - - \ -+ (o)
8 400 - L -r] VN L\ ; 200 8
g oo L T100 &
=1 =3
1 Al Ui geante. 1T E
0 . 0
450 525 600 675
Time (d)
(—-—»——- Unfiltered influent = Unfiltered effluent —— Filtered effluent ]
UCT Daily TKN
=135
2 s f N
2 P O T 22
= 1 = ﬁY AV B
2 54 ]
g7
‘é 27
é 0 1 5 -WW ] L‘“‘ B ‘
450 525 600 675
Time (d)
{——-'—- Unfiltered influent ~—=—— Unfiltered effluent ~a— Filtered effluent ]
_ UCT Daily Total P, Soluble P
%36
& 30
g’ 24
§ 18 1
1% I, RN SV i £ v U
& 6 T - 1 1!‘[ ‘fr.’ 14&41‘\_“1' \I ..{ﬂ ) -L\I 7 -
E T A W‘j LS | P
= ) -
E 450 525 600 675
Time (d)
[——*—- Unfiltered influent e Filtered effluent J

Figures I.1, 1.2 and 1.3 : “UCT” daily unfiltered influent and unfiltered/filtered effluert
COD, TKN and Total P respectively.
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UCT Daily FSA
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Figures 1.4, 1.5 and 1.6 : “UCT” daily filtered influent and effluent FSA, anoxic and
effluent NO, and reactor DSVI respectively.
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UCT Daily Reactor COD
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Figures 1.7, 1.8 and 1.9 :

“UCT” daily unfiltered reactor COD, TKN and VSS/TSS

respectively.
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24 HR REACTOR CONCENTRATION PROFILES




J.1

Module A 24h Reactor Total P profile

30
%24
= B N
£ T \ e
a 18 e \‘./
g 1 NM
PRI
0 i % - e e e e - b e =
10:00 12:00 14:00 16:00 18:00 20:00 22:00 24:00 02:00 04:00 06:00 08:00 10:00
Time over 24h period (h) .
[—»ﬂv« Anaerobic TP —wa-— Anoxic TP ~»e~ Aerobic TP }
Module B 24h Reactor Total P profile
30
94
3T
e e —
E 1 \w\//‘\
=] W
=2
-
§ M e
2 ST - T —— =
T et T —— JE
10:00 12:00 14:00 16:00 18:00 20:00 22:00 24:00 02:00 04:00 06:00 08:00 10:00
Time over 24h period (h)

' [~»~— Anaerobic TP —a— Anoxic TP ~s<— Agrobic TP ]

Modules A and B 24h Reactor VSS & TSS

4900

4200

?3500 1 P—— as:-—-——'———/

hed T M el
©2 2800 : = =
[ -+
g 2100
g L
4 1400
> 1

700

0 4 ¢ 4 b +
10:00 16:00 22:00 04:00 10:00
Time over 24h period (h)

(»4»——- Mod ATSS ——a— Mod BTSS —s<- Mod A VSS —mm— ModBVSS]

Figures J.1,J.2 and J.3:  24h test no. 2 reactor profiles for Module A TP, Module B TP
and Modules A & B VSS/TSS respectively.
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Module A 24h Reactor NOx profile
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Module B 24h Reactor NOx profile
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Figures J.4, J.5 and J.6 :  24h test no. 2 reactor profiles for Module A NO,, Module B
NO, and Modules A & B OUR respectively.



APPENDIX K

BIOWIN and UCTPHO SIMULATION RESULTS
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Table K2: Comparison of measured "site” reactor concentrations with BIOWIN and UCTPHO prediction results.

Module A Reactor Concentrations
Long | reenemred UCTPHO | messered | BIOWIN | mespored | BIOWIN | UCTPHO | measured | BIOWIN | UCTPHO | sicasared meeasured | BIOWIN | UCTPHO!
Period | NO» NOy | TowmiP | ToslP | OrsoP | OrthoP | OrieoP | OriboP | OrthoP | OrthoP | OréioP OUR | OUR | OUR
(g | (oghm) | (mgP) | (oogPh) | (g | (eogP) | (wgP) | (ogPlD) | (mgPh) | L (magOnh) | (mgOVe)
1 Nia| y 1s20] WAl 17383 wal 29490 3700 Al itedl 1150 NA /Al 45.1
n 140l 6o : } : ; X 2320 WAl 19938 1ssol  33ss| 3550 604 1265] 1230 220 NiA 450,
m 021 3070] 143990 21601 2099l 2320l gemol 114l 2283 4379 138 nia $1.3
v 0.1 210 10443 1679s]  13e3]  3e3s] 5760 924 3502 3300 044 Nea) 208]
v 621 1240)  24122] z4006]  3enol  sse2|  77s0)  s26s]  2653]  3280] 3.8 NiA| 429
Vi 051 2660, o430l 20851 2sepl 4579l 6450 1026 1632 3450 361 NiA 493
Vit 048] 3400l 201280 21204l 23ert  4sssl  eospl  100sl 2833 370 587 N/A 380
v .18 suol 16357)  26384] 24480 4382|5340 7.25l 29.31 35.% 217 NiA| 49.5
Module B Reactor Concentrations
Leag | maenemred seesenred | BIOWIN | UCTPHO | messured | BIOWIN meassred | BIOWIN messmred | BIOWIN | UCTPHO
Perod | NO» OrtaoP | Orho? | OrteoP | OxdhoP | Ordio P Desit rate | Desst vase our | OUR | OUR
e ol (R0 | (egP) | (mghl) (ogVe) L(egON) | (mgVe)
i WA 061 0.00 NiAl 541 .10/ NiA N 1124 WAl 2208 502 4846
n 039 003 0.00 soi] eds|  n2a0f 147 22.22) 985 o34l 483 467 45.5
m 218 000 o.ool 517 L14 s.;d 14.91 k1Y) 2,49 o125l 667 372 453
v 0.13 602) - 000 5.01 552 5700 1057 27880 porl  3sae]  1sesl 043 929 2306 335 325
v .10 801 o@{ 329 2300 320 1107 262s]  ava3l  ezsnl 102y 1342 0.46] 2225 NiA 442 4.5
vi 0.2 6.04 0.00 s3¢] 1475 230 1503 3133] 4679 43.so| Bosl a2 021) 4038 Nia| 495 493
VI .14 060 0.00 167 033 0.50] 951 20390 326l s120] 1303 149 008] _ 0.145 NA 58 40.4
Vit 026l om oooI waal 3ol geo 13,5_51 302]  2421] 3160 1;—1:;1 1052]  13e0 082 1200 017 3su7 WA 4951 497









