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EXECUTIVE SUMMARY

1. MOTIVATION

Biological nutrient removal (BNR) activated sludge (AS) systems have become the preferred
treatment system for advanced municipal wastewater treatment in South Africa. The widespread
implementation of BNRAS syvstems has drawn attention to some weaknesses of the system.
predominantly (i) long sludge ages required for nitrification, (ii) filamentous organism bulking
and (iii) the treatment disposal of liquors supernatants generated from sludge and solids handling.
This research project focusses on the first two weaknesses, namely nitrification and bulking.

The requirement 1o nitrify governs the sludge age and aerated mass fraction of BNRAS systems.
['o achieve both nitrogen (N) and phosphorus (P) removal, a high unaerated sludge mass fraction
is usually required (>40%), resulting in a reduced (<60°5) acrated mass fraction. To compensate
for the reduction in aerobic mass fraction, long sludge ages (around 20 to 25 days) must be
selected to guarantee nitrification at the lowest expected temperature. Such long sludge ages
result in large biological reactor volumes per M{ wastewater treated. If nitrification can be made
independent of the suspended solids sludge age, then the N and P removal processes rather than
nitrification will govern the system sludge age, and indications are that sludge ages can be
reduced to less than half, from about 20 10 25 days 1o about 8 to 10 days. Such 2 reduction in
sludge age will result in a reduction in the biological reactor volume requirement of
approximately 173rd or alternatively, for an existing plant, in an increase in treatment capacity
of some 50%, provided the secondary settling tank area requirements are accommodated.

To uncouple the suspended solids sludge age from the requirement to nitrify, the activated sludge
system can be modified in two ways, by including (i) internal or (ii) external fixed media for
attached nitrifier growth. The nitrifiers grow on the fixed media establishing a permanently
resident population that is not subjected 1o either the unaerated-aerated reactor interchanges or
to the suspended solids sludge age. with the result that the latter can be reduced significantly
without losing nitrification. Since the effectiveness of internal fixed media has not been as good
as expected and the effect of internal media on the BNRAS process has not been investigated
a BNRAS scheme in which nitrification is removed from the BNRAS syvstem to an external fixed
media system is proposed. This rrupmcd svstem will be termed the extenal nitrification
biological nutrient removal activated sludge (ENBNRAS) system.

In the proposed system, nitrification takes place outside the suspended sludge BNRAS system
in a fixed media trickling filter or a similar 1vpe of system. This is achieved by including an
internal settling tank (IST) following the anaerobic reactor. The mixed liquor from the anaerobic
reactor enters the IST and Lhc solids and supernatant are sc'ur;uci The solids in the IST

underflow are J;;;‘mr;;d te the following anoxic reactor. while the ammonia rich supernatant
is discharged to the nitrifving fixed media svstem. The resultant nitrate rich fo'\ is then
um.b.a..ud 10 the anoxic r-a:'. r. 10 recombine with the IST underflow for denitrification. The

anoxic reactor discharges 10 the aerobic reactor. then to the secondary seutling ..x:'.l\ (SST). The
SST supernatant is the system effluent. and the underfiow discharges via an underflow anoxic
reactor to the anaerobic reactor. In this manner, nitrification is achieved external to the activated
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sludge syvsten

Including external nitrification has the potential to reduce the sludge age of the BNRAS system

significantly. Furthermore, removing nitrification from the aerobic rea ctorof the BNRAS system
has a number of additional benefits: (i) Minimum aerobic mass fraction for nitrification not
required, (i1) the aerobic reactor volume does not have to be :‘nuint.‘.incd to accommaodate internal
fixed media and (iii) aeration in the aerobic reactor for nitrification is no longer required, only
for COD utilization. As the aerated mass fraction in the prc:csmi svstem is no longer controlled
by nitrification, the unaerated mass fraction can be enlarged to >60%. As a result, the anaerobic
mass fraction may be increased. which should improve biological excess P removal (BEPR). and
the anoxic mass fraction can be increased to improve denitrification to the point where complete
denitrification may be possible. The possibility of complete denitrification at the short sludge
age, together with the possibility of an aerobic mass t:m on of <30%, holds promise to
ameliorate anoxic aerobic (AA) filament bulking (Casey er al., 1994). T‘m will be particularly
beneficial as it will significantly increase the treatment capacity of an existing system, o r.’edqh
secondary settling tank surface area for a proposed new syvstem. Thus, by Lmumr ing the sludge

age from nitrification by implementing the proposed ENBNRAS system configuration, the
reatment capacity of existing BNRAS syvstems can be significantly increased. or bioreactor
volumes and secondary scttling tank surface areas in proposed systems can be significantly

decreased, resulting in a major increase in system intensification with considerable economic
benefit. External nitrification can be implemented at existing wastewater treatment plants
(WWTPs) where old trickling filters have been extended with BNRAS systems. There are many
such WWTPs, particularly in South Africa. and thercfore considerable opportunities exist ir
South Africa for implementation of the proposed scheme and accordingly the system merits
further investigation. This report summarizes this investigation: detailed reports are Moodley et

(1999), SStemann ef al (2000), Vermande er a! (2000). Little er al. (2001) and Hu er al
(2001)

2, PRINCIPLE AINM AND MAIN TASKS

Betore the ENBNRAS system can be implemented at full scale, it needs to be comprehensively
investigated at laboratory scale. and this was the rrlmx" ¢ objective of this research contract:

T . losmto $an . iy | S » “
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[0 achieve this objective, the I l'."\"‘.g aims were identified

(1) To examine the effect of external nitrification on BNRAS systems

(i1) To examine N and P removal pcxl-:nr:m:m' and sludge settleability of non- or partialls
nitrifving BNRAS svstems at short sludge ages (> to 10 days) and over a range of
temperatures from 12 1o 20°C ar laboratory scale

1 lo examine BEPR performance and siudge seuleability in anaerodic-anoxic (1.8, ne
aerobic zone' BNRAS svstems at laboratory scale

iv) Toextend BNR simulation medels to include anoxic P uptake denitrification kinetics

[0 address the aims above, a number of specific tasks were identitied

Task I: Experimental ¢valuation of the ENBNRAS system
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Task 2: ENBNRAS systems at short sludge ages

Task 3: BNR at low temperatures.

Task 4: Comparison of the external nitrification BNR with a conventional BNR activated
sludge system.

Task 3: Implementation of ENBNRAS systems at full scale (economic evaluation).

Task 6: Model development for external nitrification systems.

KN TASK 1: EXPERIMENTAL EVALUATION OF THE ENBNRAS SYSTEM

In this task the performance of the ENBNRAS system was evaluated at laboratory scale under
strictly controlled conditions. In particular, nutrient removal (N and P) and sludge sertleability
were examined. A series of three separate laboratory scals experimental investigations were
undertaken. collectively aimed at determining the performance of this proposed system. The
experimental investigations are reported in detail by Moodley er af. (1999), Sotemann er al
(2000) and Hu et al (2001).

31 Introduction

System I: The firstexperimental investigation was on the proposed ENBNRAS system with
a small acrobic mass fraction (19%6) and is reported in detail by Hu er al (2001).
['his investigation was a feasibility study on the proposed system, and after it was
shown to operate successfully, the second investigation was initiated.

System 2: The second investigation examined the effect of varying aerobic (and
consequently anoxic) mass fractions and shorter sludge age on the ENBNRAS
system nutrient removal performance. and is reported in detail by Moodley er ol
(2000). The ENBNRAS system was the same as that used in the first
investigation, and this investigation covered two phases:
In Phase I the aerobic mass fraction was reduced from 19 10 15% and the sludge
age was reduced from an initial 10 days to 8 days. Then, in Phase 11, the aerobic
mass fraction was increased to 30% at the expense of a reduced anoxic mass
fraction.

System 3: The third investigation was initiated to optimize N and P removal inthe

ENBNRAS system, and is reported in detail by Sétemann et al (2000). This
mvestigation covered three phases:
In Phase [ the aerobic and anoxic mass fractions were equal at 32.53%, and a
mixed liquor recicle berween the acrobic and anoxic reactors was included
because the nitrification efficiency of the external nitrification system was initially
poor, and the large acrobic mass fraction resulted in significant nitrification in the
aerobic reactor. In Phase II, efficient nitrification in the external nitrification
svstem was restored and the aerobic and anoxic mass fractions were changed to
20 and 45% respectively, In Phase 1l the mixed liquor recycle between the
acrobic and the anoxic reactors was removed.
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stimulate pin-point floc, which causes a deterioration in sludge retention and effluent
quality. Such aerobic mass fractions also stimulate aerobic P uptake BEPR. Inclusion and
maximization of aerobic P uptake BEPR appears desirable 10 maximize BEPR, because
acrobic P uptake BEPR is more efficient than anoxic P uptake BEPR. However,
conditions that promote aerobic P uptake BEPR are also conducive to nitrifier growth.
Although complete exclusion of nitrifiers from the activated sludge of the ENBNRAS
system may not prove possible, it is nol necessary as long as virtually complete
nitrification occurs in the external nitrification system to limit nitrification in the acrobic
reactor of the main system. Accepting nitrification in the aerobic reactor of the BNRAS
system, this nitrification will be limited to the ammonia bypassing the external
nitrification system in the internal settler underflow. This nitrate is prevented from
entering the anaerobic reactor by denitrification in the underflow anoxic reactor.

. The requirements above for anaerobic and aerobic mass fractions of 25 and 20%
respectively provide 55% of the total mass fraction for the anoxic reactors. Allowing 10%
for the underflow anoxic reactor. 43% of the total mass fraction remains for the main
anoxic reactor.

. The proportion of the internal settling tank inflow that can pass to the external
nitrification system is approximately 83%, due to the constraint of sludge underflow 1o
the anoxic reactor.

. A permanent a-recycle from the aerobic to the anoxic reactor should not be included, as
this appears detrimental to BEPR and denitrification. However, provision of an a-recycle
for ‘emergency use’ in case nitrification in the external nitrification system deteriorates
may prove useful.

4. TASK 2: ENBNRAS SYSTEM PERFORMANCE AT SHORT SLUDGE
AGES

4.1 Introduction

In Task 1 extensive experimental data on ENBNRAS systems with sludge ages of 10 and 8 days
was collected. Towards the end of the practical laboratory investigation on System 3 (Phase III),
it was decided 10 increase the influent sewage flow from 20 ¢/d to 30 ('d in order to observe the
svsiems response 1o this 30% increase in load. However, shortly after the influent flow had been
increased o 30 £/d, the svstems internal settling tanks began to fail hydraulically. Thus, instead
of allowing the system 1o fail completely as a result of this hydraulic failure, it was decided to
reduce the influent flow to 25 ('d. and instead of implementing a gradual increase in feed. a
gradual reduction in sludge age was implemented and the effect of the reduced sludge age on
svsiem performance evaluated. The syvstem was operated at a 8 day sludge age for 49 days and
a 5 day sludge age for a further 13 days. Details of this investigation are given by SStemann e/

al (2000)
4.2  System performance

. The overall average COD removals of the 8 and 5 day sludge age configurations of the
ENBNRAS system were 93 and 90", respectively. The COD removal performances of
the short sludge age systems were very good and close 1o COD removal observed in the
svstems of Task 1.
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previous investigations at UCT on filamentous organism bulking (Pilson er al., 1995). Therefore
this was not investigated experimentally in this research project.

6. TASK 4: COMPARISON OF THE ENBNRAS SYSTEM WITH A
CONVENTIONAL BNRAS SYSTEM

6.1 Introduction

In implementing the ENBNRAS system., its performance with respect to nutrient removal should
not be significantly reduced compared to the conventional BNRAS system. With regard to N
removal via denitrification, the investigations in the previous tasks indicated that the ENBNRAS
system is superior in that near complete denitrification can ve achieved for influent wastewater
TKN/COD ratios that are considerably higher than those for which it can be achieved in
conventional BNRAS systems. However, with regard w P removal. the ENBNRAS system
stimulates anoxic P uptake in the svstem which would appear 10 be reduced compared to aerobic
P uptake. This indicates that the P removal performance of the ENBNRAS system may be
reduced compared to the conventional BNRAS system. In this task this aspect is examined in
more detail, 1o compare more precisely the N and P removal performance in the external
nitrification and conventional BNR systems. Also, the factors stimulating anoxic P uptake in the
conventional BNRAS system are investigated. This investigation is reported in detail by
Vermande er al (2000).

In this investigation, a laboratory scale BNRAS system (UCT configuration) with similar design
and operating parameters 10 the ENBNRAS system (System 3. Phases [l and 1) was run in
parallel with the System 3 ENBNRAS system. In order to compare the performance of the two
systems, they were fed the same influent sewage (prepared in the same container and splitequally
between the two svstems) for 254 days.

6.2  System performance
From the investigations:

. The COD removal achieved for the UCT and ENBNRAS systems were 93 and 94%
respectively. In terms of carbonaceous material removal, the two systems performed
identically.

. The overall average total oxygen demand (including nitrification) of the UCT system was
7623 mgO/d while that of the ENBNRAS system was 1798 mgO/d. By nitrifving
externally, the ENBNRAS system required 76% less oxygen per day: this is a significant
reduction.

. The TKN removals for the UCT and ENBNRAS systems were 86 and 87% respectivels
and the wtal N removals 78 and 88% respectively. On average, the effluent total N of the
UCT system was 16.8 mgN/{. of which 12.8 mgN/I-was NO, and 4.0 mgN/f was TKN.
Ofthe 4.0 mgN/{ TKN. 1.8 mgN/{ was FSA. Forthe ENBNRAS system the effluent total
N was on average 9.8 mgN (. of which 4.6 mgN [ was NO, and 5.2 mgN ( was TKN. Of
the 5.2 mgN/f TKN, 3.5 mgN.{ was FSA. The ENBNRAS system achieved an average
effluent 1otal N concentration <10 mgN/f while the UCT system did not.

. In the UCT system, on average. 21.5 mgP/{ influent P was released in the anacrobic
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effluent quality standards. Accordingly. the system should be assessed with respect to the
economic cost and effluent quality standards, and these compared to those for an equivalent
conventional BNRAS system. In this task such a practical case study is demonstrated based on
a specific plant (Potsdam WWTP at Milnerton in Cape Tuwn. South Africa) and the effluent
quality standards of South African law. Details of the economic evaluation are reported by Little
et al. (2001).

The economic cost will be influenced 10 a large extent by site specific factors. For the purpose
of the evaluation, the Potsdam WWTP at Milnerton in Cape Town, South Africa was selected
since considerable data are available for this plant. The existing Potsdam WWTP comprises two
streams which are operated in parallel

. The old rock media trickling filters with a capacity of 18 M{d. These trickling filters are
low loaded and achieve good COD removal and nitrification. However, no N and P
removal are obtained. A chemical P removal plant has been provided but currently (2001)
this is not operated

. The newer conventional BNRAS system (Modified UCT process) with a capacity of 17
Me/d with full biclogical nutrient removal.

Thercfore. the plant has a combined capacity of 35 M{/d. The trickling filter eflluent can be
treated chemically with aluminium sulphate or ferric chloride for P removal and with lime for
alkalinity and pH correction.

7.2 Economic evaluation

The engineering and economic evaluation by Little er @!. (2001) provides system schemes and
capital. operation and maintenance costs for 2 scenarios, (i) 2 35 Mi/d greenfields scenario
(assuming that no plant exists at Milnerton) and (ii) scenarios where the existing Potsdam plant
is modified to treat the entire existing flow for nutrient removal, and expanded to cope with an
increased flow of 49M('d expected in the year 2020. The costs for each scenario are given in net
present values (NPV) at 6% in the year 2000 in South Afncan Rands and include capital and

operational costs for the indicated period

Scenario 1 (35 Mi/d greenfields plant)

Costimillion ZAR) Period
I Conventional BNRAS svstem (UCT process) 14744 2000-2015
1b) ENBNRAS system 13825 2000-2018

I

Scenario 2 (Modifving the existing plant)

2a) 33 M{/d conventional BNRAS system 93.35 2000-2015
-b) 353 M('d ENBNRAS svstem 76.50 2000-2015
2a) 49 M('d conventional BNRAS svsiem 164 80 2000-2020
2b) 49 M d ENBNRAS system 15427 2000-2020
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mathematical models are very useful as research tools. By evaluating model predictions, it is
possible 10 test hypotheses on the behaviour of the wastewater treatment system in a consistent
and integrated fashion. This may direct attention 10 issues not obvious from the physical system
and lead to deeper understanding of the fundamental behaviour patterns controlling the system
response. Recognising the usefulness of mathematical models, it was decided to develop akinetic
simulation mode! that includes the processes that can be expected to be operative in ENBNRAS
svstems. For the full detail of this development. the reader is referred to Hu er al. (2001).

The approach taken to develop the Kinetic simulation model for the ENBNRAS system was to:
(1) evaluate and compare the available existing Kinetic models for BNR activated sludge svstems;
(11) identify difficulties and deficiencies in the models when applied to BNR activated sludge
svstems in general. and to the proposed ENBNRAS svstem in particular; (iii) gather information
from the literature and experiments to overcome the difficulties and deficiencies to develop the
kinetic simulation model: (iv) gather data from the literature 1o calibrate and validate the resultant
kinetic model: and (v) apply the model 10 simulate the behaviour of the proposed system. State
of the art models identified for evaluation were: UCTPHO (Wentzel er al, 1992), IAWQ
Activated Sludge Model (ASM) No2 (Henze e al., 1995) and ASMNo2d (Henze e al., 1998).
BIOWIN model of Barker and Dold (1997) and the Delft group of models (Smolders ef al 1994
. Kuba er @/ .1997). In the initial assessment of these models and the ENBNRAS system, one
process immediately apparent to be critically important was anoxic P uptake and denitrification
by PAOs. and attention was focussed on this aspect.

8.2 Model development

I'he UCTPHO Kinetic model was modified to extend application to conventional BNRAS
systems where anoxic P uptake occurs and particularly to the ENBNRAS system. For these
modifications information was drawn from experimental data in the literature and the other
available kinetic models (e.g. ASM2d and BIOWIN). The approach followed was to include a
single PAO population with reduced rates of substrate utilization/growth under anoxic conditions
compared to aerobic conditions. Within this basic approach. the main modifications made to
UCTPHO were:

. Processes for anoxic growth of PAOs with associated anoxic P uptake and denitrification
were included. with separate vield coefficients for anoxic and aerobic PAO growth and
separate ratios for P uptake per unit PHB substrate utilized. The anoxic rates were
reduced compared to the equivalent acrobic rates. by multiplying the aerobic rates by a
reduction factor under anoxic conditions

. Processes for anoxic death maintenance of the PAOs were included, recognizing that
under anoxic conditions PAOs that can denitrify will behave differently from those that
cannot.

. Separate anoxic and aerobic vield coefficients were iatroduced for ordinan heterotrophic

organism growth

. The organic N and P fractions were linked to the corresponding COD fractions. and the
transformations between the different forms of organic N and P fractions were linked w0
the corresponding COD transformations (Henze er al. 1993

In order to calibrate and validate this Kinetic model. it was applied to a wide variety of
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9, CLOSURE AND RECOMMENDATIONS

The investigations on the three laboratory scale ENBNRAS svstems provide a comprehensive
framework for the understanding of the ENBNRAS system operation and performance, and any
further laboratory investigations would not provide more knowledge and understanding. The
next step would be to begin full scale trials of an ENBNRAS system. To begin with, a full scale
trickling filter would have to be converted into a nitnfving trickling filter to ascertain its
performance as a nitrifving trickling filter at full scale. Once it has been proven that existing full
scale trickling filters can successfully be converted to mitrifying trickling filters and their capacity
determined. the trickling filters can be integrated into a BNR activated sludge system in an
ENBNRAS system configuration to obtain BNR on the full influent wastewater flow.

Initially it was thought that the savings in capital cost brought about by an increased capacity or
smaller biological reactors. reduced oxygen demand and better settling sludge would make the
ENBNRAS system an attractive and viable alternative as a full scale plant. However, Task 5
(economic evaluation) indicates that this may not be the case. While the ENBNRAS system
alternative does provide a saving in construction costs of about 30° when compared to a
conventional BNR activated sludge system, the operating costs in the long run overshadow this
saving. The operating costs of a WWTP, whether ENBNRAS or conventional BNR activated
sludge system. account for the bulk of the NPV. While significant savings in operation costs are
made from the very low oxygen demand. the increased sludge production at the shorter sludge
ages and the associated increase in sludge treatment, transport and disposal costs reduce these
savings (However, it should be remembered that the sludge disposal costs for the case study
sclected WWTP are high). While the total NPV (capital, operation and maintenance) for the
ENBNRAS system option is 3 10 10° lower than that of a conventional BNR activated sludge
system, this difference may not be large enough for a definite choice of the ENBNRAS system
over the conventional BNR svstem. However, the most significant advantage is that the
ENBNRAS system offers biological N and P removal for the full wastewater flow without an
increase in existing process units. In South Africa, if the Department of Water Affairs and
Forestry implement the proposed new effluent quality standards proposed under the National
Water Act of 1998, the ENBNRAS system will provide a feasible and economical plant upgrade
option. The ENBNRAS system is capable of producing effluents with a qualit\' that are within
the new effluent quality standards. especially with regards to nitrogen. Thus. the proposed new
effluent quality standards rather than economics may well be the driving force that will see the
ENBNRAS system implemented at full scale

Hom the discussion above, the neNt step | J.-..bpz wnt of the ENBNRAS system is

ementation and evaluation at full scale. 71‘ particular the behaviour of nitrifving trickling
fiiters needs 1o be assessed, and this is best done .1[ full scale. This will form the basis for a new
research contract between UCT and the WRC and WSSA.
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CHAPTER 1

INTRODUCTION

1.1 MOTIVATION FOR THE RESEARCH

The biological nutrient removal (BNR) activated sludge (AS) system has become an established
technology in wastewater treatment practice. This development has been facilitated by an
improved understanding of the nitrification demitrification (ND) and biological excess
phosphorus removal (BEPR) processes. However, implementation of BNRAS systems has
brought with it a new set of difficultics (Ekama and Wentzel, 1997), the main ones being the long
sludge age required for nitrification. filamentous organism bulking and the treatment/disposal
of liquors/supernatants generated from sludge and solids handling. The last named received
attention under a previous Water Rescarch Commission contract (K3/692); this research project
focusses on the first two, namely nitrification and bulking.

In the BNRAS system, the requirement to nitrify governs selection of the two linked design
parameters, sludge age and aerated mass fraction. The need for nitrogen (N) and phosphorus (P)
removal sets a requirement for an unacrated sludge mass fraction (anaerobic for P removal and
anoxic for N removal). In N and P removal plants, the unaerated sludge mass fraction usually
needs to be high, i.e. > 40%, causing the acrated mass fraction 10 be reduced, i.e. < 60%. To
compensate, long sludge ages need 1o be selected to ensure nitrification. For example, with
maximum specific growth rates for the nitrifiers at 20°C (u,,..) of around 0.45/d, to guarantee
nitrification at the minimum temperature of 14°C, the sludge age of the single sludge system
must be around 20 10 25 days if 50 10 60% of the sludge mass in the system is unaerated. Such
long sludge ages result in large biological reactors per M( wastewater (WW) treated. If
nitrification can be made independent of the suspended solids sludge age. then selection of the
sludge age no longer will be governed by the requirement to nitrify, but rather by the N removal
(denitrification) and P removal (BEPR) processes. For both these biological processes, a
reduction in sludge age increases respectively the N and P removal per mass organic load (WRC,
1984; Wentzel er al., 1990), provided the sludge age remains longer than some lower limit to
prevent “wash-out” of P removal and denitrifving organisms. Indications are that, if nitrification
and the sludge age are uncoupled, then the sludge age can be reduced to less than half, from
about 20 to 25 days to about 8 1o 10 days. This will result in a reduction in the biologica! reactor
volume requirement per M{ WW treated of about 1/3rd, or alternatively. in an increase in WW
treatment capacity of some 30% (provided secondary settling tank area requirements are
accommodated).

BNRAS systems have been found 10 promote the growth of a specific group of filamentous
microorganisms, previously called low F M (Jenkins er a/., 1984) but renamed anoxic ‘acrobic
(AA) (Casey er al., 1994). These filamentous organisms cause sludges to settle poorly, resulting
in an increase in the required surface area of secondary settling tanks. If the settleability of
BNRAS sludges can be improved, then the flow through existing secondary settling tanks can
be increased considerably, or alternatively for a proposed system, the secondary settling tank
surface area can be considerably reduced, both options providing considerable economic benefit.
Casey et al. (1994) have identified two main causes for AA filament proliferation in BNRAS
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The possibility of complete denitrification with the short sludge age holds promise to ameliorate
AA filament bulking (Casey er al., 1994). As noted above, this will be particularly beneficial as
it will significantly increase the treatment capacity of an existing system, or reduce secondary
settling tank surface area for a proposed system.

The DEPHANOX system (Fig 1.1) is one in which nitrification takes place externally to the BNR
activated sludge system (Bortone er ai., 1996; Sorm er al., 1996). In this system the influent
wastewater is discharged 10 the anacrobic reactor to maximize BEPR. Afier the anaerobic reactor,
the sludge mass is separated from the liquid in an internal settling tank and discharged to the
anoxic reactor. The internal settling tank overflow, which has a high ammonia concentration, is
passed through a fixed medium reactor wherein nitrification takes place. The nitrified outflow
from the fixed medium reactor is discharged to the anoxic reactor for denitrification. From the
anoxic reactor, the mixed liquor passes to the last reactor which is aerobic. After the aerobic
reactor, the activated sludge is separated from the treated wastewater in a final secondary settling
tank. The final settling tank overflow is the effluent from the system and the settled sludge is
returned to the anaerobic reactor.

STONE COLLUMN WASTE

Vi SLUDGE

¥ A FLOW

INTERNAL . :
_ FINAL

N ( G
ANAEROBIC S['!Tt.[.}\(: ANOXIC SETTLING

P TANK ) AEROBIC TANK
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> —> >
— Y
EFFLUENT

SLUDGE RETURN

Fig 1.1: The DEPHANOX biological nutrient removal svstem (afier Bortone er al.. 1996:
Sorm ¢t al.. 1996).

It appears that the DEPHANOX system was developed with the specific objective of stimulating
denitrification by BEPR organisms, generically called phosphate accumulating organisms (PAO).
Using PAOs for denitrification has the advantage that the influent wastewater substrate
sequestered by the PAO in the anaerobic reactor (and therefore implicated in BEPR) also is used
for denitrification (and therefore N removal). Some laboratory and pilot scale experimental work
has been done on the DEPHANOX system by Bortone e af. (1996) and Sorm er al. (1996). They
found considerable P uptake in the anoxic reactor, indicating that denitnifving PAOs (DPAOs)
did participate in the denitrification process. Also. improved sludge settleability (SV]s - S0mi/g)
have been consistently observed in a laboratony scale DEPHANOX system by Sorm eral. (1996)

Thus, it would appear that the DEPHANOX system holds considerable promise, producing
nutrient (N and P) removal and a sludge that settles well. However, svstem intensification does
not appear to have been a consideration in the development of and investigations into this system.
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1.4 OBJECTIVES AND AIMS OF RFSEARCH




1.5 SPECIFIC TASKS

To address the aims above, a number of specific tasks have been identified for completion.
k1: imental evaluatio itri i NR svs

The behaviour and performance of the external nitrification BNR activated sludge system need
to be assessed. In this task the performance of the system is evaluated at laboratory-scale under
strictly controlled conditions. In particular. nutrient removal (both N and P) and sludge
settieability are examined. The experimental investigation is summarized in Chapter 3, and
reported in detail by Moodley ¢/ @l. (1999), Sétemann ef al. (2000) and Hu er al. (2001). In this
investigation a number of sub-tasks were identified for completion

Task 1.1: External nitrification BNR svstem with small acrobic mass fractions

By removing nitrification from the aerobic reactor of the BNR activated sludge system, the mass
fraction of this reactor can be considerably reduced, perhaps even to the extreme of eliminating
this reactor altogether except for a small reaeration tank before final settling. In this task the
external nitrification BNR system is operated with a small aerobic mass fraction and nutrient
removal and sludge settleability monitored. to assess system behaviour and performance.

sk 1.2

external nitrification BN

In evaluating the performance of the external nitrification BNR system with small aerobic mass
fractions (Task 1.1), it appeared that anoxic P uptake caused BEPR to be reduced compared to
aerobic P uptake. Also. denitrification in the anoxic reactor was complete, with an “excess”
denitrification potential for the influent wastewater TKN; from a denitrification point of view the
anoxic reactor was in effect over designed. Furthermore. in attempting to develop anoxic P
uptake enhanced cultures (Tasks 1.4 and 6). 1t was not found possible to develop a stable culture
and the anoxic P uptake process by itself was considered unreliable and unstable. This lead to
are-evaluation of the system configuration, with a realization that over emphasis had been placed
on anoxic P uptake. If significant acrobic P uptake could be stimulated in the svstem. BEPR
would be improved. In this task, acrobic P uptake in the external nitrification system is
investigated

lask 1.3: Nutrient removal in the external nitrification BNR svstem with variable
aerobic and anoxic mass fractions

From the investigation into acrobic P uptake in the external nitrification BNR activated sludge
svstem, it was evident that the aerobic P uptake stabilized P removal. However, initially the
investigation was hindered by the difficulties experienced with nitrification in the fixed media
stone column, panticularly due to infestation of the trickling filter flv Psychoda. To resolve this
difficulty, the stone column was replaced with a suspended media activated sludge system for
nitrification. This proved successful and enabled consistent nitrification to be achieved. with the
result that nutrient removal performance could be investigated more consistently and
comprehensively. Following the successful resolution of the external nitrification, a more
extensive investigation has been conducted to examine the effect of variable aerobic and anoxic
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detail, 1o compare more precisely the N and P removal performance in the external nitrification
and conventional BNR activated sludge systems. Also, the factors stimulating anoxic P uptake
in the conventional BNR activated sludge svstem are investigated.

This task is summarised in Chapter 5, and reported in detail by Vermande er al. (2000).

Task 5: 1 ti ternal pitrification BNR svstems at full-

Successful implementation of the external nitrification BNR activated sludge system will depend
largely on its cost compared to conventional BNR activated sludge systems and its ability to meet
proposed new effluent quality standards. In this task an economic evaluation of implementing
the external nitrification BNR system is undertaken, and the costs compared to those for an
equivalent conventional BNR system. The Milnerton (Potsdam) Wastewater Treatment Plant is
selected for an economic evaluation of the external nitrification system. Also, the expected
effluent quality of conventional and external nitrification BNR systems are evaluated against the
proposed new effluent quality standards.

This task is summarised in Chapter 6. and reported in detail by Little e @/. (2001) and Hu et al.
(2001).

Task 6:

For the design and operation of, and research into conventional biological wastewater treatment
systems. mathematical models have proved to be invaluable as a process evaluation tool (e.g.
Dold er ai., 1980, 1991; Henze ¢f al.. 1987). From model predictions, design and operational
criteria can be identified for optimization of system performance. Also, mathematical models are
very useful as research tools. By evaluating model predictions, it is possible to test hypotheses
on the behaviour of the wastewater treatment system (e.g. biological processes, their response
to system constraints, etc.) in a consistent and integrated fashion. This may direct attention to
issues not obvious from the physical svstem and lead to deeper understanding of the fundamental
behavioural patterns controlling the svstem response. In essence, mathematical models can
provide a defined framework which can direct thinking (design, operation or research).

Recognising the usefulness of mathematical models, it was decided to develop a mode! that will
include the processes that can be expected to be operative in external nitrification BNR activated
sludge systems.

As noted above (Task 1.4), it was hoped to collect information on anoxic P uptake processes for
the model by developing enhanced cultures of anoxic P uptake PAOs. However, the enhanced
cuitures did not prove successful and had 10 be abandoned (for details. see Hu er af., 2001)
Accordingly, information on anoxic P uptake processes has been collected from the literature and
from previous investigations in the UCT laboratory on BNR. Existing models for BNR are
evaluated and the most well established model selected and modified to incorporate anoxic P
uptake and other processes of importance. This model is calibrated and validated against the
literature data. and then applied 10 the external nitrification BNR systems described in Task |
above.







CHAPTER 2

LITERATURE REVIEW

2.1 INTRODUCTION

In Chapter 1, an external nitrification BNRAS system (ENBNRAS) has been proposed. To
provide guidelines for the research into the proposed system, a brief literature survey will be
presented in this chapter, 10 review aspects relevant 1o the proposed ENBNRAS system. The
review is focussed on two areas

. he first concerns the biological processes. 1.¢. nitrification. denitrification. and BEPR
as well as AA filamentous bulking.

. The second is on modelling BNRAS systems

2.2 NITRIFICATION

Nitrification is the biological process whereby ammonia is oxidised to nitrate in the presence of
oxygen. and is mediated by the organism group conventionally termed nitrifiers, or more recently
autotrophic organisms (AQ). Nitrifiers can grow in either suspended media, i.e. suspended
activated sludge system, or fixed media such as trickling filters. In this section, nitrification
behaviour in the different media systems will be evaluated and compared. based on information
in the literature

2.2.1 Nitrification in suspended media BNRAS syvstems

Nitrification is the biological process whereby free and saline ammonia is oxidized to nitrate by
nitrifving organisms. These organisms are chemical autotrophs and have characteristics that
differ significantly from the heterotrophs. In particular, they are slow growing and have a
maximum specific growth rate only about 1/10th of that of heterotrophs. They utilize ammonia
10 obtain energy for cell synthesis. and dissolved inorganic carbon for their carbon requirements
The ammonia required for cell synthesis is negligible (<2%) compared 10 the ammonia converted
to nitrate for obtaining energy. This allows the nitrifiers to be considered simply as a catalyst in
the stoichiometric reactions for nitrification.

A number of factors influence nitrification, viz. influent source, temperature, pH and alkalinity.

3 ] 1 - ant1 welis 9 ! ‘aal o 131y
unaerated zones, dissolved oxygen (DO) concentration and cyclic flow and load conditions. All

these factors, except for the last two, affect the maximum speciiic growtn rate (u . ). which in
wm affects the minimum sludge age for nitrification and the residual eftfluent ammonia

e

concentration. The w_, value for different sewages varies considerably. between0.2'dand 1.0/d.
and is so unpredictable that it should be considerec a sewage characteristic rather than a kinetic
constant. The u, (and half saturation coefficients) is quite sensitive 10 temperature, halving for
every 6'C temperature decrease. The u is extremely sensitive to pH. halving for every pH unit

-

decrease helow 7. Nitrification itself releases hvdrogen ions and consumes 7.14 mg/f alkalinity
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2.2.3 Nitrificatio media trickli v

In trickling filters, nitrifiers grow in a slime layer, or film, attached 10 a fixed media such as
rocks, horizontal wood slats, random plastic rings. polyethylene strips and corrugated plastic
sheets. Corrugated plastic sheets are very popular media in modem trickling filters, which can
be divided into two types: vertical and cross-flow. The cross-flow trickling filters have a higher
oxygen transfer efficiency as well as a higher contact time between the ‘biofilm and the bulk
liquid and therefore are favourable for nitrification (Parker and Merrill, 1984).

According to their usage, trickling filters can be classified into two groups:
. Single-stage trickling filters:
. Two-stage trickling filters.

In the single-stage trickling filters, both carbon oxidation and nitrification are accomplished in
asingle unit, often termed the combined carbon-oxidation-nitrification trickling filter. In the two-
stage trickling filters, the effluent from the first stage (for carbon oxidation) is irrigated over the
second stage trickling filters. in which mainly nitrification takes place. often termed tertiary
trickling filters or nitrifving trickling filters (NTFs)

For the most pan, the trickling filters for nitrification are used as a separate-stage tertiary
treatment system. According to Boller and Gujer (1986), since a tertiary nitrification system
produces only 2-3 mgTSS/t of total suspended solids, no additional clarifier is required and
generally this system vields a higher quality effluent than single-stage systems.

2.2.3.1 Single-stage trickling filters

According to Parker and Richards (1986). in the single-stage trickling filter system, nitrification
begins only when the bulk solution soluble BOD, concentration is 20 mg/{ or less. Therefore, in
single-stage systems, nitrifiers can only become established in the lower portion of the trickling
filters where BOD concentrations have been reduced 10 low values. The degree of nitrification
achieved in the trickling filters depends on a number of factors, including the BOD loading rate.
temperature, dissolved oxyvgen concentration, ammonia concentration, and the pH and alkalinity
of the bulk liquid

At high BOD concentrations. factors which affect r..’r...;.. i.r. in trickling filters include
hvdraulic loading, hydraulic pattem and retention time on the {filter media, the Jl:‘sol‘~ ed oxygen
concentration in the liquid. pH. temperature, influent Total _‘Jx.i&hl Nitrogen (TKN)
concentration, and influent BOD concentration (USEPA. 1993). From Gullicks and Cleasby
(1986). empirical design curves for nitrification in trickling filters should ﬂwrpv'atc the
parameters for hydraulic loading. influent ammonia concentration. the effects of recycling and
wastewater temperature.

High BOD loading rates tend to suppress nitrification, since autotrophic nitrifving bacteria are
out-competed by fast-growing heterotrophs. The presence of organic matter inhibits the growth
of nitrifiers due w0 the increased competition for dissolved oxygen by heterotrophs (Halling-
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2.2.3.2 Two-stage trickling filters (Nitrifving trickling filters

2.3 DENITRIFICATION
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organisms recognized for modelling purposes are the ordinary heterotrophic organisms (OHOs),
and the denitrification, therefore, is ascribed to them only. The system nitrate removal achieved
is the sum of the denitrification obtained from the utilization of influent RBCOD and SBCOD
by OHOs.

However, in systems that include additionally BEPR, i.¢. nitrification denitrification BEPR
(NDBEPR) syvstems, the inclusion of polyphosphate accumulating organisms (PAOs)
complicates the denitrification behaviour. in particular, where the PAOs are involved in
denitrification. In this section. denitrification by OHOs and PAOs will be reviewed.

2.3.1 Denitrification by OHOs

23.1.1 Denitrification in ND activated sludge systems

Stern and Marais (1974) observed in NI systems under constant flow and load conditions. that
denitrification in a plugflow primary anoxic reactor took place in two linear phases: a rapid first
phase which persisted for a short period then terminated, and a second slow phase which
continued for the rest of the retention time in the reactor; in a plugflow secondary anoxic reactor
only one linear denitrification phase was operative at a slow rate. about two thirds of the slow
second rate in the primary anoxic reactor. Ekama er al. (1979) hypothesized that the two linear
phases in the primary anoxic reactor arose from the utilization of the two biodegradable COD
fractions in the influent, namely RBCOD and SBCOD:

. The first rate denitrification which is connected to the RBCOD, and
. The second to the SBCOD.

With regard to the slow single denitrification rate observed in the secondary anoxic reactor, they
proposed that this is due 10 SBCOD from endogenous mass loss.

To incorporate denitrification in the synthesis-death-generation aerobic model of Dold er al
(1980) to develop a general kinetic model for the ND activated sludge systems. Van Haandel er
al. (1981) showed that the denitrification Kinetic behaviour could be modelled in terms of
RBCOD and SBCOD, and that the same formulations proposed by Dold er a/ (1980) for
RBCOD and SBCOD utilization under acrobic conditions can be used to mode! their utilization
under anoxic conditions. except that the rate of SBCOD hydrolysis/utilization under anoxic
conditions needed 10 be reduced to about | 3rd of that under aerobic conditions. This reduction
was incorporated in the model as a constant n. ™ anoxic rate’‘aerobic rate = 0.33, representing
either the population of OHOs that are facultative or a reduction in the aerobic rate for anoxic
conditions. Using the general nitrification denitrification kinetic model, simulations of the
denitrification response satisfactorily predicted rwo near li=ear phase denitrification behaviour
in the primary anoxic reactor. and a singie near linear phase in the secondary anoxic reactor, as
observed by Stern and Marais (1974).

Accepting linear denitrification phases. Van Haandel er o/ (1982) and Ekama ¢ al (1983)
developed two simplified steady state mathematical models for ND activated sludge systems. The
steady state models provided guidelines for designing ND activated sludge systems, sizing anoxic
reactors, and estimating the denitrification potential (see WRC, 1984)




2.3.1.2 Denitrification in the NDBEPR activated sludege syvstems
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(1) The increased denitrification rates were not due to:

(a) denitrification by PAOs, because in their systems the PHB and P measurements
indicated that PAOs did not denitrify;

(b)  the modification of the sewage organics in the anaerobic zone because sewage
organics that had not passed through an anaerobic zone induced the same
denitrification response as sewage organics that had passed through the anaerobic
zone.

(2)  The increased denitrification rates are due to a stimulation in the activated sludge mass
of an increased rate of hydrolysis of SBCOD in the anoxic reactor of NDBEPR systems,
apparently induced by the presence of the anaerobic reactor in these systems.

I'he modified denitrification Kinetics has been incorporated in the general NDBEPR mixed
culture kinetic simulation model by Wentzel eral (1992). Wentzel eral (1992) investigated the
1., value (representing the population of OHOs that can denitrify or the reduction in the aerobic
SBCOD hydrolysis synthesis rate for anoxic conditions) over a wide range of configurations and
conditions for NDBEPR systems by using the general NDBEPR kinetic simulation model. The
simulations for a particular system were repeated using a series of n, values until the
experimentally measured nitrate concentrations were closely predicted. From the set of n,, values
obtained for the different NDBEPR systems. the “best” n,, value was estimated. From the
simulations completed (70 of which 37 could be used 10 evaluate n,,) amean n, value of 0.6 was
obtained. This value was significantly increased compared to the n, value of 0.33 in ND systems.

With the proposed ENBNR activated sludge system, the anoxic mass fraction is substantially
increased compared to conventional BNR activated sludge systems. It is not known what the
effect of this on OHO denitrification will be. Accordingly, this aspect is investigated in this
research project.

232 itrification by Os AOs

Since 1990, significant anoxic P uptake has been increasingly reported in lab-scale BNRAS
svstems (Kerm-Jespersen and Henze. 1993: Kuba er al., 1993: Bortone er al., 1996: Sorm eral ,
1996), and full-scale BNRAS syvstems (Kuba er al. 1997). Ekama and Wentzel (1999b)
demonstrated that two types of BEPR behaviour have been observed in conventional single
sludge NDBEPR systems:

' 2 R S— K TS S . T emls
(1) P uptake precominantly in the aerobic reactor (aerobic P upiake):

(2) P uptake 1n both aerobic and anoxic reactors (anoxic/aerobic P uptake)

With predominantly acrobic P uptake, there is a minimal PAO activity in the anoxic reactor. i.e.
PAOs are not involved in the denitrification process and therefore the denitrification is mediated
by OHOs only, as observed by Clayton er a/ (1990) above in mixed culture NDBEPR systems,
and Wentzel er ¢/ (19892 and b) in enhanced culture BEPR svstems. With anoxic aerobic P
uptake. this implies that PAOs are also involved in the denitrification process. and therefore the
denitrification is mediated by both OHOs ané PAOs.
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advantageous and outweighs the associated reduction in BEPR. This aspect will be addressed in
this research project (see Chapters 3. 4, 5 and 7).

24  BIOLOGICAL EXCESS P REMOVAL (BEPR)

Biological excess P removal (BEPR) is mediated by a group of heterotrophic organisms called
polyphosphate accumulating organisms (PAOs) that exhibit the propensity to store P internally
as polyphosphate. Polyphosphate serves as an energy source enabling the organisms to store
substrates and simultaneously release phosphate into the bulk solution during anaerobic
conditions with influent substrate present. When sufficient PAOs are accumulated in the sludge
of an activated sludge svstem, most or all phosphate is taken up during anoxic and/or aerobic
conditions and a low eflluent phosphate concentration is achieved. The stored phosphate is
removed via sludge wasted from the system or stripped from the biomass and precipitated with
chemicals. The question to achieve a good BEPR can be simply formulated as:

B How 1o create conditions in the system that specifically favour PAO growth.

Proposed explanations of the biochemical behavioural patterns associated with P release and P
uptake that lead 10 BEPR have been presented in a number of mechanistic biochemical models
such as those of Comeau er al. (1986), Wentzel er al. (1980, 1992) and Mino er a! (1987). At
the time that these biochemical models were developed, the observed BEPR was principally
associated with aerobic P uptake BEPR; despite this, the biochemical model of Wentzel er a/.
(1986) recognizes and describes PAO denitrification with anoxic P uptake BEPR.

2.4.1  Acrobic P uptake BEPR

The acrobic P uptake process is reasonably well understood. Both steady state design (e.g.
Wentzel ef @l., 1990) and dynamic simulation models (e.g. Wentzel et al., 1992 Henze et al.,
1995) incorporating the process have been developed. To obtain quantitative kinetic information
for the mathematical BEPR models, enhanced PAO cultures were developed by Wentzel ef af
(1989) in continuous-flow activated sludge systems (modified Bardenpho and UCT
configurations), with acetate as the only organic substrate. Based on observations on these
systems and batch tests on mixed liquor harvested from them, Wentzel er @/ (19892, b)
developed a kinetic simulation model for enhanced PAO culture BEPR systems. With a single
set of kinetic and stoichiometric constants. this model provided a very good description of the
observed responses in the enhanced culture constant flow and load continuous systems and the
batch tests on sludges drawn from these systems (Wentzel er @/ . 1989b). The enhanced PAO
cultures exhibited minimal anoxic P uptake and denitrification behaviour, and hence the kinetics
only describe the anaerobic P release and acrobic P uptake BEPR processes. anoxic P uptake and
PAO denitrification were therefore not included in this Kinetic simulation model

Wentzel er al. (1990) simplified and extended the enhanced culture Kinetic model to develop a
steady state design model for mixed culture BEPR systems receiving municipal wastewaters as
influent. Again, this model was based on acrobic P uptake only. Wentzel er al. (1992) integrated
the enhanced culture kinetic mode! with the kinetic mode! for nitrification and denitrification
systems, 10 develop a Kinetic simulation model for BNR activated siudge sysiems (called
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2.5 ANOXIC-AEROBIC (AA) FILAMENT BULKING

It has been found that in BNRAS systems growth of a specific group of filamentous
microorganisms is usually promoted, termed low F'M filaments by Jenkins er al. (1984) and
renamed anoxic-acrobic (AA) filaments by Casey er @l (1994). These filamentous organisms,
such as M parvicella, tvpe 0092, type 0041, 1ype 1841 and type 0675, lead to sludge bulking in
BNRAS systems not only in South Africa (Blackbeard e al., 1988), but all over the world
(Seviour er al.. 1994: Rossetti er a/.. 1994 and many others).

Historically, the control of AA (low F'M) filaments has been to increase the F/M ratio by
incorporating selector reactors (Chudoba er @/ , 1973). However, in evaluating the efficacy of
anoxic and aerobic selectors, Gabb e al. (1991) and Ekama ez al. (1996) concluded that the
selection of AA filaments is not controlled by the selector effect, i.e. by kinetic aerobic or anoxic
selectors in intermittently aerated ND systems or by metabolic selection with anagrobic reactors
in NDBEPR systems.

From the investigations into the DEPHANOX system. it has been found that the system
consistently produced a very good settling activated sludge by suppressing the sludge bulking
caused by AA filaments, in particular M parvicella (Bortone ez al., 1996; Sorm et al , 1996). No
explanation for this observation was given. However, a possible explanation may be formed from
the AA filamentous bulking hypothesis of Casey er al. (1994).

2.5.1 The AA filamentous bulking hyvpothesis of Casey er al. (1994)

Casey et al. (1994) established that

. Low F'M filaments proliferate under low FM (>10 day sludge age) intermittent acration
conditions [as low F'M conditions per se did not appear to influence the sludge bulking,
the filaments were renamed anoxic-acrobic (AA) filaments], but not under fully aerobic
or fully anoxic conditions.

With intermittently acrated nitrification denitrification (1AND) systems. Casey er al. (1994)

observed that

. Maximum filamentous organism proliferation occurred with an aerobic mass fraction

between 20 and 35%

. The DSVI appeared to be linked to incomplete denitrification, i.e. the nitrate and nitrite
(NO,) concentration at the end of the anoxic period when the conditions switched from
anoxic 1o aerobic

A relationship between the DSVI and aerobic mass fraction for IAND systems fed antificial
wastewater was found and is shown in Fig 2.1.
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CHAPTER 3

EXPERIMENTAL INVESTIGATION INTO
EXTERNAL NITRIFICATION BIOLOGICAL
NUTRIENT REMOVAL (ENBNR) ACTIVATED
SLUDGE SYSTEMS

3.1 INTRODUCTION

A series of three separate laboratory-scale experimental investigations on the external
nitrification biological nutrient removal (ENBNR) activated sludge svstem were undertaken,
aimed at determining the performance of this proposed system. This Chapter summarises the
results from these investigations. For the details, the reader is referred 10 Moodley er al. (1999),
Sotemann e/ al. (2000) and Hu er @l. (2001)

3.2 EXPERIMENTAL INVESTIGATIONS

The first experimental investigation was on the proposed ENBNR activated sludge system with
a small aerobic mass fraction ( 19%) and is reported in detail by Hu er al. (2001); for convenience
in comparison and discussion, this svstem is referred 1o as System 1. This investigation actually
was a feasibility study on the proposed ENBNR activated sludge system, After the proposed
ENBNR activated sludge system was shown to operate successfully, the second investigation was
initiated to examine the effect of varving aerobic mass fractions (and consequently anoxic mass
fractions) and shorter sludge age on lhc ENBNR activated sludge system N and P removal
performance. and is reported in detail by Moodley er a/. (2000). This investigation covered two
phases. and the ENBNR activated sludge svstem was the same as that used in the first
investigation, except that in Phase [ the aerobic mass fraction was reduced from 19 to 15% and
the sludge age was reduced from the initial 10 days (sewage batches 1 to 3) 10 8 days (sewage
batches 4 to 16); this syvstem will be referred to System 2a. Then, in Phase 11, the acrobic mass
fraction was increased to 30% at the expense of a reduced anoxic mass fraction (30%): this
svstem will be referred to Syvstem 2b, which included sewage batches 17 to 33 of the second
experimental investigation. The third investigation was init:ated to optimize N and P removal in
the ENBNR activated sludge svstem, and is reported in detail by SStemann er a/. (2000). This
third investigation also comprised two phases and covered three systems; these will be referred
to as System 3a which included sewage batches 1 10 13, S_u.-.:: 3b which included sewage
batches 14 10 20 and System 3¢ which included sewage batches 21 to 30 \} stem 3a had aerobic
and anoxic mass fractions of 32.5% -.-.:ch and included a mixed liquor (a) recyele of 2:1 between

them. This was necessarv because the nitrification efficiency of the external nitrification system
imitially was poor and the large ucrol ic mass fraction resulted in significant nitrification in the
aerobic reactor. The a-recycle was included 1o (1) increase 1"" nitrate load on the anoxic reactor
and (ii) reduce the nitrate recycle to the anaerobic reactor. In Sy stem 3b, efficient nitrification in
the external nil’i":c.u-un svstem was restored, and the anoxic .mJ aerobic mass fractions were
changed to0 45% and 20%% respectively. In Svstem 3¢ the a-recycle removed. The system setup

and design and operating parameters for the different iny estigations are summarized in Tabie 3.1
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Table 3.1: Design and operating parameters for the ENBNRAS systems during the three

investigations
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3.3
3.3  EVALUATION OF THE ENBNR ACTIVATED SLUDGE SYSTEMS

3.3.1 Carbonaceous material removal

3.3.1.1 COD mass balance

The COD mass balances for each system are shown in Table 3.2. It can be seen that COD mass
balances were less than 90%. varying between 76 and 88%. These low COD mass balances
were not likely to be due to the system operating and sampling procedures, because similar low
COD mass balance results have also been observed in other conventional BNR activated sludge
experimental systems operated in the same laboratory, see Table 3.3. This would indicate that
in BNR activated sludge svstems (including external nitrification or not), COD is lost to some
sink that is not taken into account in the COD mass balance equation. Therefore, the COD mass
balances are not suitable for confirming the system operating and sample analytical procedures
and the accuracy of the experimental data. Nitrogen mass balance results are more suitable for
these purposes (sce below).

Table 3.2:  COD mass balance components for each system during the three experimental

investigations.
COD mass balance components (°o)
Sysiem Overall | Unaccou | Number
Oxygen Nitrate CODused | CODin | CODin | Balance | nied for | of days
denitrified in EN wastage | Effluent (*e) (%) (d)
System | 19 16 15 30 8 8 12 250
Svstem 2a &85 13.5 13.8 355 10.8 82.1 179 134
Svstem 2b 174 12.7 10 38 85 86.6 154 218
Svstem 3a 18.3 3.5 21.6 rod 7 832 16.8 186
System 3b 116 114 21.1 26.2 57 76 24 o
Sustem3c | 109 12.8 16.7 311 <8 773 07 137

The contributions of each COD mass balance components 10 the overall COD mass balance are

also shown in Table 3.2 and summarised in Fig 3.1. From Table 3.2 and Fig 3.1 it can be seen
that

tilized;

o
2
=

§.5% 10 19% influent COD mass was removed via oxyg
11.3% to 16% via nitrate denitrified:

10% 10 21.6% used in external nitrification systems:
=2.8% 10 38% via siudge wasted and

5.7% 10 10.8% via the effluent flow, leaving

12% 10 24% influent COD mass unaccounted for
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3.5

Svystems 3a and 3b, because no nitrate was dosed into the anoxic reactor, the COD removal via
nitrate denitrified was always less than that via oxygen, regardless of whether the aerobic mass
fraction was large (System 3a, 30%) or small (System 3b, 20%)

The low oxyvgen demand in all svstems was reflected in the low OUR in the aerobic reactor; for
example. in System 1 the OUR was only about 29 mg/((.h) in the 19% aerobic mass fraction of
the system. The OUR in an equivalent conventional intemnal nitrification BNR activated sludge
system with 90% COD mass balance, 10 day’s sludge age. complete nitrification, 90% nitrate
denitnfication leading to 50% recovery in nitrification, tie OUR would be about 2.3 times
higher, 1.e. 75 mg/(i.h). Clearly not nitrifving in the ENBNR activated sludge system and
utilizing the nitrate generated in the external nitrification system results in a major decrease in
OUR. The proportion of COD utilized with nitrate indicates that the denitrification potential of
the system is very high. due to the large anoxic mass fraction (in this example 47.6%). This
allows the system to treat very high influent TKN/COD ratios without jeopardizing BEPR and
achieving complete denitrification, provided near complete nitrification is achieved in the
external fixed media system,

The COD component of the sludge wasted was very high compared to the other COD
components. This is because the sludge ages in all systems were reduced significantly, from the
usual 20 - 25 days in conventional BNR activated sludge systems 10 8 1o 10 days. In the external
nitrification system this is a prerequisite 10 achieve the objective of svstem intensification.

3.3.1.2COD removal

From Table 3.2. the COD component in the effluent flow was very low and varied from 5.7%
to 10.8%. This is reflected in system effluent COD concentrations. From Table 3.4 and Fig 3.2,
the unfiltered effluent COD concentration ranged between 46 and 74 mgCOD/1. The 0.45um
membrane filtered effluent COD concentration ranged between 38 and 52 mg COD/(. These
latter values were accepted to correspond to the unbiodegradable soluble COD concentrations
in the influent, and gave the unbiodegradable soluble COD fractions (f, ) ranging from 0.052
to 0.084. The COD removal efficiencies were very good and ranged from 89 10 94% (see Table
3.4

Table 3.4: Unfiliered and filtered effluent COD concentrations, and fraction of the total
influent COD that is unbiodegradable soluble in each svstem.

‘ System
! Parameter L | » | 1 3 3
Influent COD (mg COD'T) 717 683 408 741 724 =10
Unfiliered Eftluent COD (mg COD ) Gl "4 9 | 7 | 7 |
Filtered Effluen (0.45um) (mg COD/T) | l 2 52 48 39 18
Unbied. soluble COD fraction (£ ..) 0eT1 | 0084 0075 | 0.065 2.034 0.082
COD removal (%) Q L0 92 l 92 (N 94
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ranged from 87% to 96%. These results are comparable to those in other experimental

investigations performed on conventional BNR activated siudge svsiems in the same laboratory
| ) 2 2 5 ] » v § PN , 4 "
(see Table 3.3). Therefore, the experimental data can be accepted for the system performance

T 1 oeryy

evaluation for each SVsiem

Table 3.5 N mass balance components for each system during three phase investigations
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The N removal in the external nitrification system shuu'J be low. However, in Systems 1, 5band
3¢ these components were high (12, 17.8 and 16.7% respectively), and almost equal to the N
emoved in the sludge wasted in the :'!\R activated :L..J e part of the svstem. This implied that

rification system due to insufficient air

Jc:‘.:tr::mtn n probably took place in the external r
supply

In all systems, the N removed via N. gas (denitrification) were very high and varied from 36.2%
to 52%. Most of this denitrification took place in 'J'.c main anoxic reactors. The high N remo al
via denitrification in the main anoxic reactors is due to '.E‘.c large anoxic mass fractions at the

expense of acrobic mass fraction in the ENBNR activated sl. .dge system and the dosing of nitrate

1

in some systems (Systems 1, 2a and 2b) to realize :h:w reactors full denitrification ;mlc:‘.tul

“d

The influent N\ macs thar evited the svstem Vvia the at ey triym O Q9 y 33 SO
in ent mass eX svsiem via the etfiuent I 10 J3.C

ed the 1 ’
denitrification potential. The effluent TKN

depending on the system nitrification efficiency and
concentrations depend on nitrification in both the external nitrification system and the BNR

nitrite concentrations de pc~ d on both system

Ci.

activated sludge system. and the effluent nitrate and
nitrification performance and denitrification potential (see below

3.3.2.2 Nitrification

In the ENBNR activated sludge system, nitrification is designed to take place externally

nu

I
external r‘.:'r::':s.mn" svstem. However, nitrification may take place inthe BNR s ~ru ded media

part of the sysiem \.:1J xr some conditions. The experimental observations on nitrit

ENBNR acuvated sludge svstem are listed in Table 3.6.

Table 3.6 Nitrification in external nitrification (EN) and BNR activated sludge svstems.

Svitem :

Parameter ! 1 - T .
] | 2a Fd 32 | b i 3 1
- ')
{External nitrification systems (EN) i
- |
[Euou total flow from Anaerobic 10 EN (% §7 8 84 629 94 83 s |
|FSA concentration into EN (mg N 1) 27.1 . ¥ . 274 o a9 29.5 |
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Nitrification in external nitrification system

In the experimental investigations reported here, the type of external nitrification system was not
the focus of the research. Therefore, the requirement for the external nitrification svstem was only
to achieve as high a nitrification efficiency as possible.

To achieve as much nitnfication as possible in the external nitrification system, the maximum
of ammonia-rich supernatant from the internal settling tank overflow should be pumped to the
external nitrification system. However, this is limited by the sludge underflow which should
ensure that it transfers as much as possible of the sludge from the internal settling tank to the
main anoxic zone to prevent sludge from accumulating in the internal sentling tank and
overflowing to the external nitrification system. From Table 3.6, at least 6% but usually about
15% of the intemnal settling tank inflow was required to transfer the sludge from the internal
settling tank to the main anoxic zone. This implies that at best only 90% (but more likely 85%)
of the system ammonia can be nitrified in the external nitrification system. and 10% (more likely
15%%) of the system ammonia is expected to be nitrified in the activated sludge system if complete
external nitrification is achieved (neglecting the N requirement for sludge production in the
system). i.e. if the effluent ammonia concentration from the external nitrification system is zero.

From Table 3.6, nitrification efficiency in the external nitrification system was 89% at best
(Svstems 3b and 3¢) and only 4926 and 64% for Systems 2a and 2b respectively. This is because
the performance of the laboratoryv-scale stone column external nitrification sy stem used in the
initial investigations deteriorated due 1o Psycoda fly and larvae infestation, resulting in high
ammonia concentrations from the external nitrification system. If the aerobic mass fraction is
small, this ammonia is not nitrified in the acrobic reactor of the BNR activated sludge system.
From a BEPR point of view, low nitrification in the acrobic reactor is an advantage because it
avoids a high nitrate concentration return to the anaerobic reactor. However, from a N removal
point of view it is a disadvantage because it (i) increases the effluent ammonia and (ii) reduces
the nitrate load on the anoxic reactor and hence the denitrification. Good N removal performance
requires the external nitrification system to nitrify virtually completely. If the aerobic mass
fraction is “large™ (¢.g. System 2b), the ammonia will be nitrified in the aerobic reactor of the
BNR activated sludge system. This will also be disadvantageous because (i) from a BEPR point
of view the nitrate will overload the underflow anoxic reactor and enter the anacrobic reactor,
(ii) the nitrate will not be available in the main anoxic reactor for denitrification and (iii) the
effluent nitrate concentration will increase.,

Nitrification in BNRAS activated sludge system

Nitrification in the BNR activated sludge svstem depends on the system sludge age. acrobic mass
fraction and ammonia available (i.e. external nitrification efficiency and the 1 ow pumped into
the external nitrification system, scc al\w "ln‘ ENBNR activated sludge svsiem is designed
to operate at a shont sludge age and hence nitrification mainly depends on the acrodbic mass
fraction and available .xmm\-nia.

When the ENBNR activated sludge system is operated at small aerobic mass fraction, the
nitrifiers are not sustained in the suspended media liquor and ammonia will exit the system with
the final effluent. However. nitrifiers are seeded from the c\!cmai nitrification systemto the BNR
suspended media system. and thus some nitrification can be expected in the aerobic zone: for
example. in Svstems 1. 2a, 3b and 3¢ with aerobic mass {ractions of 19. 1%, 20 and 20%
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Table3.7:  Measured denitrification in anaerobic, pre-anoxic and main anoxic and settling
tanks and denitrification potentials (mg N/f ‘nfluent).

System

A ! 23 2b 3a 3b 3¢
Reactor denitrification (mgN/{ influent)

Anaerobic reactor 05 0 0.3 5.1 30 08
Pre-anoxic reactor 28 20 3.7 18 29 22
Main anoxic reactor 401 322 269 220 204 284
Imemal settling tank 0 0 0 0 0 0
Fmnal settling tank 0 0 0 1.4 09 0.6
Denitrification potentials (mgN/f influent)

Main anoxic 49 343 25.5 22.0 190 311
Pre-anoxic 4.5 5.8 4.0 5.1 38 3.7
3324 Nitrogen removal

I'he influent and effluent TKN and nitrate concentrations as well as N removal efficiencies for
each system are given in Table 3.8 and Fig 3.4. From Table 3.8 and Fig 3.4 it can be seen that
the N removal efficiencies were greater than 8025, which is very good. except for Systems 2a and
2b when the external nitrification system nitrified poorly (49% 10 64%. Table 3.6). For both these
systems, high ammonia concentrations (Table 3.6) entered the acrobic reactor of the BNR
activated sludge part of the plant. In System 2a, this residual ammonia could not be completely
nitrified in the aerobic reactor because the acrobic mass fraction was small (15%), resulting in
a high TKN concentration in the effluent (19.8 mg/{) and thus low N removal. In System 2b, the
aerobic mass fraction was 30%, so some nitrification took place in the acrobic reactor, resulting
in a lower TKN concentration in the effluent (9.2 mgN ') which increased the overall nitrification
efficiency. However. the low nitrification efficiency in the external nitrification system resulted
in a low nitrate load on the main anoxic reactor and hence low denitrification and low N removal.
In general. the svstem can achieve an eMuent total N (TN) less than 10 mgN { as demonstrated
by Svstems 1, 3b and 3¢, but this requires virtually complete nitrification in the external
nitrification system. The effluent nitrate concentrations were low and less than 9 mgN/{ for all

\.\ stems
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333 Biological excess P removal (BEPR)
3.3.3.1 Total phosphorus (TP) mass balance

Toassess the BEPR behaviour, total phosphorus (TP) mass balances were conducted around each
reactor, internal and final settling tanks and the external nitrification system from the TP
concentrations measured in the influent and soluble (< 0.45um) TP concentrations measured in
the reactors, intemnal and final settling tanks, effluent and external nitrification system outflow
for all sewage batches of the investigations. The TP mass balances were calculated by subtracting
the outflow P mass from the inflow P mass. so a negative result indicates P release (-ve) and a
positive result indicates P uptake (=ve). The calculated P release and P uptake masses were
divided by the influent flow, to give the P release and P uptake in mgP/{ influent. The mean P
uptake and P release for all sewage batches for each system are given in Table 3.9.

3332 Phosphorus release

From Table 3.9 and Fig 3.5, it can be seen that, as expected, most of the P release occurred in the
anaerobic reactor. A small amount of P release also occurred in the internal settling tank. This
latter P release is probably due to leakage of some RBCOD out of the anacrobic reactor,
stimulating P release in the sludge blanket that formed in the bottom of the internal settling tank
due to the low underflow pumping rate to the main anoxic reactor. This was not unexpected as
similar observations had been made in previous investigations into the DEPHANOX system,
another kind of external nitrification BNR activated sludge system (Bortone er al., 1996; Sorm
et al.. 1996). This additional P release is beneficial because it augments the anaerobic P release.
In the modified DEPHANOX system, the anaerobic reactor and internal setting tank were
combined in a single reactor allowing sludge accumulation, P release and settlement
simultancously (Bortone er al., 1997).

Table 3.9:  Phosphorus release (-ve) and uptake (+ve) in each reactor, internal settling tank
and final sertling tank as well as external nitrification system (mgP ( influent),
and % anoxic P uptake.

Reactor P release (-ve) or P uptake (+ve) (mgP/! influent)
System 1 |System Za |System 2b | Svstem .‘u] System 3b | Swvsiem 3¢
Anaerobic reactor -25.7 il -4 48 -11.0 -16.7
Imernal sextling 1ank 45 9 2.3 -39 4.8 -]
Extemal nurification svstem | 0.9 -1.1 18 -4.3 4.0 -5.1
Pre-anoxic reactor 02 -8 2.7 08 1d 0
Main anoxic reactor 2.2 13.5 15 22.5 15.1 2.3
Aerobic reactor 20.2 10.9 211 13.9 1.5 129
Final sentling tank 0.1 1.1 18 0.3 1.1 12
%% anoxic P uptake 52 58 a2 62 57 63
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The factors that stimulate anoxic P uptake BEPR in BNRAS systems

One of the objectives in the first investigation (System 1, see Hu er al.. 2001) was to investigate
and establish the conditions that stimulate anoxic P uptake BEPR. In the course of the
investigation, initially both acrobic and anoxic P uptake were low, and most of the P uptake took
place in the acrobic reactor. As the investigation continued, the total P uptake increased and
gradually relatively more took place in the anoxic reactor and less in the aerobic reactor.
Examining this data in more detail, for the first 6 sewage batches, the % anoxic P uptake
remained approximately constant at about 25%. At that stage, ways to increase this anoxic P
uptake were explored.

It was noted from earlier investigations on BEPR in conventional BNR activated sludge svstems
(Ekama and Wentzel, 1999b). that when the main anoxic reactor was underloaded with nitrate,
the P uptake tended to be confined to the aerobic reactor, whereas if the nitrate load exceeded the
denitrification potential so that nitrate was present in the anoxic reactor outflow, then significant
anoxic P uptake was observed. Accordingly, this proposal was applied 1o the ENBNR activated
sludge system to stimulate anoxic P uptake in the ENBNR activated sludge system: From
sewage batch 6, nitrate was dosed into the main anoxic reactor and the amount dosed increased
stepwise with succeeding sewage batches: the stepwise increase was to avoid nitrate overload to
the main anoxic reactor and hence a high nitrate recycle to the anaerobic reactor. This nitrate
dosing appeared to stimulate significant anoxic P uptake (see Hu er al,, 2001). These
experimental results confirmed the observations from conventional BNR activated sludge
systems (above). In the subsequent investigations into ENBNR activated sludge systems
(Systems 2a. 2b, 3a, 3b and 3¢), this observation was further substantiated.

The observations above suggest that with limited nitrate available, the OHOs tend to outcompete
the PAOs for nitrate. The greater affinity of OHOs than PAOs for nitrate is reflected in the
calculated specific denitnification rates by OHOs (K. ') and PAOs (K., ) (see below): It was
found that the specific denitrification rates of the OHOs (K, ') are significantly higher than
those of the PAOs (K,';.0). In terms of this competition. if the nitrate load into the main anoxic
reactor is less than the denitrification potential of the OHOs, then the PAOs have limited
opportunity for use of the limited nitrate. In contrast. if the nitrate load on the main anoxic reactor
exceeds the denitrification potential of the OHOs, then the denitrifving PAOs (DPAOs) would
have a greater opportunity to use the “excess” nitrate and so develop in the system. The
development of the DPAOs in BNR activated sludge systems appears very siow, because in the
experimental investigation anoxic P uptake appeared still 1o be increasing in System | after some
150 days of operation (see Hu et al., 2001 ). This probably is a further contributing reason for the
variable (and rather limited) occurrence of DPAOs in conventional BNR activated sludge
systems.

In the ENBNR activated sludge sysiem, there appear to be three further conditions that appear
to favour DPAOs, viz.

. Small aerobic mass fraction:
. Sequence of reactors:

. The low frequency of alternation between anoxic and aerobic states.
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Table3.10: P removal, influent COD, RBCOD and system operating parameters for the three

investigations.
System
Parameter
1 2a 2b 3a 3b 3¢
P removal (mgP7) 10.6 8.5 11.8 97 9.1 10.5
Influent COD (mgCODt) "7 683 699 741 724 730
Influent RBCOD (mgCODT) 131 109 102 120 146 149
Anaerobic mass fraction (%) 238 28 25 28 25 28
Sludge age (d) 10 108 8 10 10 10
Nitrate in Pre-anoxic (mgN/ () 0.7 0.5 0.4 4.7 34 0.7

Anoxic P uptake has also been observed in conventional BNR activated sludge systems (Ekama
and Wentzel 1999b). In the UCT and modified UCT systems of Musvoto ef al. (1992), Kaschula
et al. (1993), Pilson er al. (1995) and Mellin er al. (1998), significant anoxic P uptake (>40%)
was observed, which was confirmed with anoxic batch tests on sludge harvested from these
systems. The observed features of aerobic P uptake BEPR and anoxic/aerobic P uptake BEPR
in conventional BNR activated sludge systems and the an)xic/aerobic P uptake BEPR in the
ENBNR activated sludge systems are listed in Table 3.11. While anoxic/aerobic P uptake
between the conventional and external nitrification BNR activated sludge svstems appears
similar, there seem to be some major differences in P removal performance between aerobic P
uptake BEPR and anoxic/acrobic uptake BEPR. Inall the investigations which were all long term
(>500 days), where anoxic/aerobic P uptake BEPR was observed not only was the excess P
removal lower compared with that expected from the model of Wentzel er al. (1990), but also
the P release to removal ratio was decreased (see Table 3.11). In conventional BNR activated
sludge systems

. With only acrobic P uptake, the P release/P removal ratio, P removal/Influent RBCOD
ratio and the P removal Influent COD ratio are around 3.0, 0.11 and 0.021 respectively
(Wentzel eral., 1985, 1989; Clayton eral. 1991, and more recently Sneyders er al., 1997
- see Table 3.11), and are in conformity with the steady state BEPR model of Wentzel er
al. (1990) and the dvnamic state BEPR mode!l of Wentzel er al. (1992),

. With anoxic acrobic P uptake these ratios decreaseto 1.3-2.0,0.06-0.08 and 0.012-0.01
respectively and the BEPR is depressed to around #ards of that with only aerobic P J"lak-'
(see Table 3.11)

Comparing the anoxic aerobic BEPR performance results obtained in ENBNR activated sludge
svstems with those observed in conventional BNR activated s'ud..c svstems, similarly low values
are obtained for the P release/P removal. P removal ......xcm RBCOD and the P removal/influent
COD ratios, i.e. 1.1 - 2.9, 0.06 - 0.12 and 0.012 - 0.017. It seems that, given the appropriate

ferent species of PAOs which accomplish anoxic P uptake find a niche in the
svstem, but which have a significantly lower BEPR performance and use their internally stored
PHA (obtained from anaerobic uptake of VF A which are produced by the OHOs via fermentation
of the influent RBCOD) less “efficiently” compared with the aerobic P uptake PAOs. This aspect
is explained further in Chapter 7 and in detail by Hu e al. (2001)

cond:tions, dif
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Table 3.11: Observed BEPR and calculated P contents of PAOs (fyy ;) with the steady state
model (Wentzel etal.. 1990) in conventional BNR (Ekama and Wentzel, 1999b)
and ENBNR activated sludge systems

Anoxic P Prel/Prem ' Prem/infl. | Prem Total |
P remosal | : . g

Systems uptake (meP/) ratio | RBCOD inflCOD (megP'mg
(%) - | ratio ratio PAOAVSS)

r Conventional BNR activated sludge systems (UCT and MUCT systems)

;
{Clavton er @l , 199] 5 21 33 0.108 0021 0.388

!&n:_\cers eral, 1998 (C) ) 13.1 242 | 0116 0023 0.471

Snevders er al., 1998 (E) 0 16.8 0024 0471

|
27 | one
IMusvoto ef al., 1992 (1) 27 122 | 244 0.063 0012 0.144
IMusvoto er al , 1992 (2) a7 13 | 27 0 060 0.012 0.113
]P,..m:: eral, 1995 (1) 47 12 | .34 0.069 0012 0.136
Pilson et al.. 1995 (2) |16 10.9 | 1.24 0.063 0011 0 098
Mellin er af , 1998 29 11.4 | | 8 0082 0016 0.260
ENBNR activated sludge systems
System | 2 106 | 29 0.081 0.013 0.235
System 2a 58 83 ‘ 14 0.080 0012 0167
Svstem 2b 42 1.8 ' 2 0.116 0017 0 250
System 3a 62 9.7 1 0.080 00!3 0240
System 3b | £7 G 7 | 006 0.013 0.170
System 3¢ 63 03 20 | 0070 0.014 D188

3335 Comparison of the measured and calculawed P removal

The BEPR performance in the BNR activated sludge svstem can be assessed by comparing the

observed P removal with that theoretically calculated from the steads state BEPR model of
Wenwzel er al (1990). This model requires as input all the syvstem design parameters (see Table
: ! &n
3.1) and influent wastewater characteristics including the influent RBCOD concentration. The
procadure for calculating the theoretical BEPR is summarized by Ekama and Wentzel ( 1999b)
and in detail '.”;- Hu er al. (2001 ). Following this procedure' the OHO and PAO masses and the
caiculated P contents of PAOs ({ in conventional BNRAS svstems and ENBNRAS svstems
were obtained and are listed in Table 3.11. It can be seen that in the systems with predominantly
(>93%) aerobic P uptake BEPR behaviour, the £, . values are the same as that in the steady
tate model of Wentzel eral (1990 38 mgP mgPAOAVSS). Comparing the f. .. - values of
I e caculiauon procaqaures, e intjuent SpLOLL WwWas gecreased 10 axke account ot the
unaccounted for COD in the COD mass balances for all “he svstem and for the ENBNRAS
svstem the .\.AU'D was reduced further to take account of the COD lost in the external
nitrification system, but the influent RBCOD was kept at the measured values. Thus was
necessary to reduce the sludge variation in the OHO and PAO active fraction (] andf_ .,
frhe V'SS and cnecific OHO denite i " v . ~ I N\'antre 100N
Vi WIS - Sl SUCGLLG 1\ &6 Alew - evd UV Lo eiind - Y Gl
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svstems with aerobic and anoxic/aerobic P uptake BEPR, it scems that the latter value is only
about one quarter 10 two thirds of the 0.38 mgP mgPAOAVSS aerobic value.

3.3.4 Calculation of specific denitrification rate
31341 Relative contribution of OHOs and PAOs to denitrification

From Table 3.11. in the ENBNR activated sludge systems significant P uptake 100k place in the
main anoxic reactors. This implicated PAO participation in the denitrification process, i.e. PAOs
contributed to the system denitrification. It appears that anoxic P uptake and associated
denitrification 100k place consistently in all ENBNR activated sludge systems investigated.

To calculate the denitrification potential in the ENBNR activated sludge systems, the
contribution of OHOs and PAOs to denitrification needs 10 be known. In the main anoxic zone,
if PAOs are involved in denitrification, PAOs and OHOs will compete for nitrate by using
different substrates. PAOs use internally stored PHA, and OHOs use slowly biodegradable COD
(SBCOD). This difference in substrate source makes it possible to estimate the contribution of
OHOs and PAOs to the denitrification. The procedure detailed by Hu er al. (2001) was followed
for calculating the specific denitrification rates of the OHOs and PAOs. The specific
denitrification rates, denoted K.’ [mg NO,-N/(mgOHOAVSS.d)] and K,',,, [mg NO;-
N/(mgPAOVSS.d)] respectively, are listed in Table 3.12.

The results were obtained by averaging those sewage batches only in which RBCOD was
measured and nitrate concentrations in the main anoxic reactor was larger than 1 mg N/'(.
Furthermore, in fractioning the VSS mass into OHO and PAO active masses and the other three
inert masses, the unbiodegradable particular COD fraction (f; ) needs to be determined. All the
investigations received raw (unsettled) municipal wastewater from the same source, i.c.
Mitchell's Plain Wastewater Treatment Plant (Cape Town. South Africa). Thus, since fg isa
wastewater characteristic, there is a reasonable expectation that [, should be constant. This was
the case for 4 long term parallel investigations on acrobic and anoxic/aerobic activated sludge
systems receiving the same wastewater, f5 o = 0.10 to 0.16 (Warburton et al., 1991 Mbewe et
al., 1995; Ubisi et al., 1997; Mellin et al., 1998). Accordingly, a constant f , of 0.12 was
accepted for the Mitchell's Plain wastewater. Also, while the influent RBCOD concentrations
were kept at the measured values. the influent SBCOD was reduced to take account of (i) the
COD loss in the external nitrification system and (ii) the COD unaccounted for in the COD
balances.
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Table3.12: Calculated specific denitrification rates for PAOs and OHOs and the contribution
of PAOs and OHOs to denitrification in the main anoxic reactor for each system.

Syste 1

System ! 2 2 3 3 3

Anoxic P uptake (%s) 5§38 $2.7 37.8 1i8 572 66.6
Measured total denitnfication (mgN‘{mf) | 33.2 32l 6.8 88 15.0 312
9% dennnfication by PAQs 17.5 254 23.6 926 406 2=
%% denitrification by OHOs 8. 746 764 914 783 780
K540 (Mg NO.-N.(mg PAOAVSS2) | 0O 042 0.048 00259 0.029 0.03 0.042
K. ono (Mg NO,-N (mg OHOAVSS d)) § ) 184 0.106 0183 3 0.008% 0.157

From Table 3.12 it can be seen that the contnibution of PAOs to denitrification varied from 9.6%
to 25.4% even when the anoxic P uptake was 66%. This indicates that the contribution of PAOs
to denitrification was low, and less than 26% for all svstems investigated. The specific
denitrification rates of PAOs ranged from 0.029 to 0.059 mg NO,-N/(mg PAOAVSS.d), these
values are low compared to those of OHOs varyving from 0 098 1o 0.185 mg NO,-N/(mg
OHOAVSS.d). This may explain the reason why sufficient nitrate is required to stimulate anoxic
P uptake BEPR in BNR activated sludge systems. If nitrate is not sufficient, OHOs will
outcompete the PAOs for limited nitrate. The low contribution of PAOs to the denitrification
raises a question about explaining denitrifving PAOs (DPAOs). because it also causes the
reduction of P removal, i.¢. denitrification by PAOs was obtained by sacrificing about 1/3rd of
the P removal. However, considering that the concentration of PAOs s only around 1/5th of that
of the OHOs, and the specific rate of this small PAO mass is only 173rd of that of the OHOs, this
denitrification by PAOs does not appear 10 be very significant, and most likely not worth
sacrificing 1/3rd of P removal for

3.3.5 Sludge settleabilin

The mean DSVIs observed from all sewage batches for each system are listed in Table 3.13. It
is evident that the ENBN\R activated sludge systems consistently produced a good settling sludge.

The aerobic mass fractions for each system are also listed in Table 3.13 ( asey eral (1994)
observed that maximum filamentous -‘.:';m:sm proliferation occurred with an aerobic mass

fraction between 30 and 35% and established an association between the D.\\ [ and the aerobic
mass fraction from artificial wastewater experiments; this is shown in Chapter 2. Fig

Table3.13: Observed DSVisand aerobic mass fractions in ENBNR activated sludge svstems.

|
System } ] em 22 | Svstem 2t | Svstem 3a | System 3b | Svstem 3¢ |
DSVI(mf ¢ l £y | 733 0" Q 109 96
-
Aerobic mass fraction (¢ 19 ' s | 3 1~ ¢ 2 .
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To investigate the applicability of the association between the DSVI and the aerobic mass
fraction in practice, Stewart Scott Consulting Engineers (Casey, 1998) conducted a survey. The
survey included seven full-scale conventional BNRAS plants. These plants were chosen because
they were the only plants for which historical data of the sludge sertleability performance were
available. The historical sludge seitleability data were converted to DSVT units where applicable,
and an overall average of the DSV value was calculated for each of the seven full-scale plants.
The results obtained are shown in Table 2.1 (Chapter 2). The zerobic mass fraction data for the
seven full-scale treatment plants were superimposed on the artificial wastewater laboratory
system DSVI/aerobic mass fraction diagram from Casey er al. (1994) and plotted in Fig 2.2
(Chapter 2). For the full-scale plants. it appears that an association also exists between the two
parameters. with improving sludge setileability for an aerobic mass fraction increase from 40%
upwards. However, Casey ¢r al. could not comment on the effect of aerobic mass fractions on
DSV for aerobic mass fractions below 40% as conventional BNR activated sludge systems are
not designed and operated at less than 40% aerobic mass (raction because of the nitrification
requirement.

I'he information from the ENBNR activated sludge systems provides the possibility to assess the

association between DSV and aerobic mass fractions in the less than 40°% aerobic mass fraction
range. The DSVI results from the ENBNR activated sludge systems were superimposed on the
DSV0acrobic mass fraction diagram from Casey ef al. (1994) and plotted in Fig 3.6. It can be
seen that the ENBNRAS experiments confirm the artificial wastewater association between the
two parameters of Casey ef al. (1994), with improving sludge settleability for aerobic mass
fractions less than 30%.
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Anaerobic mass fraction of about 25%: this can be reduced if larger anoxic mass fractions
are required. with a resultant reduction in BEPR (Wentzel e al., 1990).

Minimum aerobic mass fraction of 20%. Smaller acrobic mass fractions appear to
stimulate pin point floc formation, which cause deterioration in sludge retention and
effluent quality. Furthermore, such aerobic mass fractions will stimulate some aerobic P
uptake BEPR. Inclusion of anoxic P uptake PAOs in. and exclusion of aerobic P uptake
PAOs from, the biocenosis of the BNR activated sludge system mixed liquor are not
essential for achieving BNR in the external nitrification scheme. In fact, inclusion and
maximization of aerobic P uptake would appear desirable to maximize BEPR (aerobic
P uptake BEPR is more efficient than anoxic P uptake BEPR). However, conditions that
promote aerobic P uptake BEPR are also conducive to nitrifier growth. Although
exclusion of nitrifiers from the mixed liquor of the BNR activated sludge system was
originally considered essential, this is not necessary as long as virtual complete
nitrification in the fixed media system is obtained, to limit nitrification in the main
aerobic reactor. In fact, complete exclusion of nitrifiers may not prove possible. Although
conditions in the BNR activated sludge system may not be conducive to nitrifier growth,
they are likely to be continually seeded into the system from the external nitrification
svstem. Accepting nitrification in the BNR activated sludge system, with complete
nitrification in the external nitrification system, the nitrification in the BNR activated
sludge system will be limited by the ammonia bypassing the internal settling tank in its
underflow. This nitrate is prevented from entering the anaerobic reactor with the
underflow recyvele by denitrification in the underflow anoxic reactor. However, should
complete nitrification not be obtained in the external nitrification system, then the
ammonia from this system will be nitrified in the aerobic reactor of the BNR activated
sludge system. If, as a result the acrobic reactor nitrate concentration is too high, the pre-
anoxic reactor will become overloaded with nitrate resulting in nitrate discharge to the
anacrobic reactor and reduced BEPR. However, if nitrification were not included in the
BNR activated sludge system, the ammonia would leave via the effluent, an even less
desirable situation.

The requirements above for an anaerobic mass fraction of 25% and an aerobic mass
fraction of 20% provide 55% of the total mass fraction for the anoxic reactors. This has
10 be divided between the primary and underflow anoxic reactors. An underflow anoxic
mass {raction of about 10%% appears adequate. leaving 45% for the main anoxic reactor.
The proportion of the internal settling tank inflow that can be directed to the external
nitrification system is about 85%. due to the constraint of sludge underflow to the anoxic
reactor (see above).

An a-recvcle from the aerodic to the anoxic reactor should not be included. as this
appears detrimental 10 BEPR and denitrification.




CHAPTER 4

EXTERNAL NITRIFICATION BIOLOGICAL
NUTRIENT REMOVAL (ENBNR) ACTIVATED
SLUDGE SYSTEM PERFORMANCE AT SLUDGE
AGES SHORTER THAN 10 DAYS

4.1  INTRODUCTION

In Chapter 3 extensive experimental data on ENBNR activated sludge systems have been
presented. In these systems, sludge ages were 10 (Systems | and 3a and 3b) and 8 (Systems 2a
and 2b) days (see Table 3.1, Chapter 3). However. as noted in Chapter 3, Psycoda fly and larvae
infestation in the stone column external nitrification system for the systems at 8 days sludge age
(Systems 2a and 2b) caused deterioration in external nitrification performance. This complicated
assessment and comparison of svstem performance at different sludge ages. Initially, evaluation
of the laboratory scale ENBNR activaied sludge system performance at sludge ages lower than
10 days was not specifically part of the scope of the investigation - data on BNR activated sludge
systems at short sludges ages are available from previous investigations in the UCT laboratory
(Burke er al., 1984, Wenuzel er al., 1990). However, towards the end of the practical laboratory
investigation on System 3b (Chapter 3 ). it was decided 10 increase the influent sewage flow from
20 {/d to 30 i/d in order to observe the system response to this 50% increase in load. Shortly after
the influent flow had been increased to 30 (/d, the system intemnal settling tanks began to fail
hydraulically. Thus, instead of allowing the system to fail completely as a result of this hydraulic
failure, it was decided to reduce the influent flow to 25 {/d and instead of implementing a gradual
increase in feed. a gradual reduction in sludge age should rather be implemented and the effect
of the reduced sludge age on system performance evaluated. This Chapter summarises this
investigation; details are given by SGtemann e @/, (2000)

4.2 SYSTEM OPERATION

At the beginning of sewage batch 31 for System 3b (Chapter 3). the influent was increased from
20 10 30 ¢’d. Two days later, it was reduced to 25 ('d and the sludge age was decreased from 10
to 8 days (Configuration 4, see Table 4.1). The system was run at the 8 day sludge age for sewage
batches 31, 32 and 33 (49 days, 6 sludge ages) after which the sludge age was reduced further
to 5 days (Configuration 3, see Table 4.1) at the beginning of sewage batch 34. The system was
run ata 5 day sludge age for a further 13 days (3 sludge ages). For the 5 day sludge age 4 {'d were
wasted. The 4 {/d could no longer be waken from the 4 { aerobic reactor in one batch, so a small
peristaltic pump was installed and calibrated to waste 4 { of mixed liquor from the acrobic reactor
over a 24 hour period. System operation is described in detail by S&temann er ai. (2000).
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Table 4.1: ENBNR activated sludge svstem design and operating parameters.

System Parameter Config. 3b | Config. 4 Config. §
Oays 28510421 |4220 470 471 to 483
ISewage Batches 211030 | 311033 34
ic. of Days 137 i 45 13
ates From 09/12/98 | 18/04/00 | 08/06/00
To 17/04/00 | 07/06/00 18/06/00
‘%nuﬂg Parameters
nfluant Flow (I/d) 20 25 25
[Slucge Age (2) 10 8 5
Vaste (lic) 2 | 25 | 4
Temperature (oC) 20 20 | 20
H - Anaerob.c Reactor 75-78 71-79 77-80
EH - Main Aercbic Reactor 77-82 T4-84 77-80
0.0 Main Aerobic Reac (mgO/! 2-5 2.5 2.5
|
\Reactor Vol. / Mass Frac.
| ' '
{Total System Volume (1) 20 | 20 | 20
Pre.Anoxic Reactor (1) 1° ‘ 1° | 1°
naerobic Reactor (I) S | 5 | 5
Main Anoxic Reactor (1) = g E
1ain Aercbic Reactor (1) 4 4 . 4
otal Aerobic Mass Fraction 02C 020 | 0.20
Anoxic Mass Fraction 055 055 | 0.55
Anaerobc Mass Fracton 025 025 025
[Total Unaerated Mass ~raction 080 080 | 0.80
Recycles
Is - Recycie (w.r tinfluent fiow 121 1:1 | z1
- Recycie (w r t influan: fiow) 0:1 0:1 | 0:1
Siucge Bypass ‘w r 1 nfluent “ow 032-1 | 0341 0.37: 1
xternal Nitrifier Parameters
ISludge Age (d) Very long
\Wasta (ld) A3 rRQUInec 10 MAaT slusge avel m nterna SST
0 O (mgON) o >5
¥Feactor Voiume (1) 3
*Actual volume with s ugdge atcoutle soncentraton. EMective voume at system

sludge concentration = 2 litres
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Given the comparatively short time that the system was run at these low sludge ages it would be
of little practical value to give an as detailed evaluation fo. the 8 and 3 day sludge age system
configurations as was done in Chapter 3 for the 10 and 8 day sludge age configurations. For this
reason only 2 brief comparison of the main nutrient removal performances (COD, N and P) will
be given in this Chapter: detailed results are given by Sitemann er al. (2000). The sewage batch
averages for all measured parameters for sewage batches 31 to 34 (Configurations 4 and 5) are
given in Tables 4.2a, band .

TABLE 4.2a: Sewage batch averages of measured COD, TKN and FSA parameters for
sewage batches 31 to 34 (Configurations 4 and 5).
Sewage Baich
Overall
31 32 33 k¥)
Influem UF mgCODt 7316 7798 - 706.2 7402
Influem FF mgCODt 158.3 1913 . 186.2 178.6
Int. Set A UF mgCOD/ 1536 1456 . 161.5 153.5
COD | int. Set. B UF | mgCOD1t 776 922 . 914 87.0
Aerobic M.L. UF mgCOD { 2392 2564 . 1735 2231
EMuem UF mgCODt 615 2.7 - 839 694
Effluem F mgCODt 361 410 - 316 362
Influent UF mgN/f 643 799 - | 875 723
. |AerobicML. | UF | mgNi 1504 | 1495 T
el P |UF | mgNn a6 €0 .| s9 5
| Effluem F mgN ! 3.7 4.1 - 11 40
; Influent UF | mgNi 00 | 640 | - 718 62.0
[ Int. Set. A UF mgNt 24 | 287 | - 33.7 28.6
FSA | '
ISt B |UF| maNt 20 | 34 | - | 22 30
| Effluen lor | mgne | 30 s | - | 28 | s |
Influent TKN COD Ratio . | 0088 0.102 - | om0 | o104 |

!

(UF = Unfiltered, FF = Floc Filteres. F = 0.45um membrane filtered)




TABLE 4.2b: Sewage batch averages of measurad suspended solids. OUR, DSV and

pH for sewage batches 31 10 34 (Configurations 4 ané 5)

Sewage Batch
Uvera
? : 14
Pre Anovic neTSS 3789 | 013 276 1518
QS -
} e |
Aerod mgISS J 2 . 4 ‘
D 8
: . . | s - | v
Yre Anoxw g\VSS e 3264 2254 I 2] |
VSS —— !
A erobi meVSS A6 1738 | 1192 ‘ 211
| | |
Pre Anos VS8 N ~40 <04 638
Fre A . £ N |
$Q ‘
Aerobi meVSS - ) 133 ‘ ‘
- - - |
— - e —— : — ‘ ‘
COD VSS Ratio” (Acrobic Reactor 45 | 45 4 | s |
: "
——— . ; i ’ . . |
TKNVSS Ratio® (Aerobic Reactor) ) : N9 = ) | 010 J
| e . .
| | .
l (S ' ) 99 : 25.% - 7.7 2.1 |
— O - — e e~ - 1
| 04 ’ ~ . - l~ .
- |
—_— - - - - ———— - ‘
| |A.v 2 * &£ - -‘ ~‘~ - A |
M -
pa | l
- R —— - O
ACrob - Y 3 NS< 89 |

Calculated from un ered aerobic reactor COD and 1 KN\ concentrauions divideg by the v.
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TABLE 4.2¢: Sewage batch averages for measured nitrite, nitrate, and P concentrations
for sewage batches 31 to 34 (Configurations 4 and 5).
Sewage Baiwch
Overall
3l 32 33 34
1 Pre Anoxic Fo mgN 1 0.0 0.0 E 08 0.3
| Anaerobic F mgNi# 00 0.1 . 0.0 0.0
: | Int. Ser. A F mgN.1 o | O - 0.0 0.0
i NO, |IntSer B F [ mgN | 00 | 0l - 00 00 |
‘ Anoxic F mgN 00 | o7 . 03 04
| Aerobic ‘ mgN ¢ 0.0 03 « | 12 05 |
; | Effluent - mgN ! 0.0 02 . 08 0.3
| I Pre Anoxic F mgN 00 0.1 - 109 3.7
‘ Anaerobic F mgN/¢ 0.0 0.1 . 02 0.1
| | Int Set. A F mgN ! 0.1 02 . 02 02
| NO, | IntSe. B V F mgN 17.6 23.7 - 349 254 |
; Anoxic F mgN/# 0.1 12 . 150 54
Acrobic F mgNi 0.1 33 9 64
‘ Effluent F mgNy 0.6 29 - 17.0 6.8
| Influent F mgP't 25.1 263 - 26.0 258 |
Pre Anoxic F mgP 1 13.2 4.1 . 153 14.2
S Anaerobic F mgP ! 28.1 320 . 238 280
Int. Set. A - mgPr | 302 338 . 235 298 |
P Im. Set. B F mgP 't 330 36.5 . 280 325 !
Anoxic F | mgPr 21.5 24.1 - 2.2 2.6
. Aerobic F | mgPi [ 108 145 - 183 14.5
.; Effluent | UF f mgPt 104 | 141 . 189 | 143
EfMuem L F | mgP * 86 l i8 74 | 136

e fil1ared)
- -

v .
Laarn o heas
U.S2LM memoran

o 1 "né3le ad - Flans Eile s B
(UF = Unfiltered. FF = Floc Filteres. |
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4.3.1 Carbonaceous Material Removal

able 4.3 shows the COD mass balances (including their components) and percentage COD
removals for sewage baiches 31 1o 34. Table 4.4 gives a comparison of the most important COD

parameters for the 10 (System 3b, Table 3.1, Chapter 3), 8 (System 4) and 3 (System 5) day

sludge age configurations: these are summarised in Fig 4.1

TABLE 4.3: COD mass balances for sewage datches 31 10 34

Average rNoent NOC Denitrification COD wsed SoC CCO ™ co0 ~
e’ cot Recuvery Eat NIL fase EMyen! ot Recovery
Aarer mgCO0 mngCs mgC OO mglOSie mglOCTia mgSCOe
AW | s | 2:74 ‘ J3aa ‘283 | ses5s | x4
-
T w3 | 208 | 2962 | 220 8413 et B EET
- —_— - -_— > o * ——— -
a3 | |
Sonfg 4 “88%) 192¢ | 2568 | =] 197 1% FEE | F]
hY TS | 1336 3224 | 1950 el ‘T2 18253 | 3
Sonfg § ) | 18 1224 | 2950 | faer 1762 | 14248 91 &

TABLE 4.4: Comparison of average COD parameters for 10, 8 and

day sludge age system configurations.
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The overall average COD mass balance for the 10, 8 and 5 day sludge age system configurations
are 79.8%, 79.2% and 91.8% respectively (see Table 4.4 and Fig 4.1). The overall COD mass
balances for the 10 and 8 day sludge age configurations are virtually the same. but that for the
§ day sludge age configuration is substantially higher. This is probably because the VSS
concentration had not yet reached a steady state value for the 5 day sludge age. The overall
average COD mass balance components for the various sludge age configurations do not show
any unexpected changes, except that for the 5 day sludge age configuration the % COD in the
wasted VSS is probably higher than would be at steady state. The variations in %COD to oxygen
and % COD to denitrification can be atiributed to variations in the influent sewage characteristics
rather than to the reduced sludge ages. A higher influent COD will bring about a slight increase
in the oxygen utilisation rate (OUR ) and a higher influent TKN/COD ratio will cause a shift from
the COD passed to oxygen to the COD utilised for denitrification. This can be clearly noted for
the 10 and 5 day sludge age configurations: For the 10 day sludge age configuration which
received an average of 736 mgCOD/! influent with a TKN/COD ratio of 0.106 mgN/mgCOD,
13.8% of the COD was passed to oxygen and 12.7% of the COD was utilised for denitrification.
For the 5 day sludge age configuration the influent COD was 709 mgCOD/¢ with a TKN/COD
ratio of 0.120 mgN/mgCOD. The combination of the lower COD in the influent and the
substantially higher TKN/COD ratio resulted in 10.2% of the COD being passed to oxygen and
18.2% of the COD being utilised for denitrification. There is no reason for the percentage COD
‘lost” 10 the EN system to change with a lowering of the siudge age of the system, and the results
for the three sludge ages are similar. The small variations can be attributed to the different
number of sewage batches fed rather than to the change in sludge age. The percentage COD in
the waste is the only parameter that is expected to change with the sludge age. A shorter sludge
age results in more mixed liquor being wasted and hence the percentage COD in the waste will
be proportionally more. This can clearly be seen from Table 4.4: The 10 day sludge age
configuration has an overall average of 26.7% of the influent COD in the waste flow, while the
8 day sludge age configuration has 32.8% and the 3 day sludge age configuration 39.2% (which
15 probably somewhat high as noted above) - an increasce for each respective reduction in sludge
age. The percentage COD in the unfiltered effluent shows a similar trend to the COD in the waste
sludge, but this cannot be as a result of the lower sludge age. The influent flow for the 8 and 5
day sludge age configurations was increased from 20 to 25 (/d and this put greater strain on the
final settler causing a greater fraction of the dispersed suspended solids to spill over with the
efMluent. The filtered effluent COD concentration remained essentially unchanged at 36.2
mgCOD/t.

The overall COD reduction for the three sludge age configurations are all within 4% of each
other (94% for the 10 day sludge age configuration. 93% for the 8 day and 90% for the § day
sludge age configuration). indicating that the COD removal of the ENBNR activated sludge
system in not affected 10 any great extent by a reduction in sludge age.
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4.3.2 Nitrogenous material removal

Table 4.5a lists the results for the nitrite and nitrate mass balances over each reactor and settler
for sewage batches 31 to 34. A negative value indicates nitrification and a positive value
denitrification. Table 4.5band F g
components for sewage batches 31 10 34. Table 4.6 lists the denitrification potentials for the pre-
and main anoxic reactors for those batches where the nitrate concentration exiting the respective
anoxic reactor was >1 mgN/l. Table 4.7 shows a comparison of the main N parameters for the

10, 8 and 5 dav sludge age configurations.

g 4.2 give the results for the total N mass balances and all of its

TABLE 4.5a: Nitrite and nitrate mass balances across each reactor and
settling tank for sewage batci.es 31 10 34
| Average NITRITE
.; of 3 PreANC ) ANerce  Int Set A 3 It Set HeNd 3 Anoec s Aero s Fin SET
| Sach mgN 1 ~gN¢ mN'e mgN3 MmN mgN¢ moNg
» | &8 2 | & | A X o8 | &3
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-, . .
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Fig 4.2: N mass balance components.

TABLE 4.6: Denitrification potential of the pre- and main anoxic
sactors for sewage batches where the outflow NO,,

concentration exceeds 1 mgN/L, for sewage batches 31 to
34.
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The overall average N mass balance for the 10 (Configuration 3b, Chapter 3), 8 and 5 day sludge
age configurations are 88.1%, 85.3% and 94.5% respectively. As for the overall COD mass
balances, the 10 and 8 dav sludge age configurations have a similar overall average N mass
balance, while that for the 5 day sludge age configuration is higher because the VSS
concentration had not vet reached a sicady state value. As was the case with the COD mass
balance components, the variations in the N mass balance components are a result of factors that
are independent of reducing the sl with the exception of the N in the waste sludge. The
overall I
than the 1.0% and 1.8% for the 8 and 5 day sludge ages respectively. The percentage of the
influent N denitrified
.

,_
c
o
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ud‘ ag

average nitrite denitrification of : e for the 10 day sludge age configuration is higher

ANy T0

denitrification was 40.7% for the 10 day sludge
configuration and 49.2 or the 8 and £ day sludge age configurations respectively
['he percentage N leavin system in the waste ~lu ge n.—euaet. with decreasin ': sludge age

as expected, from 19.4% for the 10 day sludge age configuration ! | forthe 8 day, and 25.6%

» the

for the 5 day sludge age configuration. This is the result of a greater volume of mixed liquor
wasted, particularly for the 5 day configuration because the VSS concentration had not vet
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TABLE 4.7: Comparison of average N parameters for 10, 8 and § day sludge age
configurations
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reached a steady state value. The percentage N in the final effluent 0£9.2%, 8.3% and 23.7% for
the 10, 8 and 3 day sludge age contigu:a‘.i\-m r-:spccl;\-.'- are difficult to compare as hc\ are a
function of the nitrate concentration in the effluent which depends on the TKN/COD ratio of the

influent as well as the nitrification and denitrification performance of the system.

One of the main motives in implementing the ENBNR activated sludge system configuration was
10 uncouple the nitrification process from the main system and hence making nitrification
independent of sludge age. Table 4.7 clearly shows the success of this system configuration -
nitrification remained completely unaffected by the Jowering of the sludge age. Forthe8and §
day sludge age configurations 92.9 and 94.5% of the system nitnfication occurred externally.
T'us is even higher than the 90.8% for the 10 day sludge age configuration. From the final

ffluent FSA concentrations given in Table 4.7, it can be seen that full nitrification occurred
'.hrouu"uul the 8 and 5 day sludge age configurations with only the residual FSA (from the

internal settler undertlow) appearing in the effluent

Ihe overall average denitrification potental of the main anoxic reactor was 31.1 mgN/! influent,
45 nt for the [0, 8 and 3§ day sludge age .u'\’ gurations

RN removal was 6+.0%. 95.9% and 92.1% for the 10, 8 and

\ 1 P [he TRN removals are very similar ;..J all above
90%. which is a very good result, The total N (TN) removal (TR and NO, ) was 90.8%, 91.8%
and 76.3% forthe 10, 8 and 3 day sludge age configurations respectively. The TN removals show
more variation. but this is not due to the decrease in sludge age. The criteria that govem the TN
removal are the system nitrification and denitrification, as well as the TKN, COD ratio of the
influent. For an influent with. for example. a high TKN C W ratio. full nitrification and poor

| he | landin

i sr1ti1rariaam tha sovmramrenr mwAatfsmireats mn th Tt o a ok mnat l TIIY o
\..sf.. daCauvii .h- conceniralion Of niwrale 1n Wie eliiucnt Wil be NIgh. (eading o a lower '“J..ll.

N removal. This is reflected in the results for the 10, 8 and ¥ day sludge age configurations. The
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overall average TKN COD ratio of the influent for the 10 day sludge age configuration was 0.107
mgN/mgCOD and the denitrification potential of the main anoxic reactor 31.1 mgN/f influent,
resulting in an overall average TN removal of 90.8%. The overall average influent TKN/COD
ratio for the 8 day sludge age configuration was 0.096 mgN’/'mgCOD, and the denitrification
potential of the main anoxic reactor was 45.7 mgN/{ influent, resulting in an overall average TN
removal of 91.8% - showing that the lower influent TKN/COD ratio combined with the higher
denitrification potential of the main anoxic reactor resulted in a better TN removal performance
for the 8 day sludge age configuration. The influent TKN/COD ratio of the § day sludge age
configuration was a high 0.120 mgN /'mgCOD and the denitrification potential of the main anoxic
reactor was 33.8 mgN f influent (higher than for the 10 day, but significantly lower than for the
8 day sludge age configuration), which resulted in a overzall average TN removal of only 76.3%,
which is lower than that of both the 10 and 8 day sludge age configurations.

Accepting the variations occurring in the N removal paruneters because of varving influent
sewage characteristics as well as varving denitrification performance, the lowering of the sludge
age did not have any marked effect on either nitrification, denitrification or TKN and TN
removal. The results achieved for the 10 (Configuration 3b, Chapter 3), 8 and 5 day sludge age
configurations are very similar and this shows that the ENBNR activated sludge system
configuration is able to attain high N removals at sludge ages up to as low as 5 days.

4.3.3 Biological Excess Phosphorus Removal (BEPR)

Table 4.8 shows the results of the P mass balances over each of the reactors and settling tanks
for sewage batches 31 10 34, and these are summarised in Fig 4.3. A negative result indicates P
release while a positive result indicates P uptake. Table 4.9 shows a comparison for the main P
parameters for the 10, 8 and 5 day sludge age configurations.

FIGURE 4.58: Average P release (-ve) or P uptake (=ve) for each reactor 'settler and
& ' 3

total P removal for sewage batches 31 10 34.
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TABLE 4.9:

P rel. (-ve), upt. (+ve) (mgP/linfl.)
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configuration showed the highest P removal (14.0 mgP/( influent), but there was no nitrate
leaking into the anaerobic reactor during this configuration and this contributed to the higher
overall P removal. The 10 day sludge age configuration achieved an overall average P removal
of 10.5 mgP/t influent with an average of 0.95 mgN/f flowing into the anaerobic reactor from the
pre-anoxic reactor. Even with zero nitrate flowing into the 1naerobic reactor the 10 day sludge
age configuration would not have achieved an average P removal of 14.0 mgP/( influent, showing
that a reduction in sludge age does improve the P removal performance. Had no nitrate flowed
into the anaerobic reactor during the 5 day sludge age configuration, it would probably have
achieved higher P removal than the 8 day sludge age configuration did.

For the 10 day sludge age configuration, an overall average of 63.3% of the P uptake occurred
in the anoxic reactor. For the 8 and § day sludge age configurations, the percentage anoxic P
uptake was 47.1 and 57.9%6 respectively. The average NO, load on the main anoxic reactor was
18.6 mgN/i, 20.7 mgN/'f and 34.9 mgN/{ for the 10, 8 and 5 day sludge age configurations
respectively. The higher NO, load on the anoxic reactor for the § day sludge age configuration
led to the 10.8% higher anoxic P uptake compared to that of the 8 day sludge age configuration.
The 8 day sludge age configuration had a 2.4 mgN /[ higher NO load on the anoxic reactor than
the 10 day sludge age configuration, but 14.8% lower anoxic P uptake. This is most likely
because the 8 day sludge age configuration result is an average of only two sewage batches, while
the result from the 10 day sludge age configuration is the av-rage of 10 sewage batches. Had the
8 day sludge age configuration been run for 10 sewage batches, the result would have been closer
to that of the 10 day sludge age configuration.

When the ENBNR activated sludge svstem is operated at lower sludge ages, an improvement in
the overall P removal can be expected. Considerable anoxic P uptake continues to occur at the
lower sludge ages, and the percentage anoxic P uptake continues to shift with the NO, load on
the main anoxic reactor.

4.3.4 Sludge settleahility

The overall average DSVI was 95.6 mi/g, 89.8 mi’g and 92.9 m{/g for the 10 (Configuration 3b,
Chapter 3), 8 and 5 day sludge age configurations respectively. This shows that the decrease in
sludge age had no effect on the DSVI performance of the ENBNR activated sludge system. It
cannot be said that the lowering of the sludge age produced a better settling sludge, because the
values of the 8 and 5 day sludge age configurations are clese to those obtained for the 10 day
sludge age configuration (Configuration 3b). Even with a nitrate concentration of 15 mgN/i
flowing from the main anoxic reactor (see Table 4.2¢) for the 5 day sludge age configuration the
DSVI deteriorated only very slightly and did not rise above 100 ml g as it did for the 10 day
sludge age system configuration when similarly high nitrate concentrations flowed from the
anoxic reacter during the period that the system was recovering from the bad sewage batch 9,
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44 CONCLUSIONS

I'he ENBNR activated sludge system configuration was changed to shorter sludge ages and
increased influent flow towards the end of the inv estigation on Svstem Confi 15ur.mon 3b(Chapter
3). The svstem was operated in Configuration 4 (8 days sludge age and 25 instead of 20 (/d
inﬂuc'u flow) for 49 days (sewage batches 31 10 33) and in Configuration § (5 days sludge age

25 ¢ d influent flow) for a further 13 davs (sewage batch 34). The syvstem configuration was
ch;mgcu. to the shorter sludge ages to evaluate the response to and performance of the ENBNR
activated sludge system to the shorter sludge ages

1 The overall average COD mass balances for the 8 and 3 day sludge age configurations
(4 and 3 respectively) of the ENBNR activated sludge system were 79 and 92%
respectively and the overall average COD removals (based on unfiltered COD samples)
93 and 90°% respectively. Although lower than the overall average COD removal of 94%
achieved by the 10 days sludge age configuration (Configuration 3b, Chapter 3), the COD
removal performances of the short sludge age configurations are still very good. The
slightly lower values are most likely due to the “\\ raulic impact on the final settler
caused by the increase in influent flow, rather than due to the system removing less COD.

2 [he overall average N mass balances atained for the 8 and 5 day sludge age
configurations were 85 and 95% respectively. For the 8 and 5§ day sludge age
con"lgur.mons 88 and 96% of the FSA f{lowing into the EN system was nitrified. On

verage, 93 and 93% of Lhc ENBNR activated sludge system nitrification was effected
L\umall\ for the 8 and 5 day sludge age configurations respectively. This demonstrates
one of the main benefits of the ENBNR activated sludge system configuration - virtually
complete nitrification at 8 and § days sludge age with only 0.20 aerobic mass fraction,
and this will be attainable also at lower temperatures than 20°C.

[he overall average denitrification potential of the main anoxic reactor was about 46 and
34 megN/i influent for the 8 and 3 day sludge age configurations respectively. These are
higher than observed at ten days sludge age, even when the system denitrification was

greatest (1.e. Configuration 3, 31 mgN/{)

el

b

The overall average TKN removal for the ENBNR activared sludge system operated at
the 8 and § day sludge age configurations were 94 and 92% respectively. The TN removal
was 92 and 76% respectively. The discrepancies in the TN removals for the 8 and 5 day
sludge age configurations are due to the average influent TKN COD ratios of the sewage
batches fed to the two configurations: for the 8 J.x sludge age configuration this was
0.096. while for the 5 dayv sludge age configuration it was much higher at 0.120
mg\ mgCOD, The higher influent TKN COD ratio ané lower deniwification potential
of the .:uj- :I'..d_. age \.u'\t guration led 1o more nitrat2 in the effluent. and therefore to

ver TN removal
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is decreased as reflected in the BEPR model of Wemzel er al (1990). It would therefore
be expected that the 5 day sludge age would show a further improved BEPR
performance; however, for the 5 day sludge age configuration. high nitrate concentrations
were recycled to the pre-anoxic reactor. which was consequently overloaded. causing
nitrate to enter the anaerobic reactor, which in turn caused a decrease in P release and
hence a decrease in P removal. The nitrate recycle was due to the high influent
TKN/COD ratio (0.12) and reduced main anoxic reactor performance.

The overall average ¢ anoxic P uptake for the 8 day sludge age configuration was 47%
(with a nitrate load of 20.7 mgN/{ on the main anoxic reactor), and the overall average
% anoxic P uptake for the 5 day sludge age configuration was 58% (with a nitrate load
of 34.9 mgN/! on the main anoxic reactor). This shows clearly that as the nitrate load on
the main anoxic reactor increases, the % anoxic P uptake increases.

The overall average DSVI for the 8 and 5 day sludge age configurations were about 9%
m{/g and 93 m{/g respectively. For the 8 day sludge age configuration <1 mgN/( flowed
out of the main anoxic reactor, but for the 5 day sludge age configuration about 15 mgN/(
flowed out of the main anoxic reactor. Good sludge settleability at sludge ages less than
10 days (8, 6 and 5 days sludge age) has been observed in intermittently aerated ND
svstems by Warburton er a/ {1991) and Phoredox, 3 stage Bardenpho, UCT and JHB
BEPR systems (Burke er a/., 1986). The AA (low F/M) filament bulking hypothesis
(Casey er al., 1994) is not considered to be applicable at 3 10 8 days sludge age because
the AA filaments are slow growers that tend to proliferate in long sludge age (~8d)
systems.

A detailed analysis of the results of the 8 and § day sludge age configurations is not intended, as
the system performance evaluation at these shorter sludge ages lasted for only 62 days. However,
the results show that the ENBNR activated sludge system BNR performance in no way
deteriorated at the shorter sludge ages, in fact a reduction in sludge age tends to increase N and
P removal per mass of organic load (Wentzel e a/., 1990), provided that it is not reduced below
a lower limit of about 5 days for operational reasons (sludge flocculation, effluent turbidity); in
terms of “wash out” of PAOs the sludge age can be as low as 3 days (Wentzel er ¢/, 1990)




CHAPTER 5

COMPARISON OF EXTERNAL NITRIFICATION (EN)
BIOLOGICAL NUTRIENT REMOVAL (BNR)
ACTIVATED SLUDGE SYSTEM WITH A
CONVENTIONAL BNR (UCT) ACTIVATED SLUDGE
SYSTEM

51 INTRODUCTION

In implementing the external nitrification BNR activated sludge (ENBNRAS) system, its
performance with respect to nutrient removal should not be significantly reduced compared to
the conventional BNR activated sludge system. With regard to nitrogen removal via
denitrification, the investigations in Chapters 3 and 4 indicate that the ENBNRAS system is
superior in that complete denitrification can be achieved for influent wastewater TKN/COD
ratios that are considerably higher than those for which it can be achieved in conventional BNR
systems. However, with regard to P removal, the ENBNRAS system stimulates anoxic P uptake
in the system which would appear 1o be reduced compared to aerobic P uptake. This indicates
that the P removal performance of the ENBNRAS system may be reduced compared to the
conventional system. In this Chapter this aspect is examined in more detail. to compare more
precisely the N and P removal performance in the external nitrification and conventional BNR
systems. Also, the factors stimulating anoxic P uptake in the conventional BNR system are
investigated. This investigation is summarised in this Chapter, and reported in detail by
Vermande er al. (2000).

5.2 SYSTEM OPERATION

A laboratory-scale BNRAS system (UCT configuration) with similar design and operatin
parameters to the ENBNRAS system Configuration 3b (Chapters 3 and 4) was run in parallel
with this laboratory- scale ENBNRAS svstem. Figure 5.1 shows the system layout of the
laboratory-scale UCT system and Table 5.1 lists the design and operating parameters {or both the
ENBNRAS and UCT systems. In order 10 compare the performance of the two systems, they
were fed the same influent sewage for 18 sewage batches (sewage barches 13 to 30, Table 3.1
Configuration 3) - from the 7 August 1999 (day 167) to the 17 April 2000 (day 421). 40 { of
influent were prepared in the same container, thoroughly stirred. and 20 ( of this prepared sewage
was fed to each of the systems respectively. While the ENBNRAS system was operated and
analysed by S8temann er al. (2000). the UCT svstem was operated, tested and reported on by
Vermande e al (2000); for details the reader is referred to the relevant report. Detailed
comparisons of the two systems are also given in both reports
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FIGURE 5.1: Schematic layout of the laboratory “zale UCT system run in parallel
with the laboratory scale ENBNRAS system

FABLE 5.1: ENBNRAS and UCT system design and operating parameters
[ Parameter UCT System ENENRAS System
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Tables 5.2a, b and c list the sewage batch averages for all measured parameters for sewage
batches 13 1o 30 for the UCT system. The sewage batch numbers correspond to the >e\\:u_c batch
numbers used for the ENBNRAS system in Chapters 3 and 4 for Configuration 3, to facilitate
the direct comparison of the two systems. Where the overall averages of the two systems are
compared in this section, the overall averages refer to the average of the sewage batch averages
for sewage batches 13 10 30. This also applies to the ENBNRAS system results - in this section
the overall averages refer to the average of the sewage batch averages for sewage batches 13 to
30 calculated from the data in Chapter 3. Therefore, the overall averages may differ from those
mentioned in Chapter 3, where the overall averages include sewage baiches 1 1o 13 also.

It should further be noted that because the chemical tests were performed b~ two different
researchers, the influent sewage characteristics show some minor differences, even th nut_h the
respective feeds originated from the same feed mixing container. This is as a result of the
independent analyses ;md associated analytical vanations, but these do not impact significantly
on the comparison, because the overall averages of the influent sewage characteristics over the
18 sewage batches are almost identical. Furthermore, both independent analvses arrived at the
same overall average mixed liquor COD/VSS ratio of 1.43 and TKN/VSS ratio of 0.1 over the
18 sewage batches
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TABLE 5.2b: ewage batch averages of measured suspended solids,
OUR, DSVI and pH for the UCT system for sewage baiches
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TABLE 5.2¢: Sewage batch averages tor measured nitrate, nitnte and P concentrabions for the UCT system for sewage batches 13 1o 30
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5.3.1 Carbonaceous Material Removal

Figure 5.2 shows the overall COD mass balances achieved for sewage batches 13 to 30 for the
UCT and the ENBNRAS systems. The overall average COD mass balance achieved for the UCT
svstem is 78.3% and that for the ENBNRAS system is 76.8%. These values are within 2 percent,
indicating that while the overall average COD mass balance for the UCT system is 1.5% higher
than the overall average COD mass balance achieved for the ENBNRAS system, both are equally
low. This indicates that the same as vet unidentified biological process which is thought to
consume a fraction of the influent COD without being taken account of in the usual analytical
procedures also occurred in the UCT system, and it confirms that the low COD balances are not
characteristics of the ENBNRAS system alone, but rather a characteristic of BNRAS systems in
general. From Figure 5.2 it can be seen that the COD mass balances achieved for each sewage
batch are similar. It seems that the largest discrepancies occur at low and very high influent
TKN/COD ratios, with the ENBNRAS svstem achieving better COD balances for sewage batches
with a very high influent TKN'COD ratio (e.g. sewage batches 15, 19, 26, 27 and 28 with
influent TKN/COD ratios of 0.124, 0.116, 0.118, 0.111 and 0.123 respectively), and the UCT
system achieving higher COD mass balances for sewage batches with lower influent TKN/COD
ratios (e.g. sewage batches 18, 21, 22 and 25 with influent TKN/COD ratios of 0.087, 0.089,
0.107 and 0.085 respectively)
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FIGURE 5.2: COD mass balances for the UCT and ENBNRAS systems for sewage
batches 13 1o 30.
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On average over se¢ atches 13 to 30, the UCT system influent COD was 7335 mgCOD/f and
the ENBNRAS :\xmr: .n'h.:-"u COD was 731 .'n:(. UD. The overall average influent COD
alues are within 126 of each other, confirming that the two systems did indeed receive the same
feed even though there are variations in the influent COD values for each of the separate sewage
h..tshcs r’-'urc 5.3 shows the COD removal performance for each of the two systems, as a
percentage of the influent COD concentration fed W each system. From Figure 5.3 it can be seen
‘1.';: the COD removal performances of the two systems are virtually identical. The UCT and

a .

NBNRAS syvstems removed an overall average of 92.8%, and 93.5% of the influent COD
respectively: while the ENBNRAS system removed 0.7% more COD on average. this difference
is negligible. BNRAS systems generally remove COD virtually completely irrespective of
configuration and this is clearly demonstrated here
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Figure 5.4 shows the advantage of the ENBNRAS system in terms of oxygen demand. The UCT
svstem had an average dajl\ oxyvgen demand of 7625 mgO/d over the 18 sewage batches. while
the ENBNRAS had an average daily oxygen demand of only 1798 mgQ'd. By nitrifving
externally, the E \B\R.-\b system requires about 76%¢ less oxvgen than the UCT system nqurﬂ
with nitrification taking place internally. The influent TKN/COD ratio is included in Figure 5
to illustrate the variation of the daily oxygen demand of the UCT system with the vaniation of th.
influent TKN/'COD ratio. As the influent TKN/COD ratio increases, more nitrate is produced and
the daily oxvgen demand of the UCT system rises, and vice versa. The daily oxygen demand of
the ENBNRAS svstem does not show the same vaniation with varying influent TKN/COD ratios
because nitrification occurs externally and is not coupled 1~ the oxygen demand of the system
This results in a more constant daily oxygen demand for the ENBNRAS system, Figure 5.4

\ further interesting comparison can be made regarding the VSS concentrations of the two
svstems. The UCT system had an overall average VSS concentration of 1727 mgVSS/{ while the
ENBNRAS systems overall average VSS concentration was 1437 mgVSS/{ over sewage batches
13 to 30. The 16.8% lower VSS concentration for the F\B.\R\.\ system almost corresponds to
the 18.3% of the influent COD “lost” to the EN system of the ENBNRAS svstem. This indicates
that the COD that is *lost’ to the EN system is not available to the organisms in the BNRAS
svstem and this will result in the ENBNRAS system containing lower VSS concentrations,
roughly in proportion to the fraction of the influent COD that js removed in the EN system and
hence “lost” 1o the main system.

5.3.2 Nitrogenous Material Removal

Figure 5.5 shows the N mass balances for sewage batches 13 to 30 for the UCT and the
ENBNRAS systems. The overall average N mass balance over the 18 sewage batches for the
UCT and ENBNRAS systems was 86.1% and 87.0% respectively. As was the case for the COD
balances. the results are very close, albeit considerably higher than the respective COD balances.
which is usually the case for BNRAS systems in the Water Research Laboratory. From Figure
5.5 it can be seen that the N mass balances for the respective sewage batches are similar with
marked diflerences in the N mass balances only occurring for sewage batches 14, 15, 17 and 22.
Figure 5.6 shows the overall TKN reduction achieved by the UCT and ENBNRAS systems, as
4 percentage reduction of the influent TKN. The TKN reduction achieved by the two 5\3’ ems Is
very similar, The U Q [ system achieved an overall average TKN reduction of 94.7% and the
ENBNRAS system achieved a slightly lower 'K\ reduction of 93.8%. The reason for the
ENBNRAS system achieving a lower value is the FSA concantration in the final effh .cr' The
effluent FSA ~-t the ENBNRAS svstem was on average over the 18 sewage batches 3.5 mgN.{
FSA. while that of the UCT system final effluent was 1.8 mgN/t FSA. The source of this effluent
FSA inthe ENBNRAS system is the FSA that bypasses the EN svstem in the sludge bypass, and
because almost no nitrification occurs in the main aerobic reactor, this FSA flows out in the
effluent without being nitrified. The concentration of FSA in the EN system outflow of the
ENBN ? \S svstem, on avera 3
the : 5.\ { FSA in the final offluent and indicates that (i) the FSA in the final effiuent is
approximately equal to the FSA that was not nitrified in the EN system. (ii) the FSA that
bypasses the EN system inthe EN system sludge bypass is nitrified in the aerobic reactor and (i

the FSA released in the :a:n noxic 'c.x;: or is also nitrified in the aerobic reactor. T"c nitrifiers

2 overthe 18 sewage batches. was 3.3 maeN (. This is verv similar

are seeded into the activated sludge with the EN svstem outflow, ané this is how the sysiem is

g
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intended to operate t0 maintain a low final effluent FSA.
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Figure 5.7 shows the total N concentrations in the effluents of the UCT and the ENBNRAS
svstems for sewage batches 13 to 30. From Figure 5.7 the difference in the N removal
performance of the UCT and the ENBNRAS systems can be seéen more clearly. While the TKN
measurements take account of only organic N and FSA, the total N represents organic N, FSA,
nitrite and nitrate. Figure 5.6 shows that both systems remove TKN equally efficiently, but from
Figure 5.7 it can be seen that the ENBNRAS system removes more total N than the UCT system.
This means that the ENBNRAS system produces a final effluent with a lower nitrate
concentration than the UCT system, because it is the varying concentration of nitrate in the
effluent that leads to the variation of the total N in the effluent. On average over sewage batches
13 to 30, the UCT svstem effluent nitrate was 12.4 mgN/{, while that from the ENBNRAS
svstemn was only 4.6 mgN/( of nitrate. This results in the ENBNRAS system having the potential
of producing effluents containing <10 mg/{ total N, while the UCT system is not capable of
achieving similar results’. This can also be seen from Figure 5.7: The ENBNRAS svstem
achieved a total N (TN) concentration in the effluent of <10 mgN/f for 10 of the 18 sewage
barches, while the UCT system did not once achieve TN concentrations of <10 mgN/{ in the
effluent. The influent TKN/COD ratio has also been included on Figure 5.7 to illustrate how the
variations in the effluent TN concentrations mirror the variations in the influent TKN/COD ratio.
On average over the 18 sewage batches, the UCT system effluent TN concentration was 16.7
mgN/(, while that for the ENBNRAS system was 9.8 mgN /(. The main reason for this difference
is the potential of the ENBNRAS system to denitrify complertely with its larger anoxic mass
fraction and its low nitrification in the aerobic reactor. The UCT system cannot denitrify
completely because all nitrification takes place in the acrobic reactor.

Figure 5.8 shows the percentage TN removals for the UCT and the ENBNRAS systems for
sewage batches 13 to 30. From Figure 5.8 it can be seen that the ENBNRAS system removed a
greater percentage N from the influent wastewater than the UCT system for all 18 sewage
batches. On average over the 18 sewage batches, the UCT system removed 78.2% of the total
influent N and the ENBNRAS svstem removed 87.8% of the toual influent N,

The higher effluent nitrate for the UCT svstem was due to the smaller anoxic mass fraction. The
effluent NO,, could have been reduced somewhat by increasing the a-recvele ratio, but high NO,
concentrations (>3 mgN () in the outllow of the anoxic reactor leads o (i) .i;l*"u’.u.»;': in sludge

ettleability and (ii) anoxic P uptahe BEPR and lower P ramoval (see Figures 5.12 and 5.13)
below.
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5.3.3 Biological Excess Phosphorus Removal (BEPR)

The ENBNRAS syvstem favours anoxic aerobic P uptake BEPR, while the UCT system favours
. !
aerobic P uptake BEPR. However. when the UCT sysiem is fed sewage with 2 high influent

TKN/COD ratio. which results ina hi

does occur. For sewa

ate load on the main anoxic reactor, anoxic P uptake
e i influent TKN/COD ratio was kept consistently high
e influent (>0.100 mgN'mgCOD) to induce anoxic P uptake in the UCT
svstem, s0 that the BEPR performance of the UCT

predominantly acrobic P uptake can be compared 10 the BEPR of the ENBNRAS svstem. Figure

bv FSA addiuon to th

svstem with anoxic P uptake as well as with

5.6 shows the percentage anoxic P uptake for both the UCT and the ENBNRAS svstems for
sewage batches 15 10 30
| % Anoxic P Uptake for the UCT and
l ENBNRAS Systems
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Svstem r sewage pdatches |3 o 3

From Figure 5.9 1t can be seen that considerable anoxic P uptake (40 to 7 ccurred in the
ENBNRAS svstem throughout the |8 sewage batches. with an overall average over the 18
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and underloaded the anoxic reactor with nitrate, and the system retumed to predominantly
aerobic P uptake.

Figures 5.10 and 5.1]1 show the P release and P uptake respectively for the UCT and the
ENBNRAS systems over the |8 sewage batches. From Figure 5.10 it can be seen that for the
sewage batches where there was negligible anoxic P uptake in the UCT system (sewage batches
13.14,16 t0 20 and 28 10 30) it released on average ~7 mgP/{ influent more P than the ENBNRAS
system. However, for the sewage batches where there was anoxic P uptake in the UCT svstem
(sewage batches 15 and 21 to 27) the ENBNRAS system released on average ~3 mgP/! influent
more P than the UCT system did. On overall average over all of the 18 sewage batches, the UCT
system released 21.3 mgP ( influent and the ENBNRAS system released 18.3 mgP/¢ influent.
When operating with predominantly acrobic P uptake, the UCT system releases more P than the
ENBNRAS system does, even though it has a lower anaerobic mass fraction than the ENBNRAS
system. However, when anoxic P uptake takes place in the UCT system, the P release drops to
lower levels than in the ENBNRAS svstem. This shows that with anoxic P uptake BEPR in the
LCT system (i) less P is released per unit RBCOD than under aerobic P uptake BEPR and (ii)
P release decreases also due to the high nitrate load on the anoxic reactor and nitrate recycle to
the anaerobic reactor. From Figure 5.11 it can be seen that the P uptake follows exactly the same
trend of the P release. The P uptake for the UCT system was 33.2, 26.9 and 50.5 mgP/f influent
for sewage batches 13 to 2] (aerobic P uptake), 22 1o 27 (aLoxic/acrobic P uptake) and 28 to 30
(acrobic P uptake) respectively. That of the ENBNRAS system was 28.1, 35.8 and 41.1 mgP/i
influent respectively, with anoxic/aerobic P uptake throughout. For sewage batches 13 to 21, the
UCT system P uptake (predominantly acrobic) was about 3 mgP/7 influent higher than that of the
ENBNRAS system. For sewage batches 22 to 27, when anoxic/aerobic P uptake occurred in the
UCT system (20% anoxic P uptake). the P uptake was about 9 mgP/{ influent less than that of
the ENBNRAS system (64% anoxic P uptake). For sewage batches 28 10 30, when the P uptake
in the UCT system had returned 10 predominantly aerobic P uptake, the P uptake was 9 mgP/
influent higher than that of the ENBNRAS system. On overall average over the 18 sewage
batches, the UCT system P uptake was 34.0 mgP/{ influent and that of the ENBNRAS system
was 32.8 mgP 1.

Figure 5.12 shows the P removal achieved by the UCT and the ENBNRAS systems for sewage
batches 13 to 30. [n essence the P removal reflects the combination of those tendencies found for
the P release and the P uptake. When the UCT system operates with predominantly aerobic P
uptake, on average it removes ~4 mgP/{ influent more P *han the ENBNRAS system. Under
conditions where the UCT system does show anoxic P uptake, the ENBNRAS system removes
-2 mgP [ more P than the UCT system. On overall average over the 18 sewage batches, the UCT
svstem removed 12.7 mgP { influent. while the ENBNRAS system removed 9.8 mgP/{ influent.
This shows that under normal circumstances the UCT svstem with predominantly aerobic P
uptake BEPR removes ~23% more P than the ENBNRAS with anoxic P uptake BEPR. If
however, the UCT system receives an influent that causes a consistent high nitrate load on its
anoxic reactor, anoxic P uptake (10 a lesser extent than in the ENBNRAS syvstem) occurs.
resulting in poorer P removal performance than the ENBNRAS syvstem can achieve when
receiving the same influent. A more detailed investigation into the anoxic P uptake BEPR of the
ENBNRAS system and the acrobic uptake BEPR of the UCT system is given by Vermande er
al. (2000).
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5.3.4 Sludge settleability

Figure 5.13 shows the DSV for the UCT and the ENBNRAS systems for sewage batches 15 to

30. The % anoxic P uptake for the UCT system has also been included in the Figure 5.13 to

tllustrate how the DSV of the UCT system fluctuates with an increase in % anoxic P uptake. The

overall average DSV of the UCT svstem over the 18 sewage batches was 138 ml'g and that for
) 1 - 1

the ENBNRAS system was 102 m

O Ve Ll 5

From Figure 5.13 it can be seen that the DSV] of the UCT system fluctuates with the %5 anoxic

P uptake. As the °4 anoxic P uptake increases. the sludge setticability deteniorates rapidly. This
can also be seer inother way: As the nitrate load on the anoxic reactor of the UCT systen
nereases. e nitrate concentrauon ! 12 ITOm 1NC ANOXI1. reaclor also Increases. causing ine
™ 4 - . " A s » y 1 4 { - o | \"1 “tha "M\'D A . * 19 .-
DSV 10 increase (see Casev er al., 1994), From the DSV of the ENBNRAS svstem 1t can
. ~at th: v > - - | > — = 8 s | "RBNAND A < p— % T ) ! £ sha
een that this phenomenon does not occur in the ENBNRAS svstem. The DSVI of the
VD D ) M " . ’ 1wy ' ’
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this period the ENBNRAS system had not vet recovered from the effects of the toxic sewage
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54  CONCLLUSIONS

A laboratory scale ‘conventional’ BNRAS system (UCT configuration) with similar design and
operating parameters o the 10 days sludge age ENBNRAS system Configuration 3 (Chapters 3
and 4) was run in parallel with the laboratory scale ENBNRAS system. To compare the
performance of the two systems, both were fed identical influent sewage for 255 days spanning
18 sewage baiches (from 13 to 30). For the purpose of comparing the BNR performance of the
two systems, the overall averages for the ENBNRAS system are the overall averages of sewage
batches 13 to 30, not the overall averages of sewage batches | to 30. The overall averages
presented in this Chapter therefore differ from those calculated for the entire Configuration as
discussed Chapter 3 and 4. A detailed discussion of this comparison is given by Vermande er al.
(2000)

From the results the following conclusions can be drawn:

! The overall average COD mass balance achieved for the UCT and ENBNRAS systems
were 78 and 77% respectively. The COD removal was 93 and 94% respectively. In terms
of carbonaceous material removal, the two systems performed identically.

2 'he overall average total oxyvgen demand (including n ..rmuauomonl-cl CT system was
7625 mgO/d while that of the ENBNRAS syvstem was 1798 mgO/d. By nitrifying
externally. the ENBNRAS system requires 76% less oxygen per day; this is a significant
difference

W

I'he overall average N mass balance for the UCT and ENBNRAS systems were 86 and
87% respectively and the overall average TKN removal 95 and 94% respectively. The
effluent TN of the UCT system was 16.8 mgN/{, of which 12.8 mgN/l was NO,, (filtered
sample) and 4.0 mgN/{ was TKN (unfiltered sample;. Of the 4.0 mgN/f TKN, 1.8 mgN/{
was FSA (unfiltered sample). For the ENBNRAS system the effluent TN was 9.8 mgN/{,
of which 4.6 mgN/{ was nitrate (filtered sample) and 5.2 mgN/f was TKN (unfiltered
sample). Of the 5.2 mgN/{ TKN, 3.5 mgN/{ was FSA (unfiltered sample). The
ENBNRAS system achieved effluent TN concentrations <10 mgN/{ in 10 out of the 18
sewage batches, while the UCT system did not achieve effluent TN concentrations <10
mgN {inany ofthe 18 sew ag batches. The overall average TN removal for the UCT and
ENBNRAS systems were 78 and 88% respectively

4 In the UCT system an overall average of 21.3 mgP ! influent P was released in the

1

anaeropic reactor. In the }-\H\”,“_\' svstem an overall average of 18.3 mgP { influent P
was released in the anaerobic reactor and internal settler, w .‘I. an additional P release of
1.5 mgP :.::'._::1: in the EN system (which also has 1o be taken up in the anoxic and
acrobic reactors). On overall as -':.' . 34,0 mgP [ influent P uptake occurred in the UCT

svstem, and 32.8 mgP/( influent P uptake occurred in the ENBNRAS system.

. ' sy - ’ . - S
oy wa meP {influent (34.0- 2\
-. ! ME¥'{ Inliv ent | S

and the overall average P removal for \ ¥\l\ AS svstem was 9.8 mgP/{ influent
5 L (l svstem showed only 9 8% noxic P uptake on overall

~ g

predominantly aerobic P uptake H PR occurred in the LCI

M
4
3
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system. In the ENBNRAS system, 60% of the P uptake occurred in the main anoxic
reactor. During sewage batches 21 to 27 anoxic P uptake was induced in the UCT system
by feeding influent sewage with high TKN/COD ratios (leading to a high nitrate load on
the anoxic reactor). During this period the UCT system showed about 18% anoxic P
uptake and the P removal decreased to the same level as measured in the ENBNRAS
system.

6 The overall average DSVI for the UCT anéd ENBNRAS system were 138 mi‘g and 105
mi’g respectively. During sewage batches 21 to 27, where sewage with a high influent
TKN/COD ratio were fed 10 induce anoxic P uptake in the UCT svstem, the DSV of the
UCT system increased sharply from around 110 m{'g 10 over 200 m(/g, while the DSVI
of the ENBNRAS system increased only slightly from around 90 mi’g 1o around 103
mi{'g. This shows that the "conventional® BNRAS system reacts much more strongly to
significant (>2 mgN () nitrate concentrations in the outflow of the main anoxic reactor
because its aerobic mass fraction is higher (0.5) than that of the ENBNRAS system (0.2).
This response to nitrate in the ou:ﬂu'-\ of Lh: main anoxic reactor was also observed by
Moodley er al (1999) in their L\H\RA\‘ svstem with a higher acrobic mass fraction
(0.30), which conforms 1o the AA f{ilament sludge bulking hypothesis of Casey er al
(1994) (see Chapter 2).

In terms of carbonaceous material removal, the UCT and the ENBNRAS system achieve almost
identical results. For the nitrogenous material removal, the ENBNRAS system produces an
effluent of better quality with an eftfluent TN concentration of nearly half that of the UCT system
on overall average. The ENBNRAS system produced an effluent with a TN content <10 mgN/{
for 10 out of the 18 sewage batches, while the UCT system did not achieve this for any sewage
batch. The UCT system. which exhibited predominantly aerobic uptake BEPR, removed about
3 mgP ¢ influent more P than the ENBNRAS system with anoxic ‘agrobic P uptake BEPR did.
P removal is the only process where the UCT svstem achieves superior TCD’JI\S to that of the
ENBNRAS svstem. The ENBNRAS system BNR is effected by using approximately 75% less
oxvgen than was required by the UCT system to perform the same BNR. The ENBNRAS system
produced a better settling sludge than the UCT system did. and the ENBNRAS system DSVI did
not produce a bulking sludge when high nitrate concentrations flowed from the anoxic reactor,
as was observed in the UCT system.




CHAPTER 6

IMPLEMENTATION OF
EXTERNAL NITRIFICATION BIOLOGICAL
NUTRIENT REMOVAL (ENBNR) ACTIVATED
SLUDGE SYSTEMS AT FULL-SCALE

6.1 INTRODUCTION

The experimental investigations into the external nitrification biological nutrient removal
(ENBNR) activated sludge system at laboratorv-scale (Chapters 3, 4 and 5) have clearly
demonstrated that this system holds considerable promise for practical implementation. However.
successful implementation of the ENBNR activated sludge system at full-scale will depend
largely on its cost compared to conventional BNR activated sludge systems and its ability to meet
required effluent qualn) standards. Accordingly, the system should be assessed with respect to
the economic cost and effluent quality standards. and these compared to those for an equivalent
conventional BNR activated sludge svstem. In this Chapter such a practical case study is

emonstrated based on a *pcci‘.'xc plant and the effluent qu'.ﬂ*'\ standards of South African law.
Details of the economic evaluation are reported by Little er wf (2001).

6.2 SYSTEMSELECTED FOR EVALUATION

The economic cost will be influenced to a large extent by site specific factors. For the purpose
of the evaluation, the Potsdam Wastewater Treatment Plant (WWTP) at Milnerton in Cape
Town, South Africa was sclected, since considerable data ace available for this plant (see Litle
etal., 2001).

The existing Potsdam WWTP comprises two streams which are operated in parallel:

. The old rock media tricking filters (TFs) with a capacity of 18 Mi‘d. These TFs are low
loaded and achieve good COD removal and nitrification. However, no N and P remova
is obtained. A chemical P removal plant has been provided but currently (2001) this is
not operated

. The newer conventional BNR activated sludge svsiem (Mod

- af 19 'Y £l B 1 ! iyt . ~rey al
capacitv of | .\! d with full biological nutnent removal

C 1 Process) wilnh

Therefore, the plant has a combined capacity of 33 M#/d and 1s operated in a conventional way
as discussed in Chapter 1 (F 2 1.2). The tricklin ,' .'z ter effluent can be treated chemically with
aluminum sulphate or ferric chloride for P removal and lin.e dosing facilities for alkalinity and

pH correction are also provided if .’:..;'....':;

The effluent of the plant must comply with special standards and achieve filtered COD <
mg/{, total suspended solids (TSS) <25 mg/l. free an d saline ammonia (FSA) < 2 mg N/I, total
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N (FSA =NO,) <10 mgN/( and dissolved ortho-phosphate < ImgP/!, and thus the BNR activated
sludge plant was designed for biological N and P removal. The current influent flow is in the
order of 26 M{/d. The 35 M{ d design capacity of the existing plant is expected to be reached by
2003. The sewage influent flow is expected to be 49 M! din 2020. Currently the activated sludge
plant is achieving the required effluent quality standard Hu‘-.;\ er, the TF effluent. without
chemical P removal, fails to comply with the FSA, total N and P standards. New effluent quality
standards have been promulgated in 2000 and all WWTPs th.u depend on size, need to comply
with these for their full wastew yer flow by 2010, For the Milnerton plant these are filtered COD
<50mg (. TSS <15 mg'(, FSA - .-.\ (. NO, < 7 mgN'l and dissolved ortho-phosphate < 0.8
mgP [ (se¢ Table 6.3). The new effluent standards were taken account of in the design of
different schemes for the extension and upgrade of the Milnerton plant for economic evaluation
of external nitrification

6.3 ECONOMIC EVALUATION

6.3.1 The scenarios for economic evaluation

The cr‘.u‘.nL‘C""I" and economic evaluation by Little er al. (2001) provides svstem schemes and
4 -
_:"ll&.. operation and maintenance costs for the f »l.n\\mg scenarios

Scenario 1-greenfields
In this scenario, it is assumed that no plant exists at Milnerton and 2 options with the 2003
required capacity of 35 M{ d were designed I'.:c two options selected to compare the capital and

operating costs were

(la) A greenfields conventional BNR activated sludge system (UCT) with 13 day sludge age
and a capacity of 33 M('d, and 15 year period from 2000 to 2015;

(1b) A greenficlds ENBNR activated sludge system with 8 day sludge age and a capacity of

353 Mid, and 15 year :w::wl from 2000 to 2015,

Scenario I

This scenario aimed to look at the possibility of expanding the existing plant at Potsdam 10 cope

with the flow that is expectad in the vear 2020. Full autsient rem wal for total wastewater flow

was designed :K-r Two options for the extension and effluent quality required were examined

(1) a conventional BNR activated sludge system which would not make use of the existing

rickling filters. and (2) an ENBNR activated sludge system which would use the existing

trickling filters. This scenario had two design honizens, viz. 2005 and 2020

First Horizon 12003, for Scenarie 2. The flow is expectad to re 35 M 2003 from the

current flow of 26 M{ d in 20

Optior a: Doubling the existing activated sludge plant capacity so that all 35 M d can be
treated in two para f-: 3-dav sludge age BNR acuvated sludge syvsiems
decommissioning the old trickling filters '

-

lant to an ENBNR activated sludge system with 8 day

w
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sludge age. i.e. upgrading the old trickling filters with plastic media to increase
their nitrification capacity and combining them with the existing BNR activated
sludge svstem to obtain BNR on the full cap acity of 35 M{/d as in (2.1a) for the
period from 2000 to 2005;

Second Horizon (2020) for Scenario 2: The flow is expected to reach 49 M(/d in 2020

Option2.2a:  Option 2.1a is extended 10 accommodate 49 Mi/d for the period from 2000 to
2020, i.e. keeping the existing plant unchanged until 2005, after which Option
2.1ais implemented, but with a capacity of 49 M(/d for the period 2000 to 2020.

Option 2.2b:  Option 2.1b will be extended to accommodate 49 M{/d for the period from 2000
to 2020, i.e. keeping the existing plant unchanged until 2005, after which, Option
2.1b is implemented, but with a capacity of 49 Mi/d for the period 2000 to 2020,

Proposed layouts and preliminary designs for all the options were prepared in sufficient detail
for costing and tendering purposes, the prices, in South Africa Rands (in 2000), were obtained
for the mechanical equipments and civil construction from contractors. Operation and
maintenance costs including staffing, sludge handling and disposal were also costed for the
Milnerton plant. The sludge treatment included only dewatering to 20% with belt presses and
transport of the dewatered cake 10 a landfill site 10 km away for disposal, which is the current
practice.

6.3.2 Results of economic evaluation

The costs for each of the scenarios are given in net present values (NPV) at 6% in the year 2000
SA Rands. They include all civil construction cost, mechanical construction and operational as
well as maintenance cost. The overall costs are summarized in Table 6.1,

Table 6.1: NPV at 6% for implementation of a conventional BNR or an ENBNR activated
sludge plant at the Potsdam WWTP (Cape Town. South Africa).

Projects NPV at 6% (in million ZAR) Period
Scenario |2 35 Mrd Geenyields plant
(1a) Conventional BNRAS syvstem (UCT) 14744 2000-2015
(1b) ENBNRAS svstem 158.25 2000-2015

Scenario 2: Modified the existing plane of 33 M{ d and extending the plant with 39 Mrd

Option 2 | Design horizon 2005-35 Méd capacin
=.la Conventiona! BNRAS (decommission TFs) 93.55 2000-2006
2.1b ENBNRAS system, using TFs 76.50 2000-2006

| , - " : ; 4 s _ apa
{ Opuion 2.2 Extending the existing plant to a 49 M! d for 2020

22a as for (2.1a) above 164 .80 2000-2020

a-ab) as for (2.2b) above 154.27 2000-2020
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[able 6.1 shows that the overall costs of the ENBNR activated sludge system are lower than
those for a conventional BNR activated sludge system Fr;n: the economic evaluation, it was
noted that

. The ENBNR activated sludge svstem uses less electricity (lower oxygen demand) and
theretore the power costs are less

. ['he ENBNR activated sludge system produces more waste sludge (shorter sludge age)
which results in higher costs for sl d=- dewatering, transport and landfill disposal (the
current pracuce at Potsdam)

. I'he capital cost for the ENBNR activated sludge svstem are about 20 % cheaper.

k] The operating .m_ maintenance costs dominate the overall costs for both the conventional
BNR activated sludge svstem and the ENBNR activated sludge svstem. These costs make
up about 70 %5 of the otal cost, which are essentially the same for both configurations

. I'he only significant saving is therefore in the capital costs which are only 30% of the
total cost. The external nitnfication option is 6%. 18% and 6% cheaper on total cost for
Scenario | and Options 2.1 and 2.2 of Scenario 2 respectively: while on a percentage
basis this is small, in Rand terms it is R9 million, R17 million and R11 million over 20
vears respectively, i.e. around R0.5 and R1.0 million per yvear, which is a significant
saving.

6.4 EVALUATION AGAINST EFFLUENT QUALITY STANDARDS

[he system selection for BNR is not only dependent on an economic evaluation. but also needs
to consider the effluent quality standards required. The South African Department of Water
Affairs and Foresiry (DWAF) is currently revising the South Afn c::lucm.l.sch:gc standards
in terms of the National Water Actof 1998, A briefreview ofthe \.c'.dn;vmcn'.o!"hcw standards
is given below, before discussing the capacity of conventional and external nitrification BNR

activated sludge systems 10 achieve the new proposed standards

6.4.1 i andards in South Africa

The Water Act of 1936 requiring treated effluents to be retumed to the water catchments from
where the water originates, subject to effluent discharge standards. The effluent discharge

standards published in terms of the Water Act of 1936 required > 90 %2 COD removal w avoid

deoxvgenaion of the receiving warer bodies as well as nitrification of the FSA to effluent values
OCIOM LU MEN L 10 avOIC Gaoxvgenalion Ol anc e TONICIUN ¢lgcion e receiving Waler 0odiIc

‘ - - T wnl and o . P ! + AF
Alter in-depth research and cevelopment ¢ svstems for the treatment of

municinal 3 sariarar hatw od
MUNICIDA. WaSsTewater oetween 1v70 ang |

ard for P was promulgataed In

o< 3
1 ) 4 1 . ' rAY TEa v . | . T ' N c4 T . «} B .
1985 anc regl ...’.\. wastewater reatment piants L g 10 sensitive carchment areas w
- s D e - - 1 as I i 1o st - + et thar ST
remove Prolessthan I n ;.’ gissoived 1 InGicaed hat europnicalion
— . - - e R + * satl b D . ! )
OCCUITINg 1N SOMe water podies South Africa was caused ov N rather than P, and therefore a
3 SRAl i s ' & 2 I e s SR g Naarihd D hinPhisdkad {‘-:
special standard for N of < 1.3 meN/{ was also promulgated and enforced from 1983 onwards
! - ! -
for these water Bodies, The et luent cualin nreantratinm Crthe oanerm] and e sandards
OF U1C5C JiCT TOCISS. 1S Cilikenl QUL ncentiraiions O ine general anag T,‘~‘J dimsial &9
e iD wa 1 1 34 Tak . Thacas e*9m" i Py b R R, w8 » " ' '
for Nand P are l:sted 1t [able 6 2. These stangards are enlorcag as unilorm eftluent standards,
- ] ! . . P—. ’ - > a s s w - [ | -»
and all sewage treatment plants in South Alrica imespective of size must comply with the
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The DWAF is currently in the process of revising the effluent quality standards, as the old
general standards are not considered to be sufficient in the framework of the newly developed
policy of waste load allocation, receiving water quality objectives and minimum requirements.
New effluent quality standards have been proposed under tne new National Water Act of 1998.
The proposed new standards differentiate between WWTPs with secondary treatment only (i.e.
organic material and N removal) and those with advanced secondary treatment (i.e. organic
material, N and P) and stipulate separate effluent quality requirements for each. The WWTPs
wishing 1o discharge effluents that are not within the proposed new standards need to apply to
the DWAF for special permission to do so. Table 6.3 lists the proposed new effluent quality
standards for WWTPs with secondary treatment only and for WWTPs with advanced secondary

treatment.
Table 6.2 Effluent qualitv standards for the general and special standards for N and P.
Parameters General Special Special Standard for Units
Standard Standard P
Filtered COD <75 <75 75 mg CODt
FSA <|0 10 mg N/f
Nitrate - 1.5 . mg N/t
Phosphate . <l mg P4
Suspended Solids 25 <10 <25 mg/
DO 75 >75 75 | *, Saturation
pH | 5.8.9.5 §.5.2.5 5.5:9.5 I -

Table 6.3: Effluent quality standards proposed under t*e new National Water Act of 1998
r Paramerers Secondany Treaument On i Secondan and Tertian atment | LUnits i
CcoD 63 ' 50 | mgcCoOD
FSA 3 ? 2 mg N

Nitrate 3 ! 7 mg N
Phosphate . 0.8 mg P £

| Suspended Solids
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Evaluation of “conventional™
quality standards

6.4. BN\R activated sludge systems against the effluent

led

An evaluation of the existing BNR activated sludge technology (called conventional BNR
activated sludge systems to distinguish them from the ENBNR activated sludge system) in South
Africa has been performed by the consulting engineering firm, Wates, Meiring and Bamnard.
Johannesburg, South Africa to assess the measure with which the BNRAS svstems as
implemented in South Africa over the past 23 years have achieved the existing (Table 6.2) and

the new proposed effluent quality standards (Table 6.3).

A total of 17 secondary (27) wastewater trearment plants were analvsed in terms of the treated
effluent quality variables COD, SS, FSA, and nitrate and total of 31 advanced secondary (2° +)
wastewater treatment were analysed in terms of treated effluent quality variables of COD. SS.
FSA. nitrate and dissolved ortho-P. The samples were 2+h composites, tested weekly on each
plant. The data analysis was based on effluent quaixt\ data over a 12 month period which was the
same for each plant. Some of the secondary (2°) wastewater treatment plants have tertiary
treatment in the torm of chemical P 'cmm al, but this aspect of the technology was not evaluated
['he number tand %e) of pla dian and 95 ile etfluent
exceeding the General Standard effluent discharge concentra

nts with me '*l.J\ vanable concentrations

ations are given in Table

=

Table 6.4: Number (and °5) of plants wi

ith median and 95%

ile effluent

quality variable

concentrations exceeding the General Standard eflluent discharge concentrations
— 1
Eftluent Standard Number (%) of plants exceeding stated stanctard
quality variable | concentration .
. - -
Secondany (Z27) Treatment Advanced (27 =) Treatment
Median 95% 1 Median 95% tle
COD 75 mg 2(12%) 0(59% : 6%) 12 (39%)
SS 5 mg 3(18%) 0 (59% 3(10%) 12%
!
FSA ) mgN/7 e (12%) 0(53% 10%) 13 (42%
!
!
| Nitrate 0 meN. ! 4 (23%) T (64 2(31% 3 (6%
!
i e - |
Sol PO mgP 6830, | N0e ., ‘
5 ....... - u - - - . .:..- . dr .'- i F f "A - :" 4 r
.,‘ " ” mar ’ an ’ L bard il n nr J " _;_"‘- INCE
s naary el Sampe whiinn Ie ¢ niratior: are avaiiabie vt the DH jatangse are
ey 44 and eSOeC e
“«n g g 14 an | " i " » .‘_‘-
On the basis that the poten ' BNR technoiogy is the performance of the 23" percentiie plant
~z0 T—— - " TR LArES b Al O il ;
(i.e. 25% ants have better performance and orse), the median and 95 percentile (i.¢
achieve performance 3¢ the time) potential performance were calculated. and are listed
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Table 6.5:  Performance potential for the secondary and advanced secondary treatment
technologies
Effluent quality Units Secondary treament Advanced Secondary treatment
vaniable "
Median 93% ile Median §5% ile
coD mg'l 44 65 32 50
Suspended Solids (SS) | mgr 10 18 10 17
FSA mgN 1.5 3.0 14 20
Nitrate mgN« 3.5 6.0 32 5.5
Sol PO,-P mgP. 1 . 0.5 1.0

From Table 6.5. the performance potential of advanced secondary treatment is significantly better
in effluent quality at the 95% ile only in so far as COD is concerned, i.¢. 50 mg'( versus 635 mg/{
for secondary treatment; the SS, FSA and nitrate concentrations are virtually the same at about
18 mg/f, 3.0 mgN/f and 6.0 mgN/[ respectively. Secondary treatment does not include biological
P removal. Advanced secondary treatment. which includes biological P removal. has the potential
to achieve at the 95% ile level, an effluent concentration of 1.0 mgP [ dissolved ortho-P

The survey of operating N and N & P removal activated sludge plants in South Africa indicates
that BNR technology, as designed and operated in SA, has the potential to achieve effluent
quality concentrations at the 93% ile level of 530 mgCOD/(, 18 mgSS'{, 3.0 mgNH,-N/{, and 6.0
mgNO;-N/f and 1.0 mgPO,"-N/{ in SA. Of these, the FSA and P are outside the new standards,
which for FSA is 2 mgNH,-N/{ and for P is 0.8 mgP/{. Taking the performance of ENBNR
activated sludge Systems 1 and 3¢ (Chapter 3) as the potential of the ENBNR activated sludge
system, the performance of this system is compared with the new effluent standards in Table 6.6.

Table 6.6:  Comparison of the performance of ENBNRAS with new standards
EfMuent quality CoDp SS FSA NOx P
purameters mg ! mg'f mgN mg\ | mgP
‘ . ) » ™ - - . ~
Conventional 30 17 a9 R 1.0
External nitrification
! System | S| 6.1 36 39 10.5
| e N " 1
! System 3b 42 €4 ' 8 K !
! New Standard 50 8 2 7 08
P remaval-¢filuent P concentration not meaningfiul because P was dosed io influent to avoid P limaation

Unfiltered COD

Obtained from (unfiltered COD-filtered COD)' ] 48
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From Table 6.6 it can be seen that neither the conventional nor the ENBNR activated sludge
svstem will reach the new FSA standard of 2 mg'l. The ENBNR activated sludge NO,
concentrations are well within the standard. Achievement of P standard with the ENBNR
activated sludge system cannot be commented on because it would depend on the influent P
concentration. However, considering that the conventional BNR activated sludge systems
develop mostly aerobic P uptake BEPR and achieves | mgP/? (Table 6.5). then itis unlikely that
the ENBNR activated sludge system. when designed to include anoxic P uptake BEPR. will
achieve the new standard, because anoxic P uptake BEPR is lower than acrobic P uptake BEPR
(see Chapter 3). [f the ENBNR activated sludge system is ‘mplemented, it is therefore best 0
design the system with acrobic P uptake 10 maximize the P removal

6.8 CLOSURE

When the project was initiated it was thought that a significant saving in capital cost would be
achieved forthe ENBNR activated sludge sy stem, as a result of the increase in treatment capacity
or smaller biological reactors, the reduction in oxyvgen demand and a better settling sludge. These
appeared to make the ENBNR activated sludge system an attractive and viable altemative as a
full-scale wastewater treatment plant. However, the economic evaluation indicated that this may
not be the case

Although the ENBNR activated sludge system does provide a cost saving in construction costs
of about 30% compared 10 a conventional BNR activated sludge system, the operating and
maintenance costs in the long term mask this saving because these costs are around 70% of the
overall cost and virtually the same for both ENBNR activated sludge systems and conventional
BNR activated sludge systems. While significant savings in operation costs are made from the
very low oxyvgen demand. the increased sludge production at a shorter sludge age and the
associated increased cost in sludge treatment, transport and disposal offsets this saving. Although
the tota) NPV (capital, operation and maintenance) for the ENBNR activated sludge system is
S to 10 %5 lower than that of a conventional BNR activated sludge syvstem, this difference may
not be large enough to favour selection of the new and untested ENBNR activated sludge system
over the tried and trusted conventional BNR activated sludge svstem. It must be remembered,
however, that the siudge treatment route is specilic o the Potsdam WWTP and is a relatively
costly alternative. and contributes significantly to the total cost. For other WWTPs, if sludge
treatment and disposal costs can be reduced. then this will make the ENBNR activated sludge
system more economically attractive.,

The most significant advantage of the ENBNR activated sludge system is that it offers biological
N and P removal for wastewater treatment plants with existing trickling filters and activated
~"';..:;.': units without an increase in existing process units. enabling h.w plants to meet the

stricter new eftluent 4\.... v standards proposed under the National Water Act of 1998 by the
Department of Water Aflairs and Forestry. The ENBNR activated :Audg stem will provide a

feasible and economical upgrading option. Although the ENBNR :ctf\.‘.':\i sludge system does
not provide a large enough savings in monetary terms to make 1t as an attractive system, the new
¢:Tluent quality standards may favour implementation of the ENBNR activated -!L.«.;: sy stem,
pecause the ENBNR _1.1\ sted sludge system is capable of producing effluents with a qualin

comparable with (and for effluent N better than) conventional BNR activa rud sludge plants







CHAPTER 7

DEVELOPMENT OF A MATHEMATICAL
SIMULATION MODEL FOR EXTERNAL
NITRIFICATION BIOLOGICAL NUTRIENT
REMOVAL ACTIVATED SLUDGE SYSTEMS

7.1 INTRODUCTION
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7.3 DEVELOPMENT OF ENHANCED CULTURE DENITRIFYING PAOs

[n evaluating existing Kinetic models for BNR activated sludge systems, the importance of
including denitrifving PAOs (DPAOs) and associated anoxic P uptake became evident.To
achieve this. information on the kinetic and stoichiometric behaviour of DPAOs is essential. Te
gather the necessary information. it was attempted to develop enhanced cultures of DPAOs.
similar to the enhanced cultures of aerobic P uptake PAOs developed by Wentzel er al. (1988,
1989a). However, this endeavour did not prove successtul.

The experimental investigation on enhanced cultures of DPAOs indicates that:

. For ENBNR activated sludge systems with small aerobic mass fraction (15%) and shont
sludge age (10 days) at 20°C. receiving influent su;\plumcr:cd with acetate, the typical
P behavioural pattern (i.e. anaer robic P release and anoxic aerobic P uptake) was
completely absent. [na similar investigation, antnnm:u. (1997) found it was necessary
to include a short aerobic period in an SBR cycle to obtain anoxic P uptake. Thus, it
would appear that an aerobic period may be essential for stable anoxic P uptake.
Recognizing thatanoxic P uptake DPAOs are facultative organisms, including an acrobic
period would provide orpo rtunity for aerobic metabolisms by these organisms, in
addition to the anoxic metabolism. Biochemically, acrobic metabolism provides a higher
energy vield for the organism than anoxic metabolism. This would suggest that anoxic
P uptake by itself is an unstable and unreliable process. The inability to stimulate this
process under the closely controlled conditions in the laboratory implies that this process
would probably also prove unreliable at full-scale. This reinforces the conclusions from
the investigation on the ENBNR activated sludge systems (Chapter3), that overemphasis
has been placed on anoxic P uptake in the system. Rather, anoxic P uptake must be
stimulated in conjunction with acrobic P uptake

The requirement for acrobic P uptake to stabilize the BEPR implies that enhanced cultures of
DPAOs cannot be successfully developed in the ENBNR activated sludge systems. Accordingly.,
this investigation was abandoned. [nstead. information on DPAOs was sought in the literature

T4 MODEL DEVELOPMENT

T'o select the most suitable simulation model to serve as a starting point for {urther development,
the existing available Kinetic mq ~-'c'.: for BNR activated sludge systems were compared and
evaluated against experimental observations in the literature. In this evaluation, intially, it was
tho u..hl that the most complete m .j;, '\‘-v,,J best serve as a basis for mode! development. The

avaluation showed that

N The BIOWTN (Barker and Deld. 1997a) model appeared to fit this criteria. However
from the assessmemt of this model and simuiations of availabie experimental data. it
became apparent that the modal was inadeguately validat e e
nature of the processes in the mode! makes calibration virtually impossibie: an infinite

number or sets of constants can be obtained that give the same net ‘-e‘- aviour

4 - 1 4 i I ’ ) - ' ' i - ‘!
Accordingly. it was decided 1o revert 1o the most extensively validated Kinetic model as




7.3

a starting point, namely UCTPHO (Wentzel et al., 1992) and to extend and modify this
model 10 incorporate those processes omitted, or to resolve deficiencies in the model to
develop a general BNR Kkinetic model.

The UCTPHO kinetic model considers only acrobic growth of PAOs, with associated aerobic P
uptake. Anoxic growth of PAOs with associated anoxic P uptake and PAO denitrification are not
included. However, experimental data demonstrating these processes in BNR activated sludge
svstems have been more often reported in the literature recently (Ekama and Wentzel 1999b).
Furthermore, in the ENBNR activated sludge system, anoxic P uptake dominates P uptake (see
Chapters 3, 4 and 5). Accordingly. UCTPHO was modified to extend its application to
conventional BNR activated sludge systems where anoxic P uptake occurs and particularly to the
ENBNR activated sludge system. For these modifications, information was drawn from
experimental data in the literature and the other available kinetic models (e.g. ASM2d,
BIOWIN). This indicated that, most likely, two PAO populetions exist. one that can denitrifv and
one that cannot. However, in modelling, incorporating two PAO populations is not possible, as
both essentially compete for the same substrate source and thus one population will be predicted
to dominate.Thus, the approach followed was to include a single PAO population, but with
reduced rates of substrate utilization'growth under anoxic conditions compared to aerobic
conditions. With this basic approach. the main modifications made to UCTPHO were:

(1) Processes for anoxic growth of PAOs with associated anoxic P uptake and denitrification
were included, with separate vield coefficients for anoxic and aerobic PAO growth and
separate ratios for P uptake per unit PHB substrate utilized. Also, from the above, the
anoxic rates were reduced compared to the equivalent acrobic rates, by multiplying the
aerobic rates by the reduction factor n, under anoxic conditions.

(2)  Processes for anoxic death/'maintenance of the PAOs were included, recognizing that
under anoxic conditions PAOs that can denitrify will behave differently from those that
cannot.

(3) Separate anoxic and aerobic yield coefficients were introduced for OHO growth.

(4)  Theorganic N and P fractions were linked 10 the corresponding COD fractions, and the
transformations between the different forms of organic N and P fractions were linked 10
the corresponding COD transformations (Henze er al., 1995).

In developing the model and from the review of existing models. two aspects were identified as
of importance, but were not included in the model, namely:

(1) Anaerobic slowly biodegradable (SB) COD hydrolysis,

(2) COD loss mechanisms.

Withregard to (1), anaerobic SBCOD hydrolysis, this process hvdrolyses SBCOD 10 fermentable
readily biodegradable (F-RB) COD (S,,,) under anaerobic conditions. The resultant S, can then
be acid fermented by OHOs to shor: chain fatty acids (SCFA, S, ) which are available to PAOs
for sequestration. The net result, thus, is that:
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7.5 CALIBRATION AND VALIDATION OF THE PROPOSED KINETIC MODEL
[he BNR Kinetic model was applied 1o a wide var 2 BNR activated sludge
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For OHO maximum specific SBCOD hydrolysis'utilization rate (K,,). for systems with
the “usual” range of aerobic mass fraction (50 -60%), the default value can be retained.
However, for systems with small acrobic mass fractions (< 40%) (Kashula ef al., 1993,
Pilson er al 19935 and Musvoto er @/, 1992) the value has to be increased. otherwise
significant unbiodegraded SBCOD is predicted 10 accumulate in the system contrary to
experimental observations. The smaller the acrobic mass fraction, the larger the increase
required. Most likely, systems with small acrobic mass fractions favour the growth of
OHOs with higher substrate utilization rates (i.e. K,). Such selection has been observed
previously in systems that included selectors (Still er al., 1996).

For OHO and PAO anoxic reduction factors for SBCOD hydrolysis/utilization (n, and
M, respectively):

- These were found to vary significantly from system 10 system; n,, ranged from 0.1
to 0.7, n; from 0 to0 0.6.

- The value for n, appeared to be closely linked to the selected K, value; where
K, needs to be increased. v, correspondingly was decreased.

In searching for reasons for the variability in n, and . two factors appeared to be of
importance:

- Anoxic mass fraction

- Nitrate load to the anoxic reactor.

However, a guantitative relationship between the above two factors (and possibly other
design/operational criteria) and the exact values for 1, and n,, could not be established.
Accordingly, it is not possible to determine values for n,, and n, ab initio, these will be
system specific and require calibration (or measurement) for each situation.

Clearly, this is undesirable and requires further investigation. Where it is not possibie to
calibrate (or measure) 1, and n,, for example for design of conventional BNR activated
sludge svstems with the “usual™ range of acrobic mass fractions. it is reasonable to accept
Ne=034and n. = 0.39

For the PAO ratio P release ‘acetate taken up, f; .. for systems with conventional aerobic
mass fractions (50 - 60%) a value £, = 0.45-0.5 can be accepted. From the f, . and pH
relationship of Smolders er al (1995). this corresponds to the anaerobic pH of 6.9 10 7.2,
which is reasonable. However, for svstems with small aerobic mass fraction. the f, ,
value required significant reduction (<0.4). This reduction concurred with a number of
other modifications 10 the model 10 correctly predict BEPR in these systems. It was
concluded that these systems produced BEPR behaviour that deviated from the “usual™
see below)

Mode "

For svstems with the “usual™ aerobic mass fractions of 50 - 60% (Wentze! er al., 19890, 1990;
Snevders er al., 1998), the BNR activated sludge Kinetic model proposed here gave reasonable
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behaviour. It appears that the small aerobic mass fractions induce behavioural patterns
that are not adequately taken into account in the model. or that the experimental data for
these systems deviated from the “usual™.

This was investigated further when the model was applied 10 the experimental data on the
ENBNR activated sludge systems gathered in Chapter 3: these ENBNR activated sludge systems
also include small aerobic mass fractions (19%) (see below).

7.6

APPLICATION OF THE MODEL TO ENBNR ACTIVATED SLUDGE
SYSTEMS

The BNR activated sludge kinetic model was applied to the laboratory scale ENBNR activated
sludge systems operated here (Chapter 3). and predicted behaviour compared to experimental
observations. This application shows that:

The model is capable of modelling the system behaviour, with the default values for the
kinetic and stoichiometric parameters proposed, except for f, , n,, n; and K_,. This
provides substantive evidence supporting the validity of the proposed kinetic model. This
is in contrast to the simulations of conventional BNR activated sludge systems with small
acrobic mass fractions (Kashula er al . 1993 Pilson er @/..1995 and Musvoto er al., 1992),
where considerable model manipulation was required to correctly reflect the observed
BEPR behaviour. This would suggest that the data of Kaschula er al (1993), Pilson eral.
(1995) and Musvoto ef al. (1992) deviates from the “usual™.

With regard to those constants that required adjustment:

For f; . in model application this had to be reduced from the default value of 0.5 10 0.4;
this corresponds 1o pH = 6.8 in the anacrobic reactor according to the relationship
between f, ., and pH of Smolders er al. (1995). which is not unreasonable. In simulating
conventional BNR activated sludge systems with small aerobic mass fractions the same
reduction in f, , was required. Possibly this change reflects that the P release behaviour
of denitrifving PAOs differs from aerobic PAOs, as is evident from the observed change
in P release/P removal ratios when anoxic P uptake is significant (see Chapter 3). but this
15 speculation

For the n, value. as in conventional BNR activated sludge systems, this parameter needs
10 be determined by simulation for each system. even for each steady state period for the
same system. Although it appears that two factors may significantly influence the ng
value, namely the nitrate load on the anoxic zone and the aerobic mass fraction, the
quantitative relationship between these factors and n is still unknown. However, as
noted above, the PAOs contribution to denitrification is small compared 1o the OHOs
contribution and hence. with little error, a default value of n. =0.3 can be used for the
ENBNR activated siudge svsiems where n is not known: preferab
should be determined by calibration as above, or by measurement

iV, 1l possidie, 1

For K,,,. the value for this constant had 10 be increased significantly in application of the
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The process kinetics and stoichiometry for the OHOs and AOs were taken largely unmodified
from the UCTPHO kinetic simulation model (Wentzel er al., 1992), except that the
transformations in N and P compounds were linked 10 the equivalent transformations in the COD
compounds (Henze et al., 1995). For the PAOs, the anaerobic and aerobic kinetic and
stoichiometric behaviour were also taken from UCTPHO, but additionally, kinetics and
stoichiometry for anoxic PAO growth and death (with associated anoxic P uptake and PAO
denitrification) were included, based on information available in the literature,

The model was calibrated and applied to an extensive data set from conventional and external
nitrification BNR activated sludge svstems collected in the UCT laboratory in this and previous
WRC funded contracts. The correlation between observed and predicted results was good for the
wide variety of systems (including ENBNR activated sludge systems), except for conventional
BNR activated sludge systems with small acrobic mass fractions

This model provides a useful tool for the design and operation of ENBNR activated sludge
systems.




CHAPTER 8

DISCUSSION/FUTURE WORK

In the external nitrification (EN) biological nutrient removal (BNR) activated sludge system, the
biologically mediated process of nitrification is removed from the main BNR activated sludge
svstem and effected externally in a fixed media system. This is achieved by including in a BNR
activated sludge svstem an internal settling tank between the anaerobic and the primary anoxic
reactors; the overflow from this settler is discharged to a fixed media nitrifying system (the EN)
and the underflow to the activated sludge system anoxic reactor. The nitrified effluent from the
EN system is then discharged to the anoxic reactor to meet with the internal settling tank
underflow, and hence is denitrified. Removing nitrification from the activated sludge system
eliminates the requirements of a minimum sludge age and acrobic mass fraction for nitrification,
and hence allows a step increase in system intensification. The investigations on laboratory-scale
ENBNR activated sludge systems by Hu er @l (2001), Moodley er al. (1999) and Sétemann ef
al. (2000) (Chapter 3) show that implementation of this system is possible in practice. In the
three laboratory scale ENBNR activated sludge system investigations, the EN part of the systems
nitrified between about 85 and 90% of the free and salinc ammonia (FSA) flowing into them
(provided failure of the EN system did not occur). Of the total system nitrification, up to 90%
occurred externally. Some residual nitrification of the FSA not nitrified in the EN system and the
FSA in the intemal settling tank underflow (which bypasses the EN part of the system) did occur
in the activated sludge svstem main aerobic reactor. mediated by nitrifiers sceded to the activated
sludge part of the system by the EN. However, this is not undesirable as this nitrification ensures
a low FSA final effluent quality.

The laboratory scale ENBNR activated sludge systems removed >90% of the influent
carbonaceous material (COD), utilising on average about 60% less oxvgen than an equivalent
‘conventional” BNR activated sludge system. The ENBNR activated sludge systems have also
been shown to give excellent TKN and very good TN removals (TKN removals >90%, TN
removals >80%). Furthermore, it has been shown that the ENBNR activated sludge systems are
capable of producing effluents with TN concentrations of <10 mgN/l for influent wastewaters
with TKN/COD ratios of up to between 0.13 and 0.14.

The P removal in the ENBNR activated sludge system was about 30% less than that expected for
aconventional BNR activated sludge svstem. The biological excess P removal (BEPR) occurring
n the ENBNR activated slud ,’c :}::;..:~ was undoubtably anoxic aerobic P uptake BEPR, with
the anoxic reactor effecting up to 60 - 70% of the 10tal system P uptake. Reduced BEPR with
anoxic P uptake isin “-r::'-u nt with previous observations on conventional BNR activated sludge
svstems (Ekama and Wenwzel, 1997b). The relative magnitude of the anoxic uptake BEPR
appears 10 be dcrcm‘.an‘. on the nitrate load on the main anoxic reactor and the aerobic mass
fraction: If the nitrate load was equal to or below lh: denitrification potential of the main anoxic
reactor, the % anoxic P uptake decreased and the % acrobic P uptake increased provided the
aerobic mass fraction was sufficiently large w0 un‘:lclc he P uptake process. Conversely, when
the nitrate load on the main anoxic reactor was greater than the denitrification potential of the
main anoxic reactor, the % anoxic P uptake increased, and the %5 aerobic P uptake decreased.
In practise, it is unlikely that a steady state in terms of anoxic P uptake will be reached: the P
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uptake will shift from anoxic P uptake to aerobic P uptake and visa versa, as the nitrate load on
the main anoxic reactor decreases or increases respectively due to vanations in the influent
wastewater composition. However. from the investigation as the P uptake shifts from
predominantly anoxic P uptake 10 increased aerobic P uptake. the total P removal seems to
increase provided the aerobic mass fraction is sufficiently large. Thus, it would not be advisable
to implement aerobic mass fractions much smaller than 0.20; even though it is theoretically
possible to do so. it would be detrimental to the overall BEPR. Further, aerobic mass fractions
less than about 20%% seem to promote pin point floc formation, leading to deterioration in effluent
quality,

One consistent observation made in all three investigations was that the ENBNR activated sludge
svstems produced sludges that settle very well (from about 70 to 110 mi/g). Furthermore. it
scems that these systems are not affected to the same extent as “conventional” BNR activated
sludge systems are by high nitrate concentrations flowing from the main anoxic reactor, as stated
in the AA filament bt..kl.._ g hypothesis of Casey er al. (1994). The good settling characteristics
of the sludges produced in these svstems will further facilitate system intensification, by reducing
the required surface area of the secondary settling tanks. However, this benefit will be somewhat
offset by the requirement of internal settling tanks

It has further been demonstrated that the ENBNR activated sludge svstems perform full and
uncompromised BNR for short sludge ages down to about 5§ days (Chapter 4). Thus. if the
system is implemented in an existing conventional BNR activated sludge system. the sludge age
can be significantly reduced. The implication of such a reduction in sludge age is that the influent
flow can be doubled to an existing system without a negative impact on the BNR, provided the
svstem does not fail hydraulically due to the increased influent sewage flow. Sludge ages below
10 days have an added advantage in that N and P removals increase per mass of organic load
(Wentzel er al., 1990) as the sludge age 1s reduced

['he comparison of the performance of a laboratory scale ENBNR activated sludge system with
that of a parallel laboratory scale ‘conventional® BNR activated sludge system (UCT
configuration) by Vermande er al. (2000) and S8temann et a/. (2000) (Chapter 5) demonstrated
that the carbonaceous material removal performance of both systems was effectively equal. The
TN removal performance of the ENBNR activated sludge system was supeniorto thatof the UCT
svstem; the ENBNR activated sludge system produced effluents with halfthe TN concentrations
of the UCT system final effluent and was capable of producing effluents with TN concentrations

<10 mgN'[. which was not possible with the UCT system. Furthermore. the ENBNR activated
sludge system was able 1o perform total denitrification in the main anoxic reactor, while this was

it possible for the UCT system because of the limitation imposed by the a-recycle.

However. the UCT system did show higher BEPR than the ENBNR activated sludge system: it
removed on average 3 ::,'E'. influent more P than the ENBNR activated sludge sysiem,
equivalent to about 30% more P removal. This may be ascribed 10 the predominantly aerobic P
uptake BEPR occurring in the UCT system versus the anoxic’aerobic P uptake BEPR that
occurred in the ENBN\R activated siudge system. In ~1='r::7*:.-“'. with previous obsenvations on
conventional BNR activated sludge systems (Ekamaand Wentzel, 19972 .a:to\ic P uptake is less
efficient than aercbic P uptake. This would suggest that w0 increase svstem P removal, aerobic
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acrobic mass fraction.

The ENBNR activated sludge system produced a sludge with a DSVI of between 90 and 100
mi’g, while the DSVI of the UCT system fluctuated between 80 and 200 mi/g. This difference
in DSV became particularly apparent when high nitrate concentrations flowed from the anoxic
reactors to the aerobic reactors of the two systems: In response to high anoxic reactor nitrate
concentrations, the UCT svstem's DSV increased sharply, from about 100 mi/g to about 200
mi’g, while the ENBNR activated sludge system DSV increased from around 90 mi/g to just
over 100 m{’g. Hence, the UCT system is much more sensitive to AA filament bulking with
significant nitrate concentrations in the outflow of the anoxic reactor than the ENBNR activated
sludge system. This is because the aerobic mass fraction of the UCT system was 0.50 and within
the range of applicability of the AA filament bulking hypothesis of Casey er al. (1994), whereas
the ENBNR system’s aerobic mass fraction was 0.2 and outside this range.

[mitially it was thought that the savings in capital cost brought about by an increased capacity or
smaller biological reactors, reduced oxygen demand and better settling sludge would make the
ENBNR activated sludge system an economically attractive and viable alternative as a full-scale
plant. The economic evaluation of Little e al. (2000) (Chapter 6). however, indicates that this
may not necessarily be the case. The ENBNR activated sludge system altemative does provide
a substantial saving in construction costs of about 30% when compared to a *‘conventional’ BNR
activated sludge system. With regard 1o operational costs, while the ENBNR activated sludge
system does also offer significant savings due 1o the very low oxygen demand, these cost savings
are offset by the increased sludge production at the shorter sludge ages and the associated
increase in sludge treatment, transport and disposal costs (for the particular case study and sludge
disposal route). This causes that the ENBNR activated sludge system operating costs are about
the same as those for a conventional BNR activated sludge system. Since the operating costs of
a sewage treatment works, whether ENBNR activated sludge or ‘conventional’ BNR activated
sludge system, account for the bulk of the net present value (NPV), the total NPV (capital,
operation and maintenance) for the ENBNR activated sludge system option is only 5 o 10%
lower than that of a ‘conventional” BNR activated sludge svstem. This difference may not be
large enough for a definite choice of the ENBNR activated sludge system over the ‘conventional’
BN\R system. However, the choice of system may be sigrificantly influenced by the effluent
quality requirements. In South Africa, if the Department of Water Affairs and Forestry implement
the new effluent quality standards proposed under the National Water Act of 1998, the ENBNR
activated sludge will provide a feasible and economical plant upgrade option. particularly for
treatment plants with paralle] trickling filters and BNR activated sludge systems, or trickling filters
only. For the former, the ENBNR activated siudge system offers biological N and P removal for
the full wastewater flow without incrsase in existing process units. For the latter, the existing
trickling filters can be integrated into the ENBNR activated sludge system. Furthermore. the
ENBNR activated sludge system is capable of producing e¢fluents with a quality that are within
the new effluent quality siandards, especially with regards to nitrogen: conventional BNR
activated sludge syvstems may have difficulty meeting these standards. Thus, the proposed new
effluent quality standards rather than economics may well be the driving force that will see the
ENBNR activated sludge system implemented at full-scale.

From the research summarised in this report and discussed above. it is evident that the ENBNR
activated sludge svstem holds considerable merit for implerientation. The investigations on the
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EXECUTIVE SUMMARY

1. MOTIVATION

Biological nutrient removal (BNR) activated sludge (AS) systems have become the preferred
treatment system for advanced municipal wastewater treatment in South Africa. The widespread
implementation of BNRAS systems has drawn attention to0 some weaknesses of the system,
predominantly (i) long sludge ages required for nitrification, (ii) filamentous organism bulking
and (iii) the treatment disposal of liquors supernatants generated from sludge and solids handling.
This research project focusses on the first two weaknesses, namely nitrification and bulking.

The requirement to nitrify governs the sludge age and aerated mass fraction of BNRAS systems.
To achieve both nitrogen (N) and phosphorus (P) removal, a high unaerated sludge mass fraction
is usually required (>40%), resulting in a reduced (<60%) acrated mass fraction. To compensate
for the reduction in aerobic mass fraction. long sludge ages (around 20 to 25 days) must be
selected to guarantee nitrification at the lowest expected temperature. Such long sludge ages
result in large biological reactor volumes per M{ wastewater treated. If nitrification can be made
independent of the suspended solids sludge age, then the N and P removal processes rather than
nitrification will govern the system sludge age, and indications are that sludge ages can be
reduced to less than half, from about 20 to 25 days to about 8 to 10 days. Such a reduction in
sludge age will result in a reduction in the biological reactor volume requirement of
approximately 1/3rd or alternatively, for an existing plant, in an increase in treatment capacity
of some 50%, provided the secondary settling tank area requirements are accommodated.

To uncouple the suspended solids sludge age from the requirement to nitrify, the activated sludge
system can be modified in two ways, by including (i) intemal or (ii) external fixed media for
antached nitrifier growth. The nitrifiers grow on the fixed media establishing a permanently
resident population that is not subjected to either the unacrated-aerated reactor interchanges or
to the suspended solids sludge age, with the result that the latter can be reduced significantly
without losing nitrification. Since the effectiveness of internal fixed media has not been as good
as expected and the effect of internal media on the BNRAS process has not been investigated,
a BNRAS scheme in which nitrification is removed from the BNRAS system to an external fixed
media system is proposed. This proposed system will be termed the external nitrification
biological nutrient removal activated sludge (ENBNRAS) system

In the proposed system, nitrification takes place outside the suspended sludge BNRAS system
in & fixed media trickling filter or a similar type of system. This is achieved by including an
internal sentling tank (IST) following the anacrobic reactor. The mixed liquor from the anaerobic
reactor enters the IST and the solids and supernatant are separated. The solids in the IST
underflow are discharged 10 the following anoxic reactor. while the ammeonia rich supernatant
is discharged 1o the nitrifving fixed media system. The resultant nitrate rich flow is then
discharged 1o the anoxic reactor, to recombine with the IST underflow for denitrification. The
anoxic reactor discharges to the aerobic reactor, then to the secondany settling tank (SST). The
SST supernatant is the system effluent, and the underflow discharges via an underflow anoxic
reactor to the anaerobic reactor. In this manner, nitrification is achieved external 1o the activated
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2. PRINCIPLE AIM AND MAIN TASKS
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Task 2: ENBNRAS svstems at short sludge ages

Task 3: BNR at low temperatures.

Task 4: Comparison of the external nitrification BNR with a conventional BNR activated
sludge svstem

Task §: Implementation of ENBNRAS systems at full scale (economic evaluation).

Task 6: Model development for external nitrification systems.

3 TASK 1: EXPERIMENTAL EVALUATION OF THE ENBNRAS SYSTEM

In this 1ask the performance of the ENBNRAS system was evaluated at laboratory scale under
strictly controlled conditions. In particular, nutrient removal (N and P) and sludge settleability
were examined. A series of three separate laboratory scals expenimental investigations were
undertaken. collectively aimed at determining the performance of this proposed system. The
experimental investigations are reported in detail by Moodley er al (1999). SStemann er al
(2000) and Hu er al (2001).

RS Introduction

System |: The first experimental investigation was on the proposed ENBNRAS system with
a small aerobic mass fraction (19%) and is reported in detail by Huer al. (2001).
This investigation was a feasibility study on the proposed system, and afier it was

shown to operate successfully. the second investigation was initiated.

System 2: The second investigation examined the effect of varving aerobic (and

consequently anoxic) mass fractions and shorter sludge age on the ENBNRAS
svstem nutrient removal performance, and is reported in detail by Moodley er al.
(2000). The ENBNRAS system was the same as that used in the first
investigation, and this investigation covered two phases:
In Phase | the aerobic mass fraction was reduced from 19 to 15% and the sludge
age was reduced from an initial 10 days to 8 days. Then. in Phase II, the aerobic
mass fraction was increased to 30% at the expense of a reduced anoxic mass
fraction.

System 3: The third investigation was initiated to optimize N and P removal in the

ENBNRAS system, and is reported in detail by SStemann ef al (2000). This
investigation covered three phases:
In Phase | the aerobic and anoxic mass fractions were equal at 32.5%, and a
mixed liquor recyvele between the aerobic and anoxic reactors was included
because the nitrification efficiency of the external nitrification system was initially
poor. and the large aerobic mass fraction resulted in significant nitrification in the
aerobic reactor. In Phase I, efficient nitnfication in the external nitrification
svstem was restored and the aerobic and anoxic mass fractions were changed 0
20 and 45% respectively. In Phase [II the mixed liguor recycle between the
aerobic and the anoxic reactors was removed
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stimulate pin-point floc, which causes a deterioration in sludge retention and effluent
quality. Such aerobic mass fractions also stimulate acrobic P uptake BEPR. Inclusion and
maximization of aerobic P uptake BEPR appears desirable to maximize BEPR, because
aerobic P uptake BEPR is more efficient than anoxic P uptake BEPR. However,
conditions that promote aerobic P uptake BEPR are also conducive to nitrifier growth.
Although complete exclusion of nitrifiers from the activated sludge of the ENBNRAS
system may not prove possible, it is not necessary as long as virtually complete
nitrification occurs in the external nitrification system to limit nitrification in the aerobic
reactor of the main system. Accepting nitrification in the aerobic reactor of the BNRAS
svstem, this nitrification will be limited to the ammonia bypassing the extemal
nitrification system in the internal settler underflow. This nitrate is prevented from
entering the anacrobic reactor by denitrification in the underflow anoxic reactor.

. T'he requirements above for anacrobic and aerobic mass fractions of 25 and 20%
respectively provide 55% of the total mass fraction for the anoxic reactors. Allowing 10%
for the underflow anoxic reactor. 45% of the total mass fraction remains for the main
anoxic reactor.

. The proportion of the internal settling tank inflow that can pass to the external
nitrification system is approximately 85%., due to the constraint of sludge underflow to
the anoxic reactor.

. A permanent a-recycle from the aerobic to the anoxic reactor should not be included, as
this appears detrimental 1o BEPR and denitrification. However, provision of an a-recycle
for ‘emergency use’ in case nitrification in the external nitrification system deteriorates
may prove useful,

4. TASK 2: ENBNRAS SYSTEM PERFORMANCE AT SHORT SLUDGE
AGES

4.1 Introduction

In Task | extensive experimental data on ENBNRAS systems with sludge ages of 10 and 8 days
was collected. Towards the end of the practical laboratory investigation on System 3 (Phase III),
it was decided 1o increase the influent sewage flow from 20 (/d 10 30 ('d in order 10 observe the
svstems response 10 this 50% increase in load. However, shortly after the influent flow had been
increased to 30 {/d. the syvstems internal settling tanks began to fail hydraulically. Thus, instead
of allowing the system to fail completely as a result of this hydraulic failure, it was decided to
reduce the influent flow 10 235 { d. and instead of implementing a gradual increase in feed, a
gradual reduction in sludge age was implemented and the effect of the reduced sludge age on
svstem performance evaluated. The system was operated at a 8 day sludge age for 49 dayvs and
a 5 day sludge age for a further 13 days. Details of this investigation are given by SStemann ef
al (2000)

4.2  System performance

. The overall average COD removals of the 8 and § day sludge age configurations of the
ENBXRAS svstem were 93 and 90%¢ respectively, The COD removal performances of

the short sludge age syvstems were ven good and close 1o COD removal observed in the
svstems of Task 1.
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previous investigations at UCT on filamentous organism bulking (Pilson er al,, 1995). Therefore
this was not investigated experimentally in this research project.

6. TASK 4: COMPARISON OF THE ENBNRAS SYSTEM WITH A
CONVENTIONAL BNRAS SYSTEM

6.1 Introduction

[n implementing the ENBNRAS system, its performance with respect to nutrient removal should
not be significantly reduced compared 0 the conventional BNRAS system. With regard to N
removal via denitrification, the investigations in the previous tasks indicated that the ENBNRAS
svstem is superior in that near complete denitrification can ve achieved for influent wastewater
TKN/COD ratios that are considerably higher than those for which it can be achieved in
conventional BNRAS systems. However, with regard to P removal. the ENBNRAS system
stimulates anoxic P uptake in the svstem which would appear to be reduced compared to aerobic
P uptake. This indicates that the P removal performance of the ENBNRAS system may be
reduced compared to the conventional BNRAS system. In this task this aspect is examined in
more detail, 1o compare more precisely the N and P removal performance in the external
nitrification and conventional BNR systems. Also, the factors stimulating anoxic P uptake in the
conventional BNRAS system are investigated. This investigation is reported in detail by
Vermande er al (2000).

In this investigation, a laboratory scale BNRAS system (UCT configuration) with similar design
and operating parameters o the ENBNRAS system (System 3, Phases Il and I11) was run in
parallel with the System 3 ENBNRAS system. In order to compare the performance of the two
systems, they were fed the same influent sewage (prepared in the same container and split equally
between the two systems) for 254 days.

6.2  System performance

From the investigations:

. The COD removal achieved for the UCT and ENBNRAS systems were 93 and 94%
respectively. In terms of carbonaceous material removal, the two systems performed
identically.

. The overall average total oxygen demand (including nitrification) of the UCT system was
7625 mgO/d while that of the ENBNRAS syvstem was 1798 mgO/d. By nitrifving
externally, the ENBNRAS system required 76% less oxyvgen per dayv; this is a significant
reduction.

. The TKN removals for the UCT and ENBNRAS systems were 86 and 87%5 respectively
and the total N removals 78 and 88%c respectively. On average. the effluent total N of the
LCT system was 16.8 mgN (. of which 12.8 mgN/{'was NO, and 4.0 mgN ¢ was TKN.
Ofthe 4.0 mgN/{ TKN., 1.8 mgN\ { was FSA. For the ENBNRAS system the effluent total
N was on average 9.8 mgN (. of which 4.6 mgN { was NO, and 5.2 mgN [ was TKN. Of
the 5.2 mgN/{ TKN, 3.3 mgN.{ was FSA. The ENBNRAS system achieved an average
effluent total N concentration <10 mgN [ while the UCT system did not.

. In the UCT system, on average. 21.3 mgP/{ influent P was released in the anaerobic
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effluent quality standards. Accordingly. the system should be assessed with respect to the
economic cost and effluent quality standards. and these compared to those for an equivalent
conventional BNRAS system. In this task such a practical case study is demonstrated based on
a specific plant (Potsdam WWTP at Milnerton in Cape Town, South Africa) and the effluent
quality standards of South African law. Details of the economic evaluation are reported by Little
eral (2001).

The economic cost will be influenced to a large extent by site specific factors. For the purpose
of the evaluation. the Potsdam WWTP at Milnerton in Cape Town, South Africa was selected
since considerable data are available for this plant. The existing Potsdam WWTP comprises two
streams which are operated in parallel:

. The old rock media trickling filters with a capacity of 18 Mt/d. These trickling filters are
low loaded and achieve good COD removal and nitrification. However, no N and P
removal are obtained. A chemical P removal plant has been provided but currently (2001)
this is not operated.

. The newer conventional BNRAS system (Modified UCT process) with a capacity of 17
M¢e’d with full biological nutrient removal.

Therefore. the plant has a combined capacity of 35 MU/d. The trickling filter effluent can be
treated chemically with aluminium sulphate or ferric chlonde for P removal and with lime for
alkalinity and pH correction,

7.2 Economic evaluation

The engineering and economic evaluation by Little er a/. (2001) provides system schemes and
capital. operation and maintenance costs for 2 scenarios, (i) a 35 M{/d greenficlds scenario
(assuming that no plant exists at Milnerton) and (i) scenarios where the existing Potsdam plant
is modified to treat the entire existing flow for nutrient removal. and expanded to cope with an
increased flow of 49M(/d expected in the vear 2020. The costs for each scenario are given in net
present values (NPV) at 6% in the year 2000 in South African Rands and include capital and
operational costs for the indicated period

Scenario 1 (33 M{‘d greenfields plant)

Costimillion ZAR) Period
la)  Conventional BNRAS svstem (UCT process) 147.44 2000-2015
Iby  ENBNRAS system 138.25 2000-2015

Scenarnio 2 (Modify ing the existing plam

-2 35 M d conventional BNRAS system 93.58 2000-2013
2b) 33 MU d ENBNRAS svstem 76.50 2000-2013
oa) 46 N\ d conventional BNRAS sveiem 164 80 2000-2020
2b) <6 MId ENBNRAS syvstem 154.27 2000-2020
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mathematical models are very useful as research tools. By evaluating mode! predictions, it is
possible 10 test hypotheses on the behaviour of the wastewater treatment system in a consistent
and integrated fashion. This may direct antention to issues not obvious from the physical system
and lead to deeper understanding of the fundamental behaviour patterns controlling the system
response. Recognising the usefulness of mathematical models. it was decided to develop a kinetic
simulation mode! that includes the processes that can be expected to be operative in ENBNRAS
svstems. For the full detail of this development. the reader is referred to Hu er al. (2001).

The approach taken to develop the kinetic simulation model for the ENBNRAS svstem was to:
(1) evaluate and compare the available existing Kinetic models for BNR activated sludge systems;
(11) identify difficulties and deficiencies in the models when applied to BNR activated sludge
svstems in general, and to the proposed ENBNRAS system in particular; (iii) gather information
from the literature and experiments to overcome the difficulties and deficiencies to develop the
kinetic simulation model; (iv) gather data from the literature 10 calibrate and validate the resultant
kinetic model: and (v) apply the model to simulate the behaviour of the proposed system. State
of the art models identified for evaluation were: UCTPHO (Wentzel er @/, 1992), IAWQ
Activated Sludge Model (ASM) No2 (Henze er al.. 1995) and ASMNo2d (Henze er al , 1998).
BIOWIN model of Barker and Dold (1997) and the Delft group of models (Smolders er al.,1994
: Kuba ef al ,1997). In the initial assessment of these models and the ENBNRAS system, one
process immediately apparent to be critically important was anoxic P uptake and denitrification
by PAOs, and attention was focussed on this aspect.

8.2 Model development

The UCTPHO Kkinetic model was modified to extend application to conventional BNRAS
svstems where anoxic P uptake occurs and parucularly 1o the ENBNRAS system. For these
modifications information was drawn from experimental data in the literature and the other
available kinetic models (e.g. ASM2d and BIOWIN). The approach followed was to include a
single PAO population with reduced rates of substrate utilization ' growth under anoxic conditions
compared to aerobic conditions. Within this basic approach. the main modifications made to
UCTPHO were:

. Processes for anoxic growth of PAOs with associated anoxic P uptake and denitrification
were included. with separate vield coefficients for anoxic and acrobic PAO growth and
separate ratios for P uptake per unit PHB substrate utilized. The anoxic rates were
reduced compared 1o the equivalent asrobic rates, by multiplying the aerobic rates by a
reduction factor under anoxic conditions.

. Processes for anoxic death/maintenance of the PAOs were included, recognizing that
under anoxic conditions PAOs that can denitnify will behave differently from those that
cannot.

. Separate anoxic and aerobic vield coefficients were iitroduced for ordinan heterotrophic
organism growth

. The organic N and P fractions were linked to the corresponding COD fractions. and the

transformations between the different forms of organic N and P fractions were linked to
the corresponding COD wransformations (Henze er al . 1995)

In order 1o calibrate and validate this kinetic model. it was applied 10 a wide variety of
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9. CLOSURE AND RECOMMENDATIONS

The investigations on the three laboratory scale ENBNRAS systems provide a comprehensive
framework for the understanding of the ENBNRAS system operation and performance, and any
further laboratory investigations would not provide more knowledge and understanding. The
next step would be to begin full scale trials of an ENBNRAS system. To begin with, a full scale
trickling filter would have 1o be converted into a nitrifving trickling filter to ascertain its
performance as a nitrifving trickling filter at full scale. Once it has been proven that existing full
scale trickling filters can successfully be converted 10 nitrifving trickling filters and their capacity
determined, the trickling filters can be integrated into a BNR activated sludge system in an
ENBNRAS system configuration 10 obtain BNR on the full influent wastewater flow.

Initially it was thought that the savings in capital cost brought about by an increased capacity or
smaller biological reactors, reduced oxygen demand and better settling sludge would make the
ENBNRAS system an attractive and viable alternative as a full scale plant. However, Task 5
(economic evaluation) indicates that this may not be the case. While the ENBNRAS system
aliernative does provide a saving in construction costs of about 30° when compared to a
conventional BNR activated sludge system, the operating costs in the long run overshadow this
saving. The operating costs of a WWTP, whether ENBNRAS or conventional BNR activated
sludge system. account for the bulk of the NPV, While significant savings in operation costs are
made from the very low oxygen demand. the increased sludge production at the shorter sludge
ages and the associated increase in sludge treatment, transport and disposal costs reduce these
savings (However, it should be remembered that the sludge disposal costs for the case study
selected WWTP are high). While the total NPV (capital, operation and maintenance) for the
ENBNRAS system option is 5 to 10% lower than that of a conventional BNR activated sludge
system, this difference may not be large enough for a definite choice of the ENBNRAS system
over the conventional BNR system. However. the most significant advantage is that the
ENBNRAS system offers biological N and P removal for the full wastewater flow without an
increase in existing process units. In South Africa, if the Depariment of Water Affairs and
Forestry implement the proposed new effluent quality standards proposed under the National
Water Act of 1998, the ENBNRAS system will provide a feasible and economical plant upgrade
option. The ENBNRAS system is capable of producing effluents with a quality that are within
the new eftluent quality standards. especially with regards to nitrogen. Thus, the proposed new
effluent quality standards rather than economics may well be the driving force that will see the
ENBNRAS system implemented at full scale.

From the discussion above, the next step in development of the ENBNRAS system is
implementation and evaluation at full scale. In particular the behaviour of nitrifying trickling
filters needs 10 be assessed. and this is best done at full scale. This will form the basis for a new
research contract between UCT and the WRC and WSSA.
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CHAPTER 1

INTRODUCTION

1.1 MOTIVATION FOR THE RESEARCH

The biological nutrient removal (BNR) activated sludge (AS) system has become an established
technology in wastewater treatment practice. This development has been facilitated by an
improved understanding of the nitrification denitrification (ND) and biological excess
phosphorus removal (BEPR) processes. However, implementation of BNRAS svstems has
brought with it a new set of difficulties (Ekama and Wentzel, 1997). the main ones being the long
sludge age required for nitrification, filamentous organism bulking and the treatment/disposal
of liquors/supernatants generated from sludge and solids handling. The last named received
attention under a previous Water Research Commission contract (K5/692): this research project
focusses on the first two, namely nitrification and bulking.

In the BNRAS system, the requirement to nitrify governs selection of the two linked design
parameters, sludge age and acrated mass fraction. The need for nitrogen (N) and phosphorus (P)
removal sets a requirement for an unaerated sludge mass fraction (anaerobic for P removal and
anoxic for N removal). In N and P removal plants, the unaerated sludge mass fraction usually
needs 10 be high, i.e. > 40%, causing the aerated mass fraction to be reduced. i.e. < 60%. To
compensate, long sludge ages need to be selected 10 ensure nitrification. For example, with
maximum specific growth rates for the nitrifiers at 20°C (p.,) of around 0.45/d, to guarantee
nitrification at the minimum temperature of 14°C, the sludge age of the single sludge system
must be around 20 10 25 days if 50 to 60% of the sludge mass in the system is unaerated. Such
long sludge ages result in large biological reactors per M( wastewater (WW) treated. If
nitrification can be made independent of the suspended solids sludge age, then selection of the
sludge age no longer will be governed by the requirement to nitrify, but rather by the N removal
(denitrification) and P removal (BEPR) processes. For both these biological processes, a
reduction in sludge age increases respectively the N and P removal per mass organic load (WRC.
1984; Wentzel er al.. 1990), provided the sludge age remains longer than some lower limit to
prevent “wash-out” of P removal and denitrifying organisms. Indications are that. if nitrification
and the sludge age are uncoupled. then the sludge age can be reduced to less than half, from
about 20 10 23 days 10 about 8 to 10 days. This will result in a reduction in the biological reactor
volume requirement per M{ WW treated of about 1/3rd, or alternatively, in an increase in WW
reatment capacity of some 50% (provided secondary settling tank area requirements are
accommodated).

BNRAS systems have been found to promote the growth of a specific group of filamentous
microorganisms, previously called low F'M (Jenkins ef /.. 1984) but renamed anoxic/acrobic
(AA) (Caseyeral., 1994). These filamentous organisms cause sludges 10 settle poorly. resulting
in an increase in the required surface area of secondary settling tanks. If the settleability of
BNRAS sludges can be improved, then the flow through existing secondary setiling tanks can
be increased considerably, or alternatively for a proposed system, the secondary settling tank
surface area can be considerably reduced, both options providing considerable economic benefit.
Casey er al. (1994) have identified two main causes for AA filament proliferation in BNRAS
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The possibility of complete denitrification with the short sludge age holds promise to ameliorate
AA filament bulking (Casey ef al., 1994). As noted above, this will be particularly beneficial as
it will significantly increase the treatment capacity of an existing system, or reduce secondary
settling tank surface area for a proposed system.

The DEPHANOX system (Fig 1.1) is one in which nitrification takes place externally to the BNR
activated sludge syvstem (Bortone er al., 1996; Sorm er al., 1996). In this system the influent
wastewater is discharged 1o the anaerobic reactor to maximize BEPR. After the anaerobic reactor,
the sludge mass is separated from the liquid in an internal settling tank and discharged to the
anoxic reactor. The internal settling tank overflow, which has a high ammonia concentration, is
passed through a fixed medium reactor wherein nitrification takes place. The nitrified outflow
from the fixed medium reactor is discharged 1o the anoxic :eactor for denitrification. From the
anoxic reactor, the mixed liquor passes to the last reactor which is acrobic. After the aerobic
reactor, the activated sludge is separated from the treated wastewater in a final secondary settling
tank. The final settling tank overflow is the effluent from the system and the settled sludge is
returned to the anaerobic reactor.

STONE COLUMN WASTE
o SLUDGE
- \ FLOW
INTERNAL & FINAL
AN 0 iG | ;
ANAEROBIC  SETTLING | ANOXIC SETTLING
< TANK | o AFROBIC TANK
L »——_-— / N R —
. , — — A~
vV \ ' S v - 1
o’ EFFLUENT
\/ - '
— >
SLUDGE RETURN
Fig 1.1: The DEPHANOX biological nutrient removal system (afier Bortone ez al., 1996

Sorm ¢! af ~ 1996 ).

It appears that the DEPHANOX system was developed with the specific objective of stimulating
denitrification by BEPR organisms, generically called phosphate accumulating organisms (PAO).
Using PAOs for denitrification has the advantage that the influent wastewater substrate
sequestered by the PAO in the anaerobic reactor (and therefore implicated in BEPR) also is used
for denitnification (and therefore N removal), Some laboratory and pilot scale experimental work
has been done on the DEPHANOX system by Bortone ef @/. (1996) and Sorm er al. (1996). They
found considerable P uptake in the anoxic reactor, indicating that denitrifving PAOs (DPAOs)
did participate in the denitrification process. Also. improved sludge settleability (SVIs - 30mi/g)
have been consistently observed in a laboratons scale DEPHANOX system by Sorm eral. (1996).

Thus, it would appear that the DEPHANOX syvstem holds considerable promise, producing
nutrient (N and P) removal and a sludge that settles well. However, system intensification does
not appear to have been a consideration in the development of and investigations into this system.
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Proposed integration of trickling filters with biological nutrient removal activated
sludge svstems: Nitrification is achieved externally on nitrifying trickling filter




1.4 OBJECTIVES AND AINMS OF RESEARCH




LA

L5 SPECIFIC TASKS

To address the aims above, 2 number of specific 1asks have been identified for completion.

The behaviour and performance of the external nitrification BNR activated sludge system need
10 be assessed. In this task the performance of the system i¢ evaluated at laboratory-scale under
strictly controlled conditions. In particular, nutrient removal (both N and P) and sludge
settleability are examined. The experimental investigation is summarized in Chapter 3, and
reported in detail by Moodley er al. (1999). S6temann er al. (2000) and Hu er al. (2001). In this
investigation a number of sub-tasks were identified for completion.

By removing nitrification from the acrobic reactor of the BNR activated sludge system, the mass
fraction of this reactor can be considerably reduced, perhaps even to the extreme of eliminating
this reactor altogether except for a small reaeration tank before final settling. In this task the
external nitrification BNR system is operated with a small aerobic mass fraction and nutrient
removal and sludge settleability monitored, to assess system behaviour and performance.

Task 1.2: ¢ P uptake in exte itrification BN stems

[n evaluating the performance of the external nitrification BNR system with small aerobic mass
fractions (Task 1.1), it appeared that anoxic P uptake caused BEPR to be reduced compared to
aerobic P uptake. Also. denitrification in the anoxic reactor was complete, with an “excess”
denitrification potential for the influent wastewater TKN: from a denitrification point of view the
anoxic reactor was in effect over designed. Furthermore, in attempting to develop anoxic P
uptake enhanced cultures (Tasks 1.4 and 6). it was not found possible to develop a stable culture
and the anoxic P uptake process by itself was considered unreliable and unstable. This lead to
are-evaluation of the system configuration. with a realization that over emphasis had been placed
on anoxic P uptake. If significant aerobic P uptake could be stimulated in the system. BEPR
would be improved. In this task, acrobic P uptake in the external nitrification system is
investigated.

I'al. ] 3

acrobic and anoxic mass fractions

From the investigation into aerobic P uptake in the external nitrification BNR activated sludge
system, it was evident that the acrobic P uptake stabilized P removal. However, initially the
investigation was hindered by the difficulties experienced with nitrification in the fixed media
stone column. particularly due to infestation of the trickling filter fly Psychoda. To resolve this
difficulty, the stone column was replaced with a suspended media activated sludge system for
nitrification. This proved successful and enabled consistent nitrification to be achieved. with the
result that nutrient removal performance could be investigated more consistently and
comprehensively, Following the successful resolution of the external nitrification. a more
extensive investigation has been conducted 10 examine the effect of variable aerobic and anoxic
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detail, to compare more precisely the N and P removal performance in the external nitrification
and conventional BNR activated sludge systems. Also, the factors stimulating anoxic P uptake
in the conventional BNR activated sludge system are investigated.

This 1ask is summarised in Chapter 5, and reported in detail by Vermande er al. (2000).
Task 3; i itrification BNR sv ll-scale

Successful implementation of the external nitrification BNR activated sludge system will depend
largely on its cost compared to conventional BNR activated sludge systems and its ability to meet
proposed new effluent quality standards. In this task an economic evaluation of implementing
the exiernal nitrification BNR svstem is undertaken, and the costs compared to those for an
equivalent conventional BNR system. The Milnerton (Potsdam) Wastewater Treatment Plant is
selected for an economic evaluation of the external nitrification system. Also, the expected
effluent quality of conventional and external nitrification BNR systems are evaluated against the
proposed new effluent quality standards.

This task is summarised in Chapter 6, and reported in detail by Litle e al. (200]1) and Hu er al.
(2001).

For the design and operation of, and research into conventional biological wastewater treatment
systems, mathematical models have proved 1o be invaluable as a process evaluation 100l (e.g.
Dold ez al., 1980, 1991; Henze ef al., 1987). From model predictions, design and operational
criteria can be identified for optimization of system performance. Also, mathematical models are
very uscful as rescarch tools. By evaluating model predictions, it is possible to test hypotheses
on the behaviour of the wastewater treatment system (e.g. biological processes, their response
10 system constraints, etc.) in a consistent and integrated fashion. This may direct attention to
issues not obvious from the physical system and lead to deeper understanding of the fundamental
behavioural patterns controlling the system response. In essence, mathematical models can
provide a defined framework which can direct thinking (design, operation or research).

Recognising the usefulness of mathematical models, it was decided to develop a model that will
include the processes that can be expected to be operative in external nitrification BNR activated
sludge systems.

As noted above (Task 1.4), it was hoped to collect information on anoxic P uptake processes for
the model by developing enhanced cultures of anoxic P uptake PAQs, However, the enhanced
cultures did not prove successful and had to be abandoned (for details, see Hu er al.. 2001).
Accordingly, information on anoxic P uptake processes has been collected from the literature and
from previous investigations in the UCT laboratory on BNR. Existing models for B\NR are
evaluated and the most well established model sclected and modified to incorporate anoxic P
uptake and other processes of importance. This model is calibraed and validated against the
literature data. and then applied to the external nitrification BNR syvstems described in Task 1
above.







CHAPTER 2

LITERATURE REVIEW

2.1  INTRODUCTION

In Chapter 1. an external nitrification BNRAS system (ENBNRAS) has been proposed. To
provide guidelines for the research into the proposed system., a brief literature survey will be
presented in this chapter, to review aspects relevant to the proposed ENBNRAS system. The
review is focussed on two areas:

. The first concerns the biological processes. i.e. nitrification, denitrification, and BEPR
as well as AA filamentous bulking.

The second is on modelling BNRAS systems.

2.2 NITRIFICATION

Nitrification is the biological process whereby ammonia is oxidised to nitrate in the presence of
oxygen, and is mediated by the organism group conventionally termed nitrifiers, ormore recently
autotrophic organisms (AO). Nitrifiers can grow in either suspended media, i.e. suspended
activated sludge system, or fixed media such as trickling filters. In this section, nitrification
behaviour in the different media svstems will be evaluated and compared, based on information
in the literature.

Nitrification is the biological process whereby free and saline ammonia is oxidized to nitrate by
nitrifving organisms. These organisms are chemical autotrophs and have characteristics that
differ significantly from the heterotrophs. In particular, they are slow growing and have a
maximum specific growth rate only about 1/10th of that of heterotrophs. They utilize ammonia
10 obtain energy for cell synthesis. and dissolved inorganic carbon for their carbon requirements.
I'he ammonia required for cell synthesis is negligible (<2%) compared to the ammonia converted
to nitrate for obtaining energy. This allows the nitrifiers to be considered simply as a catalyst in
the stoichiometric reactions for nitrification.

A number of factors influence nitrification, viz. influent source, temperature, pH and alkalinity,
unaerated zones, dissolved oxyvgen (DO) concentration and cyclic flow and load conditions. All
these factors. except for the last two. affect the maximum specific growth rate (u_ ), which in
turn affects the minimum sludge age for nitrification and the residual effluemt ammonia
concentration. The u_ value for different sewages varies considerably. between 0.2 'dand 1.0d,
and is so unpredictable that it should be considerced a sewage characteristic rather than a kinetic
constant. The u_, (and half saturation coefficients) is quite sensitive 10 temperature, halving for
every 6°C iemperature decrease. The u__ is extremely sensitive to pH. halving for every pH unit
decrease below 7. Nitrification itself releases hydrogen ions and consumes 7.14 mg'{ alkalinity




+ ] : | |
\

.

. .

| |
'  § - ¢ v
» N { T ; ‘
| .




In trickling filters, nitrifiers grow in a slime layer, or film, attached to a fixed media such as
rocks, horizontal wood slats, random plastic rings, polyethylene strips and corrugated plastic
sheets. Corrugated plastic sheets are very popular media in modem trickling filters, which can
be divided into two types: vertical and cross-flow. The cross-flow trickling filters have a higher
oxygen transfer efficiency as well as a higher contact time berween the biofilm and the bulk
liquid and therefore are favourable for nitrification (Parker and Merrill, 1984).

According to their usage, trickling filters can be classified into two groups:

. Single-stage trickling filters;
. Two-stage trickling filters.

In the single-stage trickling filters, both carbon oxidation and nitrification are accomplished in
a single unit, often termed the combined carbon-oxidation-nitrification trickling filter. In the two-
stage trickling filters, the effluent from the first stage (for carbon oxidation) is irrigated over the
second stage trickling filters, in which mainly nitrification takes place, often termed tertiary
trickling filters or nitrifying trickling filters (NTFs).

For the most part. the trickling filters for nitrification are used as a separate-stage tertiary
treatment system. According to Boller and Gujer (1986), since a tertiary nitrification system
produces only 2-3 mgTSS/t of total suspended solids, no additional clarifier is required and
generally this system vields a higher quality effluent than single-stage svstems.

2.2.3.1 Single-stage trickling filters

According to Parker and Richards (1986), in the single-stage trickling filter system, nitrification
begins only when the bulk solution soluble BOD, concentration is 20 mg/f or less. Therefore, in
single-stage systems, nitrifiers can only become established in the lower portion of the trickling
filters where BOD concentrations have been reduced to low values. The degree of nitnification
achieved in the trickling filters depends on a number of factors, including the BOD loading rate,
temperature, dissolved oxygen concentration, ammonia concentration, and the pH and alkalinity
of the bulk liquid

At high BOD concentrations, factors which affect nitnfication in tnckling filters include
r.)\...:.:lu loading. hydraulic patiern and retention time on the filter media, the dissolved oxygen
concentration in the liquid. pH. temperature, influent Towal Kjeldah! Nitrogen (TKN)
concentration, and influemt BOD co neentral ion (USEPA. 1993). From Gullicks and Cleasby
(1986), empirical design curves for mitrification in trickling :'z!’.cr: should incorporate the
parameters for hydraulic loading. influent ammonia concentration, the effects of recycling and
wastewater temperature.

'

High BOD loading rates tend 1o suppress nitrification, since autotrophic nitrifving bacteria are

out-competed by fast-growing heterotrophs. The presence of organic matter inhibits the growth
of nitrifiers due to the increased competition for dissolved oxyvgen by heterotrophs (Halling-
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organisms recognized for modelling purposes are the ordinary heterotrophic organisms (OHOs),
and the denitnification, therefore, is ascribed to them only. The system nitrate removal achieved
is the sum of the denitrification obtained from the utilization of influent RBCOD and SBCOD
by OHOs

However, in systems that include additionally BEPR, i.e. nirification denitrification BEPR
(NDBEPR) systems, the inclusion of polyphosphate accumulating organisms (PAOSs)
complicates the denitrification behaviour, in particular, where the PAOs are involved in
denitrification. In this section, denitrification by OHOs and PAOs will be reviewed.

23.1 Denitrification by OHOs

2.3.1.1 Denitrification in ND activated sludge systems

Stern and Marais (1974) observed in ND systems under constant flow and load conditions, that
denitrification in a plugflow primary anoxic reactor took place in two linear phases: a rapid first
phase which persisted for a short period then terminated, and a second slow phase which
continued for the rest of the retention time in the reactor; in 2 plugflow secondary anoxic reactor
only one linear denitrification phase was operative at a slow rate. about two thirds of the slow
second rate in the primary anoxic reactor. Ekama e al. (1979) hypothesized that the two linear
phases in the primary anoxic reactor arose from the utilization of the two biedegradable COD
fractions in the influent. namely RBCOD and SBCOD:

- The first rate denitrification which is connected to the RBCOD, and
- The second to the SBCOD.

With regard to the slow single denitrification rate observed in the secondary anoxic reactor, they
proposed that this is due 1o SBCOD from endogenous mass loss.

To incorporate denitrification in the synthesis-death-generation aerobic model of Dold er al
(1980) to develop a general kinetic mode] for the ND activated sludge systems, Van Haandel ef
al (1981) showed that the denitrification kinetic behaviour could be modelled in terms of
RBCOD and SBCOD, and that the same formulations proposed by Dold er al. (1980) for
RBCOD and SBCOD utilization under aerobic conditions can be used 10 model their utilization
under anoxic conditions, except that the rate of SBCOD hydrolysis‘utilization under anoxic
conditions needed 10 be reduced to about 1/3rd of that under acrobic conditions. This reduction
was incorporated in the model as a constant 1, = anoxic rate/aerobic rate = 0.33, representing
either the population of OHOs that are facultative or a reduction in the aerobic rate for anoxic
conditions. Using the general nitrification denitrification kinetic model, simulations of the
denitrification response satisfactorily predicted two near li=ear phase denitrification behaviour
in the primary anoxic reactor, and a single near linear phase in the secondary anoxic reactor, as
observed by Stern and Marais (1974).

Accepting linear denitrification phases. Van Haandel er o/ (1982) and Ekama er o/ (1983)
developed two simplified steady state mathematical models for ND activated sludge systems. The
steady state models provided guidelines for designing ND activated sludge systems. sizing anoxic
reactors. and estimating the denitrification potential (see WRC, 1984).




2.3.1.2 Denitrification in the NDBEPR activated sludege syvstems
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(1) The increased dennrification rates were not due to:

(a) denitrification by PAOs, because in their systems the PHB and P measurements
indicated that PAOs did not denitnfy;

(b)  the modification of the sewage organics in the anaerobic zone because sewage
organics that had not passed through an anaerobic zone induced the same
denitrification response as sewage organics that had passed through the anacrobic
zone

(2)  The increased denitrification rates are due to a stimulation in the activated sludge mass
of an increased rate of hydrolysis of SBCOD in the anoxic reactor of NDBEPR systems,
apparently induced by the presence of the anacrobic reactor in these systems.

The modified denitrification Kinetics has been incorporated in the general NDBEPR mixed
culture Kinetic simulation model by Wentzel er al (1992). Wentzel er al (1992) investigated the
1. value (representing the population of OHOs that can denitrify or the reduction in the aerobic
SBCOD hydrolysis synthesis rate for anoxic conditions) over a wide range of configurations and
conditions for NDBEPR systems by using the gencral NDBEPR Kinetic simulation model. The
simulations for a particular system were repeated using a series of n, values until the
experimentally measured mitrate concentrations were closely predicted. From the set of i, values
obtained for the different NDBEPR systems. the “best”™ n,; value was estimated. From the
simulations completed (70 of which 57 could be used to evaluate ) a mean n,, value of (.6 was
obtained. This value was significantly increased compared to the n,, value 0f 0.33 in ND systems.

With the propesed ENBNR activated sludge system, the anoxic mass {raction is substantially
increased compared to conventional BNR activated sludge svstems. It is not known what the
effect of this on OHO denitrification will be. Accordingly, this aspect is investigated in this
rescarch project.

Since 1990, significant anoxic P uptake has been increasingly reported in lab-scale BNRAS
systems (Kerm-Jespersen and Henze. 1993, Kuba er al , 1993; Bortone er al., 1996, Sorm eral ,
1996), and full-scale BNRAS svstems (Kuba er al, 1997). Ekama and Wentzel (1999b)
demonstrated that two tvpes of BEPR behaviour have been observed in conventional single
sludge NDBEPR svstems:

1

(1) P uptake predominantly in the acrobic reactor (aerobic P uptake);

-

(2) P uptake in both acrobic and anoxic reactors (anoxic/aerobic P uptake)

With predominantly aerobic P uptake, there is a minimal PAO activity in the anoxic reactor, i.e.
PAOs are not involved in the denitrification process and therefore the denitrification is mediated
by OHOs only, as observed by Clavion ef al. (1990) above in mixed culture NDBEPR syvstems,
and Wentzel e @l (19892 and b) in enhanced culture BEPR systems. With anoxic acrobic P
uptake. this implies that PAOs are also involved in the denitrification process. and therefore the
denitrification is mediated by both OHOs and PAOs.
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advantageous and outweighs the associated reduction in BEPR. This aspect will be addressed in
this research project (see Chapters 3. 4, 5 and 7).

24  BIOLOGICAL EXCESS P REMOVAL (BEPR)

Biological excess P removal (BEPR) is mediated by a group of heterotrophic organisms called
polyphosphate accumulating organisms (PAOs) that exhibit the propensity to store P internally
as polyphosphate. Polyphosphate serves as an energy source enabling the organisms to store
substrates and simultaneously release phosphate into the bulk solution during anaerobic
conditions with influent substrate present. When sufficient PAOs are accumulated in the sludge
of an activated sludge system, most or all phosphate is taken up during anoxic and/or aerobic
conditions and a low effluent phosphate concentration is achieved. The stored phosphate is
removed via sludge wasted from the system or stripped from the biomass and precipitated with
chemicals. The question to achieve a good BEPR can be simply formulated as:

. How to create conditions in the system that specifically favour PAO growth.

Proposed explanations of the biochemical behavioural patterns associated with P release and P
uptake that lead to BEPR have been presented in a number of mechanistic biochemical models
such as those of Comeau er al (1986), Wentzel er al. (1980, 1992) and Mino ef @l (1987). At
the time that these biochemical models were developed, the observed BEPR was principally
associated with aerobic P uptake BEPR: despite this, the biochemical model of Wentzel e al.
(1986) recognizes and describes PAO denitrification with anoxic P uptake BEPR.

2.4.1 Acrobic P uptake BEPR

The acrobic P uptake process is reasonably well understood. Both steady state design (e.g.
Wentzel ef al., 1990) and dynamic simulation models (e.g. Wentzel er al., 1992; Henze er al.,
1995) incorporating the process have been developed. To obtain quantitative Kinetic information
for the mathematical BEPR models. enhanced PAO cultures were developed by Wentzel er al
(1989) in continuous-flow activaled sludge systems (modified Bardenpho and UCT
configurations), with acetate as the only organic substrate. Based on observations on these
svstems and batch tests on mixed liquor harvested from them, Wentzel er @l (198%a, b)
developed a kinetic simulation mode! for enhanced PAO culture BEPR systems. With a single
set of Kinetic and stoichiometric constants, this model provided a very good description of the
observed responses in the enhanced culture constant flow and load continuous systems and the
batch tests on sludges drawn from these systems (Wentzel er ¢/, 1989b). The enhanced PAO
cultures exhibited minimal anoxic P uptake and denitrification behaviour. and hence the kinetics
only describe the anaerobic P release and aerobic P uptake BEPR processes: anoxic P uptake and
PAO denitrification were therefore not included in this Kinetic simulation model.

Wentzel er al. (1990) simplified and extended the enhanced culture kinetic model to develop a
steady state design model for mixed culture BEPR systems receiving municipal wastewaters as
influent. Again, this model was based on aerobic P uptake only. Wentzel er al. (1992) integrated
the enhanced culture kinetic model with the kinetic model for nitrification and denitrification
systems, to develop a kinetic simulation model for BNR activated siudge sysiems (called
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2.5 ANOXIC-AEROBIC (AA) FILAMENT BULKING

It has been found that in BNRAS systems growth of a specific group of filamentous
microorganisms is usually promoted. termed low F/M filaments by Jenkins ef al. (1984) and
renamed anoxic-aerobic (AA) filaments by Casey er al. (1994). These filamentous organisms,
such as M. parvicella, type 0092, type 0041 type 1841 and type 0675, lead 10 sludge bulking in
BNRAS systems not only in South Africa (Blackbeard er al., 1988), but all over the world
(Seviour ef al | 1994; Rossetti er a/, 1994 and many others).

Historically. the control of AA (low F'M) filaments has been to increase the F'M ratio by
incorporating selector reactors (Chudoba er al.. 1973). However, in evaluating the efficacy of
anoxic and acrobic selectors, Gabb er af (1991) and Ekama e al. (1996) concluded that the
selection of AA filaments is not controlled by the selector effect, i.¢. by kinetic aerobic or anoxic
selectors in intermittently aerated ND systems or by metabolic selection with anacrobic reactors
in NDBEPR systems.

From the investigations into the DEPHANOX svstem, it has been found that the system
consistently produced a very good settling activated sludge by suppressing the sludge bulking
caused by AA filaments, in particular M. parvicella (Bortone et al., 1996: Sorm et al., 1996). No
explanation for this observation was given. However, a possible explanation may be formed from
the AA filamentous bulking hypothesis of Casey er al. (1994).

2.5.1 The AA filamentous bulking hvpothesis of Casev er al. (1994)

Casev et al (1994) established that:

. Low F'M filaments proliferate under low F'M (>10 day sludge age) intermittent aeration
conditions [as low F'M conditions per se did not appear to influence the sludge bulking,
the filaments were renamed anoxic-aerobic (AA) filaments], but not under fully aerobic
or fully anoxic conditions.

With intermittently acrated nitrification’denmitrification (IAND) systems, Casev et al. (1994)
observed that

. Maximum filamentous organism proliferation occurred with an aerobic mass fraction
between 30 and 33%.

. The DSV appeared to be linked 10 incomplete denitrification, i.e. the nitrate and nitrite
(NO, ) concentration at the end of the anoxic period when the conditions switched from

ANONIC 10 aerobic.

A relationship between the DSVI and aerobic mass fraction for IAND systems fed artificial
wastewater was found and is shown in Fig 2.1
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Based on this model and their own experimental work. Casey er al. (1994, 1999¢) proposed the
following hypothesis for AA filamentous bulking:

. In BNRAS systems, heterotrophic organisms can be classified by their morphology as:
. Floc formers or
. Filamentous organisms.

. Floc formers are hypothesized to reduce nitrate or nitrite o nitrogen gas under anoxic

conditions, while filamentous organisms are hypothesized to be nitrate reducers, reducing
nitrate to nitrite only. If nitrate or nitrite are present throughout the anoxic period, the floc
formers reduce the nitrate to nitrite to nitrogen gas through each of the denitrification
intermediates, resulting in the presence at some level of intra-cellular NO. When these
floc formers are exposed 10 subsequent acrobic conditions, the intra-cellular NO inhibits
the utilization of oxygen, so that the floc formers continue to respire with nitrate or nitrite
(1.e. aerobic denitrification), but at much reduced rates to that under anoxic conditions.
In contrast, the filamentous organisms would not have any intra-cellular NO, because
they perform only the first step of the denitrification pathway, and are therefore not
inhibited in utilizing oxygen as an electron acceptor in the subsequent aerobic zone. This
places the filamentous organisms at a competitive advantage in the subsequent acrobic
zone, because they are able 10 utilize a greater portion of the available substrate under
acrobic conditions than they would if the floc formers were not inhibited by intra-cellular
NO. The filamentous organisms are thereby able 10 increase their relative mass in the
mixed liquor, resulting in a bulking sludge. When nitrate is not present for some time
before termination of the anoxic period. viz. complete denitrification occurs, the
denitrification intermediates including NO are denitrified in the floc formers’ |
cvtochromes before aerobic conditions commenc:. Hence, the floc formers are not

inhibited in using oxygen under subsequent aerobic conditions. Thus, when
denitrification is complete (< 0.5 mg NO/( in the anoxic reactor outflow), the floc formers

are not at a disadvantage in the utilization of substrate with oxygen in the subsequent

aerobic zone

. The concentration of NO,_ flowing from the anoxic reactor is therefore an indication as
to whether the filamentous organisms are at an advantage in the aerobic zone, or not.

. High NO, concentrations flowing from the anoxic reactor are conditions
conductive to AA filament proliferation and bulking, while

. Near zero NO, concentrations in the anoxic reactor outflow are indicative of an
uninhibited floc forming organism population and better settling sludge.

These mechanisms are considered 10 be operative to the extent of causing poor sludge
settleability a1 long sludge age (> 8 to 10 days) and aerobic mass fractions between ~1 3% and

60%.
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Fig 2.2: DSVI and aerobic mass fraction of seven full-scale BNRAS plants
superimposed on the DSV1‘aerobic mass fraction relationship developed

for artificial wastewaters by Casey et al. (1994).

2.6 MODELLING BNR ACTIVATED SLUDGE SYSTEMS

For the design and operation ¢f, and research into biclogical activated sludg em
mathematical simulauon models h

b 4 14 » y | ) M 1 '.» . » '
Dolderal . 1980, 1991: Henze eral. 1€

Sy g £ 1he Avnamics heakass
cesCrnpuons Qi Ui dixnamic doead
- a byt > As s onts »
QUANLILALINE CCSCTIDIM c 4
made From the prediction .- nAd aneratianal criteria n he identitied for optimization of
aaduil TOIM W€ PredicUOnNSs, Aesian ang Ooperasiond 1iiciia cadi GChldl ce I O] | i
3 | ! - 1 1 v
et Ty e ~m le v at o ar o 4 - LA cof racanrch ranle 1 "
svstem performance. Also, mathematical models are very uselul as research tools. By evaluatung

model predictions, it is possible to test hypotheses on the behaviour of the wastewater treatment

—— s il 2o . > ) S t o TS M ' 2 neteT N na
svstem (¢.8. biological processes, their response 10 system constraints. €1c.) in a consistent and
) s 3 )

. i fashion. This m 1 nant artaNt: 'en ve Bt hvt [ nhueing] ev aeoy »
1tegrated 1asnion. 1 01s may girect atiention Lo 1Ssues notl 0DVIOUS rom L pavsical svstem and

1as T N A N BT H, mental Relvavion e s santros limor the el
lead to deeper understanding of the fundamental behavioural pattems controlling the systen

<




Sl CLOSURE




CHAPTER 3

EXPERIMENTAL INVESTIGATION INTO
EXTERNAL NITRIFICATION BIOLOGICAL
NUTRIENT REMOVAL (ENBNR) ACTIVATED
SLUDGE SYSTEMS

3.1 INTRODUCTION

A series of three separate laboratory-scale experimental investigations on the external
nitrification biological nutrient removal (ENBNR) activated sludge svstem were undertaken,
aimed at determining the performance of this proposed system. This Chapter summarises the
results from these investigations. For the details, the reader is referred to Moodley er al. (1999),
Sotemann ¢ al. (2000) and Hu e af. (2001).

3.2 EXPERIMENTAL INVESTIGATIONS

The first experimental investigation was on the proposed ENBNR activated sludge system with
a small aerobic mass fraction (19%s) and is reported in detail by Hu er a/. (2001): for convenience
in comparison and discussion, this system is referred to as System 1. This investigation acrually
was a feasibility study on the proposed ENBNR activated sludge system. After the proposed
ENBNR activated sludge system was shown to operate successfully, the second investigation was
initiated to examine the effect of varving aerobic mass fractions (and consequently anoxic mass
fractions) and shorter sludge age on the ENBNR activated sludge system N and P removal
performance. and is reported in detail by Moodley er al. (2000). This investigation covered two
phases. and the ENBNR activated sludge svstem was the same as that used in the first
investigation. except that in Phase | the aerobic mass fraction was reduced from 19 10 15% and
the sludge age was reduced from the initial 10 days (sewage batches 1 10 3) to 8 days (sewage
batches 4 1o 16); this svstem will be referred to System 2a. Then, in Phase Il, the acrobic mass
fraction was increased to 30% art the expense of a reduced anoxic mass fraction (30%): this
svstem will be referred to Svstem 2b, which included sewage batches 17 to 33 of the second
experimental investigation. The third investigation was initiated 10 optimize N and P removal in
the ENBNR activated sludge system, and is reported in detail by S6temann er @/, (2000). This
third investigation also comprised two phases and covered three svstems; these will be referred
to as System 3a which included sewage batches | to 13, System 3b which included sewage
batches 14 to 20 and System 3¢ which included sewage baiches 21 to 30. System 3a had aerobic
and anoxic mass fractions of 32.5% ¢ach and :mludcd a mixed liquor (a) recyvcle of 2:1 between
them. This was necessary because the nitrification efficiency of the external nitrification system
initially was poor and the [ZL__‘ acrobic mass fraction resulted in sij gni ificant nitrification in the
aerobic reactor. The a-recycle was included to (i) increase the nitra u.. on the anoxic reactor
and (ii) reduce the nitrate recycle 10 the anaerobic reactor. [n System 3b. efficient nitrification in
the external nitrification system was restored. and the anoxic and aerobic mass fractions were
changed 10 43% and 20% respectively. In System 3¢ the a-recycle removed. The system setup
and design and operating parameters for the different investigations are summarized in Table 3.1
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| Operating conditions

S — :
A 3 | -
{oH (Anaerobic) | 7.2.82
| |
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| F | - -
f. 1 -
D0 (mg | 50.¢

' . | " | 3 " | - -
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b E—
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g o —-— &
%
{ TKN COD | 0. 06
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33  EVALUATION OF THE ENBNR ACTIVATED SLUDGE SYSTEMS

3.3.1 Carbopaceous material removal
3.3.1.1 COD mass balance

The COD mass balances for each system are shown in Table 3.2. It can be seen that COD mass
balances were less than 90%, varyving between 76% and 88%. These low COD mass balances
were not likely to be due 1o the system operating and sampling procedures, because similar low
COD mass balance results have also been observed in other conventional BNR activated sludge
experimental systems operated in the same laboratory, see Table 3.3. This would indicate that
in BNR activated sludge systems (including external nitrification or not), COD is lost to some
sink that is not taken into account in the COD mass balance equation. Therefore, the COD mass
balances are not suitabie for confirming the system operating and sample analytical procedures
and the accuracy of the experimental data. Nitrogen mass balance results are more suitable for
these purposes (see below).

Table3.2: COD mass balance components for each system during the three experimental

investigations.
COD mass balance components (*5)
System Overall | Unaccou | Number
Oxygen | Nitrate CODused | CODin | CODin | Balance | nted for | of days
denitrified in EN wastage | Effluem (%) (%) (d)
System | 19 16 15 30 8§ 88 12 250
Svstem 2a 8.5 13.5 138 355 108 82.1 179 154
Svstem b 174 12.7 10 i3 85 866 154 219
System 3a 18.3 13.5 21.6 =3 7 832 168 186
System 3b 116 114 211 26.2 57 76 24 98
Svstem 3¢ 109 12.8 16.7 311 5.8 7.3 22.7 137

The contributions of each COD mass balance components to the overall COD mass balance are
also shown in Table 3.2 and summarised in Fig 3.1. From Table 3.2 and Fig 3.1 it can be seen
that:

8.5% 10 19% influent COD mass was removed via oxygen utilized;
11.4% 10 16% via nitrate denitrified:

10% 10 21.6% used in external nitrification systems:

2=.8% 10 38% via sludge wasted and

3.7% 10 10.8% via the effluent flow, leaving

10

12% to 24% influent COD mass unaccounted for
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Systems 3a and 3b, because no nitrate was dosed into the anoxic reactor, the COD removal via
nitrate denitrified was always less than that via oxygen. regardless of whether the aerobic mass
fraction was large (System 3a. 30%) or small (System 3b, 20%).

The low oxygen demand in all systems was reflected in the low OUR in the aerobic reactor; for
example, in System 1 the OUR was only about 29 mg/(f.h) in the 19% aerobic mass fraction of
the system. The OUR in an equivalent conventional internal nitrification BNR activated sludge
system with 90% COD mass balance, 10 day’s sludge age, complete nitrification, 90% nitrate
denitrification leading to 50% recovery in nitrification, tie OUR would be about 2.5 times
higher, i.e. 75 mg/(ih). Clearly not nitrifving in the ENBNR activated sludge system and
utilizing the nitrate generated in the external nitrification system results in a major decrease in
OUR. The proportion of COD utilized with nitrate indicates that the denitrification potential of
the system is very high, due to the large anoxic mass fraction (in this example 47.6%). This
allows the system to treat very high influent TKN/COD ratios without jeopardizing BEPR and
achieving complete denitrification, provided near complete nitrification is achieved in the
external fixed media system.

The COD component of the sludge wasted was very high compared to the other COD
components. This is because the sludge ages in all systems were reduced significantly, from the
usual 20 - 25 days in conventional BNR activated sludge svstems 10 8 to 10 days. [n the external
nitrification system this is a prerequisite to achieve the objective of syvstem intensification.

3.3.1.2C0D removal

From Table 3.2. the COD component in the effluent flow was very low and varied from 5.7%
to 10.8%. This is reflected in system effluent COD concentrations. From Table 3.4 and Fig 3.2,
the unfiltered effluent COD concentration ranged between 46 and 74 mgCOD/4. The 0.45um
membrane filtered effluent COD concentration ranged between 38 and 52 mg COD/{. These
latter values were accepted to correspond to the unbiodegradable soluble COD concentrations
in the influent, and gave the unbiodegradable soluble COD fractions (f, ) ranging from 0.052
to 0.084. The COD removal efficiencies were very good and ranged from 89 1o 94% (see Table
34).

Table 3.4: Unfiltered and filtered effluent COD concentrations, and fraction of the total
influent COD that is unbiodegradable soluble in each svstem.

System
S ! 2 » | 3b 3
Influent COD (mg CODW) 717 683 698 740 724 730
Unfiltered Effluent COD (mg COD *) 60 w4 0 57 46 47 |
Filtered Effluent (0.45um) img COD?) 3] 52 2 48 k1 8 !
Unbiod. soluble COD fraction (f ) 0.071 0.084 0.075 0.065 0.054 0052 |
COD removal (%4) - 89 82 92 94 94
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The N\ removal in the external nitrification svstem should be low. However. in Systems 1., }b _-:..1
3¢ these components were high (12, 17.8 and 16.7% respectively). and ailmost equal to t

removed in the sludge wasted in the BNR activated sludge part of the system. This implied that

s K7

denitrification probably ook place in the external nitrification system due to insufficient air

supply

In all systems, the N removed via N. gas (denitrification) were very high and varied from 36.2%
10 52%. Most of this denitrification took place in the main anoxic reactors. The high N removal
via denitnification in the main anoxic reactors is due to the large anoxic mass fractions at the

expense of acrobic mass fraction in the ENBNR activated sl dge svstem and the dosing of nitrate

ik

~

in some systems (Systems 1, 2a and 2b) to realize these reactors full denitrification potential

I'he influent N mass that exited the system via the effluent flow varied from 9.9% to 33.5%
depending on the system nitrificatior -.." ciency and denitrification potential. The effluent TKN

ncentrations depend on nitnification in both the external n.“xl;cat:un system and tnc BNR
ctivated sludge system. and t !‘ » effluent nitrate and nitrite concentrations depend on both system

nitrification performance and denitrification potential (see below

L

3032 Nitrification

| d > - ) .} s IS R aadian te Aastannad ’ . . -
1 the ENBNR activated sludge svstem. nitnfication 1s ;cx. ned 10 take place externally in the

- dAl

external nitrification system. However. nitrification may take place in the B\R suspended media
part of the system under some conditions. The experimental observations on nitrification in the
ENBNR activated sludge system are li \:.! in Table 3.6.

Table 3.6 Nitrification in external nitrification (EN) and BNR activated sludge svstems.

r | System
| P ararmet . ]
| rarameter - - .
! | | I :J 1 b 3 ih { :\
:F\tcnul nitrification systems (EN)
{
i - y 1 oz . O or 5 »
{Flc toeal flow from Anaerobic 1o EN (* 87.5 | 8§34 6o 9 w3 35 | 84
|FSA concentratio w0 EN e N\ 2 | 322 274 2%.1 292 ; i
SA concen ) EN (me 3.4 0.4 | 1.7 3.3 313 |
‘ 3
- | .- - |
NOx generated in EN al NOX m Swvaterr | 88 e | 3 04 | 9256 914 |
| |
= | 1
Nitr 1 r N4 4 <4 7 R0 9 |
| | ]
|
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Sludge undertl il flow from Anagrobic v & - 37 Y ¢ 6 |
i | |
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N ener \_“ BANRAS " Ny S et 2 o 4 N6 KA '
\aol 6 ¢ | 3» - [ >
. - . | - |
Siudge age (&a S | |
Final effluert FS neentr me N | q 67 3 2 A | A
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Nitrification in external nitrification system

In the experimental investigations reported here, the type of extemal nitrification system was not
the focus of the research. Therefore, the requirement for the external nitrification system was only
to achieve as high a nitrification efficiency as possible.

To achieve as much nitrification as possible in the external nitrification svstem, the maximum
of ammonia-rich supernatant from the internal settling tank overflow should be pumped to the
external nitrification system. However, this is limited by the sludge underflow which should
ensure that it transfers as much as possible of the sludge from the internal setling tank to the
main anoxic zone to prevent sludge from accumulating in the internal sertling tank and
overflowing to the external nitrification svstem. From Table 3.6, at least 6% but usually about
15% of the internal settling tank inflow was required to transfer the sludge from the internal
settling tank to the main anoxic zone. This implies that at best only 90% (but more likely 85%)
of the system ammonia can be nitrified in the external nitrification system, and 10% (more likely
15%) of the systém ammonia is expected to be nitrified in the activated sludge system if complete
external nitrification is achieved (neglecting the N requirement for sludge production in the
system). i.e. if the effluent ammonia concentration from the external nitrification system is zero.

From Table 3.6, nitrification efficiency in the external nitrification system was 89% at best
(Systems 3b and 3¢) and only 4925 and 64% for Systems 2a and 2b respectively. This is because
the performance of the laboratory-scale stone column external nitnification system used in the
initial investigations deteriorated due to Psycoda fly and larvae infestation, resulting in high
ammonia concantrations from the external nitrification system. If the aerobic mass fraction is
small, this ammonia is not nitrified in the aerobic reactor of the BNR activated sludge system.
From a BEPR point of view, low nitrification in the acrobic reactor is an advantage because it
avoids a high nitrate concentration retumn to the anacrobic reactor. However, from a N removal
point of view it is a disadvantage because it (i) increases the effluent ammonia and (ii) reduces
the nitrate load on the anoxic reactor and hence the denitrification. Good N removal performance
requires the external nitrification system to nitrify virtually completely. If the aerobic mass
fraction is “large™ (¢.g. Svstem 2b), the ammonia will be nitrified in the aerobic reactor of the
BNR activated siudge svstem. This will also be disadvantageous because (i) from a BEPR point
of view the nitrate will overload the underflow anoxic reactor and enter the anaerobic reactor,
(i1) the nitrate will not be available in the main anoxic reactor for denitrification and (iii) the
¢filuent nitrate concentration will increase

Nitrification in BNRAS activated sludge system

Nitrification in the BNR activated sludge svstem depends on the system sludge age. asrobic mass
fraction and ammonia available (i.e. external nitrification efficiency and the flow pumped int
the external nitrification syvstem. se¢ above). The ENBNR activated sludge svstem is designed
to operate at a shont sludge age and hence nitnification mainly depends on the acrobic mass
fraction and available ammonia.

When the ENBNR activated sludge system is operated at small aerobic mass fraction, the
nitrifiers are not sustained in the suspended media liguor and ammonia will exit the system with
the final effluent. However, nitrifiers are seeded from the external nitrification systemto the BNR
suspended media system. and thus some nitrification can be expected in the aerobic zone: for
example. in Systems 1, 2a, 3b and 3¢ with aerobic mass fractions of 19, 15, 20 and 20%
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3.3.2.3 Denitrification

Denitrification potential
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Table 3.7:  Measured denitrification in anaerobic, pre-anoxic and main anoxic and settling
tanks and denitrification potentials (mg N'( .nfluent).

Svstem
a— x 2 » [ n ] 3¢
Reactor denitrification (mgN/! influent)
Anaerobic reactor 0.3 0 0.3 5.1 i0 08
Pre-anoxic reactor 28 2.0 3.7 48 -9 22
Main anoxic reactor 401 322 269 220 204 284
internal sentling tank 0 0 0 | 0 0 0
Final sertling tank 0 0 0 14 09 06
Denitrification potentials (mgN/f influent)
Main anoxi¢ 49 343 25.5 ' 220 15.0 3l
Pre-anoxic 43 <8 40 § i8 3.7
3324 Nitrogen removal

The influent and effluent TKN and nitrate concentrations as well as N removal efficiencies for
each system are given in Table 3.8 and Fig 3.4. From Table 3.8 and Fig 3.4 it can be seen that
the N removal efficiencies were greater than 80%, which is very good. except for Systems 2a and
2b when the external nitrification system nitrified poorly (49% 1o 64%. Table 3.6). For both these
systems, high ammonia concentrations (Table 3.6) entered the acrobic reactor of the BNR
activated sludge part of the plant. In System 2a, this residual ammonia could not be completely
nitrified in the aerobic reactor because the aerobic mass fraction was small (15%), resulting in
a high TKN concentration in the effluent (19.8 mg/f) and thus low N removal. In System 2b, the
aerobic mass fraction was 30%, so some nitrification took place in the aerobic reactor, resulting
inalower TKN concentration in the effluent (9.2 mgN.f) which increased the overall nitrification
efficiency. However, the low nitrification efficiency in the extemal nitrification svstem resulted
in a low nitrate load on the main anoxic reactor and hence low denitrification and low N removal
by Systems I, 3b and 3c. but this requires virtually complete nitrification in the external
nitrification system. The effluent nitrate concentrations were low and less than 9 mgN 7 for all

systems.

' : b " ’
In general, the system can achieve an effluent total N (TN) less than 10 mgN T as demonstrated
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3.3.3 Biological excess P removal (BEPR)
3.3.3.1 Total phosphorus (TP) mass balance

Toassess the BEPR behaviour, total phosphorus (TP) mass balances were conducted around each
reactor. internal and final settling tanks and the external nitrification system from the TP
concentrations measured in the influent and soluble (< 0.45um) TP concentrations measured in
the reactors, internal and final settling tanks, effluent and external nitrification system outflow
for all sewage batches of the investigations. The TP mass balances were calculated by subtracting
the outflow P mass from the inflow P mass, so a negative result indicates P release (-ve) and 2
positive result indicates P uptake (+ve). The calculated P release and P uptake masses were
divided by the influent flow, to give the P release and P uptake in mgP/{ influent. The mean P
uptake and P release for all sewage batches for each system are given in Table 3.9.

3332 Phosphorus release

From Table 3.9 and Fig 3.5, it can be seen that, as expected, most of the P release occurred in the
anaerobic reactor. A small amount of P release also occurred in the internal settling tank. This
latter P release is probably due to leakage of some RBCOD out of the anacrobic reactor,
stimulating P release in the sludge blanket that formed in the bottom of the internal settling tank
due to the low underflow pumping rate to the main anoxic reactor. This was not unexpected as
similar observations had been made in previous investigations into the DEPHANOX system,
another Xind of external nitrification BNR activated sludge svstem (Bortone ef al., 1996; Sorm
et al, 1996). This additional P release is beneficial because it augments the anaerobic P release.
In the modified DEPHANOX svstem, the anaerobic reactor and internal setting tank were
combined in a single reactor allowing sludge accumulation, P release and settlement
simultaneously (Bortone er ai., 1997).

Table 3.9:  Phosphorus release (-ve) and uptake (<ve) in each reactor, internal settling tank
and final settling tank as well as external nitrification system (mgP/{ influent),

and % anoxic P uptake

L 8
Reactor P release (-ve) or P uptake (=ve) (mgP ¢ influent
Swstem ] | Swvstem 2a |System 2b | Svstem 3a| System 3b | Svstem 3¢
Anaerobic reactor -28.7 11 =ld | 45 «11.0 -167
inmtemal settling tank -5 -0.9 2.3 5.9 4.8 -]
External nitrification svstem 09 1.1 -18 -3 -0 .5
| A - -~ - 1 » | p
| Pre-anoxic reactor 0.2 2.8 -2 08 1.2 | 0
. 1 - - . -
Main anoxic reactor 2.2 13.5 15 | 223 15.1 I 22.3
. & = . [ 2
i Aerobic reactor 202 0.9 =l 39 1.5 { 129
|
Final sentling tank 0.1 -l.] 1.8 | 0.5 1.1 12
% anoxic P uplake
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3.15

The factors that stimulate anoxic P uptake BEPR in BNRAS systems

One of the objectives in the first investigation (System 1, see Huer al., 2001) was to investigate
and establish the conditions that stimulate anoxic P uptake BEPR. In the course of the
investigation, initially both acrobic and anoxic P uptake were low, and most of the P uptake 100k
place in the aerobic reactor. As the investigation continued, the total P uptake increased and
gradually relatively more took place in the anoxic reactor and less in the aerobic reactor.
Examining this data in more detail. for the first 6 sewage batches, the % anoxic P uptake
remained approximately constant at about 25%. At that stage, ways to increase this anoxic P
uptake were explored.

It was noted from earlier investigations on BEPR in conventional BNR activated sludge systems
(Ekama and Wentzel, 1999b). that when the main anoxic reactor was underloaded with nitrate,
the P uptake tended to be confined to the acrobic reactor, whereas if the nitrate load exceeded the
denitrification potential so that nitrate was present in the anoxic reactor outflow, then significant
anoxic P uptake was observed. Accordingly, this proposal was applied to the ENBNR activated
sludge system to stimulate anoxic P uptake in the ENBNR activated sludge svstem: From
sewage batch 6, nitrate was dosed into the main anoxic reactor and the amount dosed increased
stepwise with succeeding sewage batches; the stepwise increasc was 10 avoid nitrate overload o
the main anoxic reactor and hence a high nitrate recycle 10 the anserobic reactor. This nitrate
dosing appeared to stimulate significant anoxic P uptake (sec Hu er al/., 2001). These
experimental results confirmed the observations from conventional BNR activated sludge
svstems (above). In the subsequent investigations into ENBNR activated sludge systems
(Systems 2a. 2b. 3a, 3b and 3c¢), this observation was further substantiated.

The observations above suggest that with limited nitrate available, the OHOs tend to outcompete
the PAOs for nitrate. The greater affinity of OHOs than PAOs for nitrate is reflected in the
calculated specific denitrification rates by OHOs (K, .) and PAOs (K., ) (see below): It was
found that the specific denitrification rates of the OHOs (K;',,) are significantly higher than
those of the PAOs (K,';,.). In terms of this competition. if the nitrate load into the main anoxic
reactor is less than the denitrification potential of the OHOs, then the PAOs have limited
opportunity for us¢ of the limited nitrate, In contrast. if'the nitrate load on the main anoxic reacter
exceeds the denitrification potential of the OHOs. then the denitrifving PAOs (DPAOs) would
have a greater opportunity 10 use the “excess” nitrate and so develop in the system. The
development of the DPAOs in BNR activated sludge systems appears very slow, because in the
experimental investigation anoxic P uptake appeared still to be increasing in System 1 after some
130 days of operation (see Hu &/ @/.. 2001). This probably is a further contributing reason for the
variable (and rather limited) occurrence of DPAOs in conventional BNR activated sludge
svsiems.

In the ENBNR activated sludge system. there appear 1o be three further conditions that appear
10 favour DPAOs, viz,

. Smal!l aerobic mass fraction:

* Seguence of reactors:.

. The low frequency of alternation between anoxic and aerobic states.
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Table3.10: Premoval, influent COD, RBCOD and system operating parameters for the three

investigations.
System
Parameter
| Ja 2b 3a 3b 3¢
P removal (mgP'f) 06 85 11.8 97 91 10.5
Influent COD (mgCOD) 71?7 683 0y 741 724 730
Influent RBCOD (mgCOD/1) 131 100 102 120 146 149
Anaerobic mass fraction (%4) 238 25 25 25 25 25
Sludge age (d) 10 108 8 10 10 10
Nitrate in Pre-anoxic (mgN{) 0.7 03 04 47 34 0.7

Anoxic P uptake has also been observed in conventional BNR activated sludge systems (Ekama
and Wentzel 1999b). In the UCT and modified UCT svstems of Musvoto er al. (1992), Kaschula
er al. (1993), Pilson ez al. (1995) and Mellin er al. (1998), significant anoxic P uptake (>40%)
was observed, which was confirmed with anoxic batch tests on sludge harvested from these
svstems. The observed features of aerobic P uptake BEPR and anoxic/aerobic P uptake BEPR
in conventional BNR activated sludge systems and the anoxic/acrobic P uptake BEPR in the
ENBNR activated sludge syvstems are listed in Table 3.11. While anoxicaerobic P uptake
between the conventional and external nitrification BNR activated sludge svstems appears
similar, there seem 1o be some major differences in P removal performance between aerobic P
uptake BEPR and anoxic/aerobic uptake BEPR. Inall the investigations which were all long term
(>500 days), where anoxic/aerobic P uptake BEPR was observed not only was the excess P
removal lower compared with that expected from the model of Wentzel er al. (1990), but also
the P release to removal ratio was decreased (see Table 3.11). In conventional BNR activated
sludge systems:

. With only aerobic P uptake, the P release/P removal ratio. P removal/Influent RBCOD
ratio and the P removal/Influent COD ratio are around 3.0, 0.11 and 0.021 respectively
(Wentzel cral. 1985, 1989; Clayton eral, 1991, and more recently Sneyders er al., 1997
- see Table 3.11), and are in conformity with the steady state BEPR model of Wentzel er
al. (1990) and the dvnamic state BEPR model of Wentzel er al. (1992).

. With anoxic/aerobic P uptake these ratios decrzase 10 1.5-2.0,0.06-0.08 and 0.012-0.015
respectively and the BEPR is depressed to around #ards of that with only aerobic P uptake
(see Table 3.11)

Comparing the anoxic/acrobic BEPR performance results obtained in ENBNR activated sludge
svstems with those observed in conventional BNR activated sludge systems, similarly low values
are obtained for the P relcase/P removal, P removal/influent RBCOD and the P removal/influent
COD ratios, 1.e. 1.1 =29, 0.06 - 0.12 and 0.012 - 0.017. It seems that, given the appropriate
conditions, different species of PAOs which accomplish anoxic P uptake find a niche in the
system, but which have a significantly lower BEPR performance and use their internally stored
PHA (obtained from anaerobic uptake of VF A which are produced by the OHOs via fermentation
of the influent RBCOD) less “efficiently” compared with the aerobic P uptake PAOs. Thisaspect

is explained further in Chapter 7 and in detail by Hu ez al. (2001).
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EPR and calculated P contents of PAOs
onal BNR |

entzel etal., 1990) in convent

ge svsiem

(f
XA

4 \ M1 -
l‘-\.i.... and Wentzel.,

») with the steady state

:.,.).;b'

|
‘ Anoxic P [l’ moval Prel'Prem | Prem/infl. | Prem/Total | A—_
B | remo . —_—- : .
| Ssystems uptake | (maP/t ratio RBCOD infl COD (gl =g
(mgP/)
' (%) J ratio ratio PAOANSS)
|
: Conventional BNR activated sludge systems (LCT and MUCT systems)
|Clavion ¢! 199 - 21 ‘ 33 0.108 0.02 0.388
Snevders et al , 1998 (C) | 3 242 0.116 0.023 0.47)
'.-n:'-~:rh etal, 1998 (E) | 68 ' 274 0.116 0.024 0471
| - ' <
IMusveto eral 1902¢1) | 27 122 | 244 0.063 0.012 0.144
:
IMusvoto et al., 1992 (2 l -7 11.3 | 2.7 0 060 0012 0113
I e 1 ~ - = , rm :
(Pisoneral, 1995(1) ! - 12 e 0.06% 0012 0.136 }
IPiison erai , 1993 (2 | 6 | 0.9 124 0.062 0.011 0098
[Mellin ot al , 1998 o | s | s 0.082 0.016 0.260
| -
l ENBNR activated sludge systems
] = | “a I
Svstem | 52 106 2.9 { 0.0XI l Q0Uis I 0.235
Svstem 2a §¢ 88 1.4 | DO0S( | ) 012 0.167
System 2b 2 | 8 2 | 0.116 0017 0.25
System 3a 62 9.7 1.1 | 0080 0013 0.24(
System 3b 57 91 7 0.062 0013 0.170
Syvstam 3¢ 63 10.4 20 | 007 0014 0.188
3.3.3.5 Comparison of the measured and calculaced P removal
The BEPR performance in the BNR activated sludge system can be assessed by comparing ‘.:e
observed P removal with that theoretically calculated from the steady state BEPR model of
Wentzel eral (1990) s model requires as .nrt t all the system J::i.": parameters Table
3.1) and influent wastewater character s including the influent RBC( D con he
procedure for calculating the r!‘srr:‘.i.; I "H"PR s summanzed by ‘-'-..‘.n‘.: ‘..J \\ entzel (1999b)
and in Jetail by Hu er &l (204 ; ng this procedure the OHO and PAQ masses and the
\..:.;i..’.i." contents of PAOs (1 )in conventional BNRAS systems and ENBNRAS systems
were obtained and are listed in Table 3.1 1. It can be seen that in the systems with predominantly
»95%) aerobic P uptake BEPR behaviour, the ..~ . values are the same ¢ the steady
tate model of Wentzel er all (1990) (0.38 mgP mgPAOAVSS). Comparing the f. . ; values of
in the calculation procedure, the influent SBCOD was decreased o take account of the
maccounted for COD in the COD mass balances for all *he syvstem and for the ENBNRAS
svstem the SBI ) was raduced further to t account of the COD lost in the extemnal
nitrification syvstem, but the influent RBCOD was Kept at the measured values
yecessary to reduce the sludge varniation in the OHO and PAO active fraction (f
f the VSS and specific OHO denitrification rates obtained by Ekama and Wentz
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svstems with aerobic and anoxic/aerobic P uptake BEPR, it seems that the latter value is only
about one quarter to two thirds of the 0.38 mgP/mgPAOAVSS acrobic value.

3.3.4 Calculation of specific denitrification rate

3341 Relative contribution of OHOs and PAOs to denitrification

From Table 3.11, in the ENBNR activated sludge systems significant P uptake 100k place in the
main anoxic reactors. This implicated PAO participation in the denitrification process, i.e. PAOs
contributed to the system denitrification. It appears that anoxic P uptake and associated
denitrification took place consistently in all ENBNR activated sludge systems investigated.

To calculate the denitrification potential in the ENBNR activated sludge systems, the
contribution of OHOs and PAOs to denitrification needs to be known. In the main anoxic zone,
if PAOs are involved in denitrification, PAOs and OHOs will compete for nitrate by using
different substrates. PAOs use internally stored PHA, and OHOs use slowly biodegradable COD
(SBCOD). This difference in substrate source makes it possible to estimate the contribution of
OHOs and PAOs to the denitrification. The procedure detailed by Hu er al. (2001) was followed
for calculating the specific denitrification rates of the OHOs and PAOs. The specific
denitrification rates, denoted K.’ ., [mg NO.-N/{(mgOHOAVSS.d)] and K.',., [mg NO,-
N/(mgPAOVSS.d)] respectively, are listed in Table 3.12.

The results were obtained by averaging those sewage batches only in which RBCOD was
measured and nitrate concentrations in the main anoxic reactor was larger than 1 mg N/(.
Furthermore, in fractioning the VSS mass into OHO and PAO active masses and the other three
inert masses, the unbiodegradable particular COD fraction (f; ) needs to be determined. All the
investigations received raw (unsettled) municipal wastewater from the same source, i.e.
Mitchell’s Plain Wastewater Treatment Plant (Cape Town, South Africa). Thus, since f5 isa
wastewater characteristic. there is a reasonable expectation that f;  should be constant. This was
the case for 4 long term paralle] investigations on aerobic and anoxic/aerobic activated sludge
systems receiving the same wastewater, f; = 0.10 to 0.16 (Warburion et al., 1991: Mbewe et
al., 1995; Ubisi ¢t al.. 1997; Mellin et al., 1998). Accordingly. a constant f; , of 0.12 was
accepted for the Mitchell’s Plain wastewater. Also, while the influent RBCOD concentrations
were kept at the measured values, the influent SBCOD was reduced 1o take account of (i) the
COD loss in the external mitrification system and (ii) the COD unaccounted for in the COD
balances.
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Table3.12: Calculated specific denitrification rates for PAOs and OHOs and the contribution
of PAOs and ()xlf)s to denitrification in the main anoxic reactor for each svstem.
A 4

{ ! S\vstem
Sysiem | 2a b 3 3b e
\noxic P uptake (o) | s s27 | 375 | 338 | s12 | 666
1
Measured total denitrification (mgN/{ inf) | 53.2 32.2 <6.8 18.8 19.0 312
| |
o denimnification by PAOs | 7.5 254 236 98 246 | 220
“o denitrification by OHOs J 82.5 74.6 76.4 Gl4 , 75.3 78.0
K.peo (mg NO N img PACAVSS 4 i 042 0048 00%% oG 0038 l 0044
K. oo (mg NO,-N (mg OHOAVSS.{)) 0.182 j 0.166 0185 l 0.114 ; 0.098 0.157

From Table 5.12 it can be seen that the contribution of PAOs to denitrification varied from 9.6%
to 25.4% even when the anoxic P uptake was 66%. This indicates that the contribution of PAOs
to dcr.;'ri"xcul;un was low, and '.cx‘s than 30". for all systems investigated. The specific
denitrification rates of PAOs ranged from 0.029 t0 0.059 mg NO.-N'(mg P: \Ui.‘ $8.4), these
values are low compared to those o ()h(-l> varving from 0.098 10 0.185 mg NO,-N/(mg
OHOAVSS . d). This may explain the reason why sufficient nitrate is required to stimulate anoxic

P uptake BEPR in BNR activated sludge systems. If nitrate is not sufficient, OHOs will
outcompete the PAOs for limited nitrate. The low contribution of PAOs to the denitrification
raises a question about explamning denitrifving PAOs (DPAOs). because xt also causes the

reduction of P removal, i.e. denitrification by PAQOs was obtained by sacrificing about 1/3rd of
the P removal. However, considering that the concentration of PAQOs is only around | 'Sth of that
of the OHOs, and the specific rate of this small PAO mass is only 1'3rd of that of the OHOs. this
denitrification by PAOs does not appear to be very significant. and most likely not worth

ificing 1'5rd of P removal for.

-
ey by

SdC

3.3.

S Sludge settleability

The mean DSVIs observed from all sewage batches for cach system are listed in Table 3.13. It
is evident that the ENBNR activated sludge systems consistently produced a good settling sludge
The agrobic mass fractions for each syster are also listea in [able 3.13. Caser er al (1999)
observed that maximum OGlamentous organism prodieration occurmed with an aerobic mass

fraction between 30 and 33%¢ and established an association between the DSV and the aerobi

- £ reificooral ’ ' . ey s Ieeh « ( . 2 e Y
mass fraction from artificial wastewater experiments: this is shown in Chapter 2, Fig 2.1.
’ . RS VL (S — N —— Eeestrane T RTINS anitvrate .
Table3.13: Observed DSV isand acrobic mass fractions in ENBNR acuivated sludge svstems.

Q\ grams P Sy eram ° Qv stem b | Sostem a3 Qustmm Sk Syeram 3
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To investigate the applicability of the association between the DSVI and the aerobic mass
fraction in practice, Stewart Scott Consulting Engineers (Casey. 1998) conducted a survey. The
survey included seven full-scale conventional BNRAS plants. These plants were chosen because
they were the only plants for which historical data of the sludge settleability performance were
available. The historical sludge settleability data were converted to DSV units where applicable,
and an overall average of the DSV value was calculated for each of the seven full-scale plants.
The results obtained are shown in Table 2.1 (Chapter 2). The aerobic mass fraction data for the
seven full-scale treatment plants were superimposed on the artificial wastewater laboratory
svstem DSVDaerobic mass fraction diagram from Casey er al. (1994) and plotted in Fig 2.2
(Chapter 2). For the full-scale plants, it appears that an association also exists between the two
parameters, with improving sludge settleability for an acrobic mass fraction increase from 40%
upwards. However, Casey er al. could not comment on the effect of acrobic mass fractions on
DSVI for aerobic mass fractions below 40% as conventional BNR activated sludge systems are
not designed and operated at less than 40% aerobic mass .raction because of the nitrification
requirement.

The information from the ENBNR activated sludge svstems provides the possibility 10 assess the
association between DSV and aerobic mass fractions in the less than 40°% aerobic mass fraction
range. The DSVI results from the ENBNR activated sludge systems were superimposed on the
DSVVlaerobic mass fraction diagram from Casey er al. (1994) and plotted in Fig 3.6. It can be
seen that the ENBNRAS experiments confirm the artificial wastewater association between the
two parameters of Casey er @l (1994). with improving sludge settleability for aerobic mass
fractions less than 30%.
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Fig 3.6: Relationship between DSV] and acrobic mass fraction from
artificial wastewater, full-scale BNR activated sludge plants
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Northern Bushiop.
1 &




4 CLOSI RE

o t
( ) ¢ \
lavak —_—
il
CUd - al
- N\
] '
& 4l ICTILEU -
A \ Y untak
\J | 8

< connguration g
fenitrifving PAOs. The

R ' ted
' -
] 4l
‘ i

X2 .

~ 1t =
- L SPLe

} s ¢}
. i C

~




-~

[
L)

Anacrobic mass fraction of about 25%4: this can be reduced if larger anoxic mass fractions
are required, with a resultant reduction in BEPR (Wentzel er al., 1990)

Minimum aerobic mass fraction of 20%. Smaller aerobic mass fractions appear to
stimulate pin point floc formation, which cause deterioration in sludge retention and
effluent quality. Furthermore. such aerobic mass fractions will stimulate some aerobic P
uptake BEPR. Inclusion of anoxic P uptake PAOs in, and exclusion of aerobic P uptake
PAOs from, the biocenosis of the BNR activated sludge system mixed liquor are not
essential for achieving BNR in the external nitrification scheme. In fact, inclusion and
maximization of aerobic P uptake would appear desirable 10 maximize BEPR (acrobic
P uptake BEPR is more efficient than anoxic P uptake BEPR ). However, conditions that
promote acrobic P uptake BEPR are also conducive to nitrifier growth. Although
exclusion of nitrifiers from the mixed liguor of the BNR activated sludge svstem was
originally considered essential, this is not necessary as long as virtual complete
nitrification in the fixed media system is obtained, to limit nitrification in the main
aerobic reactor. In fact, complete exclusion of nitrifiers may not prove possible. Although
conditions in the BNR activated sludge system may not be conducive to nitrifier growth,
they are likely to be continually seeded into the system from the external nitrification
svstem. Accepting nitrification in the BNR activated sludge system, with complete
nitrification in the external nitrification system, the nitrification in the BNR activated
sludge system will be limited by the ammonia bypassing the internal settling tank in its
underflow. This nitrate is prevented from entering the anaecrobic reactor with the
underflow recycle by denitrification in the underflow anoxic reactor. However, should
complete nitrification not be obtained in the external nitrification system, then the
ammonia from this system will be nitrified in the asrobic reactor of the BNR activated
sludge system. If, as a result the aerobic reactor nitrate concentration is too high, the pre-
anoxic reactor will become overloaded with nitrate resulting in nitrate discharge to the
anaerobic reactor and reduced BEPR. However, if nitrification were not included in the
BNR activated sludge system, the ammonia would leave via the effluent, an even less
desirable situation.

The requirements above for an anaerobic mass fraction of 25% and an aerobic mass
fraction of 20%6 provide 53% of the 1o1al mass fraction for the anoxic reactors. This has
10 be divided between the primary and underflow anoxic reactors. An underflow anoxic
mass {raction of about 10% appears adequate. leaving 45% for the main anoxic reactor.
T'he proportion of the internal setiling tank inflow that can be directed to the external
nitrification system is about 85%, due to the constraint of sludge underflow to the anoxic
reactor (see above).

An a-recycle from the aerobic to the anoxic reactor should not be included, as this
appears detnmental 1o BEPR and denitrification.




CHAPTER 4

EXTERNAL NITRIFICATION BIOLOGICAL
NUTRIENT REMOVAL (ENBNR) ACTIVATED
SLUDGE SYSTEM PERFORMANCE AT SLUDGE
AGES SHORTER THAN 10 DAYS

4.1  INTRODUCTION

In Chapter 3 extensive experimental data on ENBNR activated sludge systems have been
presented. In these systems, sludge ages were 10 (Systems | and 3a and 3b) and 8 (Systems 2a
and 2b) days (see Table 3.1, Chapter 3). However, as noted in Chapter 3, Psycoda fly and larvae
infestation in the stone column external nitrification system for the systems at 8 days sludge age
(Systems 2a and 2b) caused deterioration in external nitrnification performance. This complicated
assessment and comparison of system performance at different sludge ages. Initially, evaluation
of the laboratory scale ENBNR activated sludge system performance at sludge ages lower than
10 days was not specifically part of the scope of the investigation - data on BNR activated siudge
svstems at short sludges ages are available from previous investigations in the UCT laboratory
(Burke er al., 1984, Wentzel er al., 1990). However, towards the end of the practical laboratory
investigation on System 3b (Chapter 3 ), it was decided to increase the influent sewage flow from
20 £/d 10 30 [/d in order 10 observe the system response to this 530% increase in load. Shortly after
the influent flow had been increased to 30 {/d, the system intemal settling tanks began to fail
hydraulically. Thus. instead of allowing the system to fail completely as a result of this hydraulic
failure, it was decided to reduce the influent flow to 25 {/d and instead of implementing a gradual
increase in feed. a gradual reduction in sludge age should rather be implemented and the effect
of the reduced sludge age on system performance evaluated. This Chapter summarises this
investigation: details are given by Sttemann ¢r al. (2000).

4.2 SYSTEM OPERATION

At the beginning of sewage batch 31 for System 3b (Chapter 3), the influent was increased from
20 to 30 &{'d. Two davs later. it was reduced 10 235 ('d and the sludge age was decreased from 10
to 8 days (Configuration 4, see Table 4.1). The system was run at the 8 day sludge age for sewage
batches 31, 32 and 33 (49 davs, 6 sludge ages) after which the sludge age was reduced further
to 5 days (Configuration 3. see Table 4.1) at the beginning of sewage batch 34. The system was
run at & 5 day sludge age for a further 13 days (3 sludge ages). Forthe 5 day sludge age 4 ('d were
wasted. The 4 (:d could no longer be taken from the 4 { acrobic reactor in one batch, so a small
peristaltic pump was installed and calibrated 1o waste 4 [ of mixed liquor from the acrobic reactor
over a 24 hour period. System operation is described in detail by Sttemann er al. (2000).
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Table 4.1: ENBNR activated sludge syvstem design and operating parameters.
System Parameter Config. 3b | Config. 4 | Config. 5
|
ays 28510421 [42210470] 471 to 483
Sewage Baiches 211030 | 311033 | e
INo. of Days 137 43 13
ates From g/ 12/88 *8:/04/00 2808100
To 17/04/00 | 07/06/00 | 18/06/00
i [
erating Parameters

nfiuent Flow (/@) 20 .25 25
lugge Age (C) 10 | 8 5

Naste (Ug) 2 25 | -

Temperature (oC) 20 20 | 20
H - Anaerobic Reactor 75.78 71-79 | 77-80
H - Main Aerobic Reactor 77-82 T4-84 77-80
Q. Main Aergbic Reac. (mgO 2-95 2-9 2-5

\Reactor Vol. / Mass Frac.

Total System Volume (| 20 20 20
re-Anox.c Reactor (/) ® 1" % i
naerobic Reactor () B | 5 | 5

Main Anoxic Reactor (I) 8 ¢ o
Man Aercbic Reactor (1) 2 4 a

Total Aerobsc Mass Fraction 020 020 020
noxic Mass Fraction 0.55 088 035

lAnaeronic Mass Fraction 0.25 025 025
ctal Unaerated Mass Fraction 0.80 0.8C 0.80

4
Recycles
Is - Racycle (w.rt influent fow) B 1 1:1
ia - Recycle (w rt influent flow) 0:1 R 0:1
ISiucge Bycass ‘w .t nfuert flow c32 ¢ 0341 0371
|
\External Nitrifier Parameters
ISiudge Age (3 Very iorg
ANVaste (l/ig AS "834"8C T MaNtar siusge eve weral £8
10 C (mgO >5
IReacior Volume 3 |
*Actual velume, with slucge at Scudie concent-gtion Efactive veiume at system
siudge concentration = 2 litras
[Carcias Snanges Mmadse 0 pravicus

jv

n ¥ 3¢’i- 0
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43  SYSTEM PERFORMANCE

Given the comparatively short time that the system was run at these low sludge ages it would be
of little practical value to give an as detailed evaluation fo. the 8 and 5 day sludge age system
configurations as was done in Chapter 3 for the 10 and 8 day sludge age configurations. For this
reason only a brief comparison of the main nutrient removal performances (COD, N and P) will
be given in this Chapter; detailed results are given by SStemann er al. (2000). The sewage batch
averages for all measured parameters for sewage batches 31 to 34 (Configurations 4 and 5) are
given in Tables 4.2a. b and c.

TABLE 4.2a: Sewage batch averages of measured COD, TKN and FSA parameters for
sewage batches 31 to 34 (Configurations 4 and 3).
Sewage Baich
Overal
3 32 i3 34

| Influent UF | mgCOD 't 731.6 7798 - | 7092 740.2

' Influent | FF mgCOD/t 158.3 1913 | - T 1862 1786

1 Int. Set. A UF | mgCODit | 1536 1456 | 1615 153.5

! COD | Int. Set. B UF | mgCOD¢ 776 922 - ! 91.4 870

| AerobicML. | UF | mgcopn | 2392 2564 - | i 2231

! Effluent UF | mgCODt 61.5 62.7 - | 839 694

| Effluent F | mgCoD? 36.1 ao | - | 316 36.2

Influent UF mgN/t 643 799 - 875 773

| N Acrobic M.L. UF mgN ! 1504 1495 - 123.0 141.0
- Effluent UF mgN/! 46 $0 | - 69 5.5 |
Effluent F mgN ! 37 4. I, 4.1 0 |

ir Influem UF mgN ! 50.0 640 | 71.8 62.0
| |imSea UF | mgNnt Bs | 27 | - 317 86 |
| P4 o seB UF | mgNt 20 | 34 | - 27 30 |
| | Effluent l UF | mgNt I 31 | s | 2.8 3 .
B Influen: TKN/COD Ratio I - E 0.088 | 0.103 ! - I 0.120 | o 10 ]‘

(UF = Unfiltered, FF = Floc Filteres. F = 0.45um membrane filtered)




FABLE 4.2

. ~ . - .
pH tor 31 10 34 (Configurations = and 5)
<.“*1..’—1.1'.'
1Y *9 .
32 34
- a . .- - | - - .p |
re Anoxic naTSS , 1782 Y . | 27 $18
NS
A \ ' 4 | | .
\eroh ms . s | Y | + U XS
Pre ANoN V44 ; "Mea Q9
QY —— . e —————— s e—
Aerob mgVSS 626 738 . ; 177 | 1313
— — - —t - —p— -— | ———— — — —
P ¢ Anox wi'SS r\s' T4¢ - :'1 68
SS -
’ .- o o .
ASrodic gV S5 P4 : - 235 &
A - e e————————— e —————eeee— : o
|
D VSS Rae Ao ¢ Reactor 4 a3 N 32 a8

ISy -— 3t 4 XA U J ) ") 8
¥ - o ah n -
ANACTORIC - U 3 L) .
c A 797 7 83 a 7 853 7 89
ISS calculated from TSS - VSS
f s rmtr i ravrad e . " ¥ I KN " - v 2 1 n rha \
Calculated trom unfiltered ae: ¢ reactor COD and TKN concentrations divided by the VSS
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TABLE 4.2¢: Sewage batch averages for measured nitnite, nitrate, and P concentrations
for sewage batches 31 to 34 (Configurations 4 and 3).
Sewage Batch
Overall
3 32 33 32
Pre Anoxic | F mgNt | 00 0.0 . 08 03
Anaerodic F mgNT 0.0 0.1 . 00 00
Int. Set. A F mgN/'f 0.0 0) . 0.0 00
NO, | Int Set.B F mgNt 0.0 J 0.1 . 0.0 0.0
Anoxic F mgN'f 0.0 0? - 03 04
Aerobic F mgN | 0.0 03 . 12 0.3
EfNuent F mgNT 0.0 02 . 08 03
Pre Anoxic F mgN/¥ , 0.0 01 - 109 3.7
Anacrobic F mgN/# 0.0 0.1 - 02 0.1
Int. Set. A F mgN/f ! 0.1 02 . | 02 02
NO, | Int Set.B F mgNt | 176 1.7 .| 349 25,4
Anoxic 3 mgN/t 0.1 12 | - | 180 54
Aerobic F mgNe | o1 33 . 159 6.4
Efuent F mgNe | 06 29 - | 1o 68
Influent F mgPt | 251 %3 | - l 26.0 258
| Pre Anoxic 1 F mgP 13.2 4.1 | ‘ 8.3 142
! Anacrobic F mgPt 281 320 [ ! 238 280
;n:. Set A F mgP 302 318 ] .| a2ss 298
P | lntSetB F mgPt 33.0 5 | - | 280 325
Anoxic | F mgP 1 21.5 241 . 22 26 |
Aerobic F mgP/? 08 4.5 - | 183 i 5 |
EMuent [ur | mepe 10.4 41 | - | 189 ' 145 |
Effluemt F mgPt 9.6 1318 | . | 174 l 13.6

(UF = Unfiltered. FF = Floc Filteres, F = 0.45um membrane filiered)
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4.3.1 Carbonacecous Material Removal

Table 4.5 shows the COD mass balances (including I'n':.. components) and percentage COD

ves @ companson of .n*r"m: -n‘.po.k nt COD

removals for sewage batches 31 10 34. Table 4.4
3 1. (.":‘.u;".:r 3), 8 (Svstem 4) and § (Svstem §) day

marameters for the 10 (Sysiem 3b

3 - s o N3 ikl JUL LAVIN S

sludge age configurations; these are summansed in Fig 4.1

TABLE 4.3: COD mass balances for sewage batches 31 to 34

| Aversge MNuent NOC Denitrtizaven CO0 uses CC0 e coc i (= 1 -
; of c00 Recovery Ext Nt Wante Erfuem out Recovery
| Sach my-00¢ mgC'e =yC 00w »gZ001 mgCO0e mgC OO0 mypC OO0
| 3 *625C T 3'Te 32l | 9a1 *+383 el 8
- - , , 1 : |
3 T L4 PR -t 34 L | 411 | o2 "o
) ~- f . e ————— —— +--—7 —— — + SR U= —y
|
i ‘ e —— : . : '
| Cesfige LA D) b I 25¢8 29¢C] 1 §19 { | b éscy i |
) S -
- ™ 3% S 299C s 42 | €253 | 918
L 1
~omhis 4 P9 | 1% 224 s 4541 7] | e2: 318 |

TABLE 4.4: Comparison of average COD parameters for 10, 8 and
3 day sludge age svstem configurations

{ SNBNFAS Syster Lorfg e !

<@ 3 4 o

o0y Sucae Age s Cay 15¢ S ey 380 >'

e 3 » |

! $ g0, P 22 7 mgon s 7Ty

1 T T3 A% [ Tean I

| 13.9 vd | TS
T s 136 | 182 |
1 TH 40 141 1
I L] "2 |

'R | T e 1]
| T 208 | 212 8) |

100

(4]
o

4
' : ;-. :
60 — —— |V
¢ ’ )
. i $ 9 e

COD recavery (%)

L]
o

o

Fig 4.1: COD mass balance components for Systems 35 (Chapter 3), 4 and
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The overall average COD mass balance for the 10, 8 and 3 day sludge age system configurations
are 79.8%. 79.2% and 91.8% respectively (see Table 4.4 ané Fig 4.1). The overall COD mass
balances for the 10 and 8 day sludge age configurations are virtually the same, but that for the
5 day sludge age configuration is substantially higher. This is probably because the VSS
concentration had not vet reached a steady state value for the 5 day sludge age. The overall
average COD mass balance components for the various sludge age configurations do not show
any unexpected changes, except that for the 5 day sludge age configuration the % COD in the
wasted VSS is probably higher than would be at steady state. The vaniations in %COD 10 oxygen
and % COD to denitrification can be attributed to variations in the influent sewage characteristics
rather than to the reduced sludge ages. A higher influent COD will bring about a slight increase
in the oxygen utilisation rate (OUR) and a higher influent TKN/COD ratio will cause a shift from
the COD passed to oxygen to the COD utilised for denitrification. This can be clearly noted for
the 10 and § day sludge age configurations: For the 10 day sludge age configuration which
received an average of 736 mgCOD/i influent with a TKN/COD ratio of 0.106 mgN/mgCOD,
13.8% of the COD was passed to oxygen and 12.7% of the COD was utilised for denitrification.
For the 5 day sludge age configuration the influent COD was 709 mgCOD/{ with a TKN/COD
ratio of 0.120 mgN/mgCOD. The combination of the lower COD in the influent and the
substantially higher TKN/COD ratio resulted in 10.2% of the COD being passed to oxygen and
18.2% of the COD being utilised for denitrification. There is no reason for the percentage COD
‘lost” 1o the EN svstem to change with a lowering of the sludge age of the system. and the results
for the three sludge ages are similar. The small variations can be attributed to the different
number of sewage batches fed rather than to the change in sludge age. The percentage COD in
the waste is the only parameter that is expected to change with the sludge age. A shorter sludge
age results in more mixed liquor being wasted and hence the percentage COD in the waste will
be proportionally more. This can clearly be seen from Table 4.4: The 10 day sludge age
configuration has an overall average of 26.7% of the influent COD in the waste flow, while the
8 day sludge age configuration has 32.8% and the 5 day sludge age configuration 39.2% (which
is probably somewhat high as noted above) - an increase for each respective reduction in sludge
age. The percentage COD in the unfiltered effluent shows a similar trend to the COD in the waste
sludge, but this cannot be as a result of the lower sludge age. The influent flow for the 8 and 5
day sludge age configurations was increased from 20 to 25 [/d and this put greater strain on the
final settler causing a greater fraction of the dispersed suspended solids to spill over with the
effluent. The filtered effluent COD concentration remained essentially unchanged at 36.2
mgCOD/L.

The overall COD reduction for the three sludge age configurations are all within 4% of each
other (94% for the 10 day sludge age configuration, 93% for the 8 day and 90% for the 5 day
sludge age configuration). indicating that the COD removal of the ENBNR activated sludge
svstem in not affected to any great extent by a reduction in sludge age,
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FTABLE 4.7: Comparison of average \ parameters for 10, 8 and § day sludge age
configurations.
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reached a steady state value. The percentage N in the final effluent of 9.2%, 8.3% and 23.7% for
the 10. 8 and 5 day sludge age configurations respectively are difficult to compare as they are 2
function of the nitrate concentration in the effluent which depends on the TKN, COD ratio of the
influent as well as the nitnfication and denitrification performance of the system.

One of the main motives in implementing the ENBNR activated sludge system configuration was
to uncouple the nitrification process from the main system and hence making nitrification
independent of sludge age. Table 4.7 clearly shows the success of this system configuration -
nitrification remained completely unaffected by the lowering of the sludge age. For the 8 and §
day sludge age configurations 92.9 and 94.5% of the system nitrification occurred externally
[his is even higher than the 90.8% for the 10 dav sludge age configuration. From the final
effluent FSA concentrations given in Table 4.7, it can be seen that full nitrification occurred
throughout the 8 and 3 day sludge age configurations with only the residual FSA (from the

3 3
i

internal settler undertlow) appearing in the effluent.
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overall average TKN/COD ratio of the influent for the 10 day sludge age configuration was 0.107
mgN'mgCOD and the denitrification potential of the main anoxic reactor 31.1 mgN/( influent,
resulung in an overall average TN removal of 90.8%. The overall average influent TKN/COD
ratio for the 8 day sludge age configuration was 0.096 mgN’'mgCOD, and the denitrification
potential of the main anoxic reactor was 43.7 mgN ( influent, resulting in an overall average TN
removal of 91.8% - showing that the lower influent TKN/COD ratio combined with the higher
denitrification potential of the main anoxic reactor resulted in a better TN removal performance
for the 8 day sludge age configuration. The influent TKN/COD ratio of the 5§ day sludge age
configuration was a high 0.120 mgN /'mgCOD and the denitrification potential of the main anoxic
reactor was 33.8 mgN/l influent (higher than for the 10 day, but significantly lower than for the
8 day sludge age configuration), which resulted in a overal! average TN removal of only 76.3%.
which is lower than that of both the 10 and 8 day sludge age configurations.

Accepting the vanations occurring in the N removal parc.neters because of varving influent
sewage characteristics as well as varying denitrification performance, the lowering of the sludge
age did not have any marked effect on either nitrification. denitrification or TKN and TN
removal. The results achieved for the 10 (Configuration 3b, Chapter 3), 8 and § day sludge age
configurations are very similar and this shows that the ENBNR activated sludge system
configuration is able to attain high N removals at sludge ages up 1o as low as 5 days.

4.3.3 Biological Excess Phosphorus Removal (BEPR)

T'able 4.8 shows the results of the P mass balances over each of the reactors and settling tanks
for sewage batches 31 to 34, and these are summarised in Fig 4.3. A negative result indicates P
release while a positive result indicates P uptake. Table 4.9 shows a comparison for the main P
parameters for the 10, 8 and 5 day sludge age configurations.

FIGURE 4.8: Average P release (-ve) or P uptake (+ve) for each reactor/settler and
total P removal for sewage batches 31 10 34.
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configuration showed the highest P removal (14.0 mgP/t influent), but there was no nitrate
leaking into the anaerobic reactor during this configuration and this contributed to the higher
overall P removal. The 10 day sludge age configuration achieved an overall average P removal
of 10.5 mgP /I influent with an average of (.95 mgN/{ flowing into the anaerobic reactor from the
pre-anoxic reactor. Even with zero nitrate flowing into the anaerobic reactor the 10 day sludge
age configuration would not have achieved an average P removal of 14.0 mgP/{ influent, showing
that a reduction in sludge age does improve the P removal performance. Had no nitrate flowed
into the anaerobic reactor during the 5 day sludge age configuration, it would probably have
achieved higher P removal than the 8 day sludge age configuration did.

For the 10 day sludge age configuration, an overall average of 63.3% of the P uptake occurred
in the anoxic reactor Fnr the 8 and 5 day sludge age configurations, the percentage anoxic P
uptake was 47.1 and 57.9% respectively. The average NO, load on the main anoxic reactor was
18.6 mgNr, 20.7 mgN'l and 34.9 mgN/( for the 10, 8 and § day sludge age configurations
espectively. The higher NO,, load on the anoxic reactor for the § day sludge age configuration
led 1o the 10.8% higher anoxic P uptake compared to that of the 8 day sludge age configuration.

he 8 day sludge age configuration had a 2.4 mgN/{ higher NOy load on the anoxic reactor than
the 10 day sludge age configuration, but 14.8% lower anoxic P uptake. This is most likely
because the 8 day sludge age configuration result is an average of only two sewage batches, while
the result from the 10 day sludge age configuration is the avarage of 10 sewage batches. Had the

8 day sludge age configuration been run for 10 sewage batches, the result would have been closer
to that of the 10 day sludge age configuration.

When the ENBNR activated sludge svstem is operated at lower sludge ages, an improvement in
the overall P removal can be expected. Considerable anoxic P uptake continues to occur at the
lower sludge ages. and the percentage anoxic P uptake continues to shift with the NO, load on
the main anoxic reactor.

4.3.4 Sludge settlcability

The overall average DSV] was 95.6 mi'g, 89.8 mi’g and 92.9 m{'g for the 10 (Configuration 3b,
Chapter 3). 8 and 3 day sludge age configurations respectively. This shows that the decrease in
sludge age had no effect on the DSVI performance of the ENBNR activated sludge system. It
cannot be said that the lowering of the sludge age produced a better settling sludge, because th
'.alucs of the 8 and 5 day sludge age configurations are ¢lcse to those obtained for the 10 day
sludge age configuration (Configuration 3b) Tun with a nitrate concentration of 15 mgN/I
:T.vx\::_' from '.‘1: main anoxic reactor (see Table 4.2¢) for the § day sludge age configuration the
DSVI deteniorated only very slightly '"J ¢"J not rise above 100 ml g as it did for the 10
sludge age syvstem configuration when similarly high mitrate concentrations ﬂ owed from the

day
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is decreased as reflected in the BEPR model of Wentzel er al (1990). It would therefore
be expected that the 5 day sludge age would show a further improved BEPR
performance; however, for the 5 day sludge age configuration, high nitrate concentrations
were recycled to the pre-anoxic reactor, which was consequently overloaded. causing
nitrate 1o enter the anacrobic reactor, which in turn caused a decrease in P release and
hence a decrease in P removal. The nitrate recycle was due 1o the high influent
TKN/COD ratio (0.12) and reduced main anoxic reactor performance.

6. The overall average %o anoxic P uptake for the 8 day sludge age configuration was 47%
(with a nitrate load of 20.7 mgN/{ on the main anoxic reactor). and the overall average
% anoxic P uptake for the 5 day sludge age configuration was 58% (with a nitrate load
of 34.9 mgN/( on the main anoxic reactor). This shows clearly that as the nitrate load on
the main anoxic reactor increases, the % anoxic P uptake increases.

v The overall average DSV for the 8 and 5 day sludge age configurations were about 90
m{/g and 93 m{/g respectively. For the 8 day sludge age configuration <1 mgN/l flowed
out of the main anoxic reactor, but for the 5 day sludge age configuration about 15 mgN/{
flowed out of the main anoxic reactor. Good sludge settleability at sludge ages less than
10 days (8. 6 and 5 days sludge age) has been observed in intermittently aerated ND
systems by Warburton er al. (1991) and Phoredox, 3 stage Bardenpho, UCT and JHB
BEPR svstems (Burke er a/, 1986). The AA (low F/'M) filament bulking hypothesis
(Casey er al., 1994) is not considered 10 be applicable at 3 10 8 days sludge age because
the AA filaments are slow growers that tend to proliferate in long sludge age (>8d)
systems.

A detailed analysis of the results of the 8 and 3 day sludge age configurations is not intended, as
the system performance evaluation at these shorter sludge ages lasted for only 62 days. However,
the results show that the ENBNR activated sludge system BNR performance in no way
deteriorated at the shorter sludge ages, in fact a reduction in sludge age tends to increase N and
P removal per mass of organic load (Wentzel ef al . 1990), provided that it is not reduced below
a lower limit of about 5 days for operational reasons (sludge flocculation, effluent turbidity ). in
terms of “wash out” of PAOs the sludge age can be as low as 3 days (Wentzel er al., 1990).




CHAPTER 5

COMPARISON OF EXTERNAL NITRIFICATION (EN)
BIOLOGICAL NUTRIENT REMOVAL (BNR)
ACTIVATED SLUDGE SYSTEM WITH A
CONVENTIONAL BNR (UCT) ACTIVATED SLUDGE
SYSTEM

5.1 INTRODUCTION

In implementing the external nitrification BNR activated sludge (ENBNRAS) system, its
performance with respect to nutrient removal should not be significantly reduced compared to
the conventional BNR activated sludge system. With regard 10 nitrogen removal via
denitrification, the investigations in Chapters 3 and 4 indicate that the ENBNRAS svstem is
superior in that complete denitrification can be achieved for influent wastewater TKN/COD
ratios that are considerably higher than those for which it can be achieved in conventional BNR
systems. However, with regard to P removal. the ENBNRAS system stimulates anoxic P uptake
in the system which would appear to be reduced compared to aerobic P uptake. This indicates
that the P removal performance of the ENBNRAS system may be reduced compared to the
conventional system. In this Chapter this aspect is examined in more detail, to compare more
precisely the N and P removal performance in the external nitrification and conventional BNR
systems. Also, the factors stimulating anoxic P uptake in the conventional BNR system are
investigated. This investigation i1s summarised in this Chapter, and reported in detail by
Vermande er al. (2000),

5.2 SYSTEM OPERATION

A laboratory-scale BNRAS system (UCT configuration) with similar design and operating
parameters 10 the ENBNRAS system Configuration 3b (Chapters 3 and 4) was run in parallel
with this laboratory- scale ENBNRAS system. Figure 5.1 shows the system layout of the
laboratory-scale UCT system and Table 5.1 lists the design and operating parameters for both the
ENBNRAS and UCT systems. In order to compare the performance of the two systems. they
were fed the same influent sewage for 18 sewage batches (sewage batches 13 1o 30, Table 3.1
Configuration 3) - from the 7 August 1999 (day 167) to the 17 April 2000 (day 421). 30 [ of
influent were prepared in the same container. thoroughly stirred, and 20 [ of this prepared sewage
was fed 1o each of the systems respectively. While the ENBNRAS system was operated and
analvsed by Sdtemann er al. (2000), the UCT svsiem was operated., tested and reported on by
Vermande er al (2000). for details the reader is referred to the relevamt report. Detailed

comparisons of the two svstems are also given in both reports



FIGURE 5.1

Schematic

lavout of t

he laboratory

zale UCT system run in parallel

h the laboratory scale ENBNRAS svstem

TABLE S ENBNRAS and UCT system design and operating parameters
| “Parameter UCT System mystom

Infiuent Flow (I/'d 20 2V

Siugge Age (d) 10 10
| Temperature £C) i 20

D.Q Main Aerobic Reactor (mgQ/l) 2105 2105

Total System Volume 20 ; 20

Pre-Anoxic Reactor (I - | 2

Anaerobic Reactor | - 1 | S

Main Aroxic Reactor (| 7 € 5 (‘or sewage batch *3
' 9 (for sewage batches 14 to 30
Main Aerobic Reactor 10 . 8 5 (for sewage paten 13
| 4 (for sewage .JaYC'\es 4 10 30)
Aergdic Mass Fracien 0.5 | G 33 ‘or sewage ::" 13

0 2 (for sewage *a""es o0 30

'Unaerated Mass Fracoen | oL 557 (for sewage datch ‘3
‘ C.2 (for sewage batches 14 tc 30
| Ancxic Mass Fracuon 0.35 0 42 (for sewage datch 13
' 3 52 'or sewage balches 14 10 3C
Angércoiz Mass Fracton 0 15 0.25
- 1 ]

a-recycie (wr.linfl fiow 1.1 2.1 (for sewage catches 13 50 20

0 1 (for sewage batches 21 %0 3C

S- "8CyCl® (W riinh flow 11 | 11

r-racycle (wrtint flow B 1 - - '

" Actual volume 1 wth siudge at doudie concentration

** Actual volume 81 with siucge ciluted to nalf the nSrma concentration




§ 3
53 SYSTEM PERFORMANCE
Tables 5.2a, b and c list the sewage batch averages for all measured parameters for sewage

batches 13 10 30 for '.Zru- l CT system. The sewage batch numbers correspond to the su\agc batch
numbers used for the ENBNRAS svstem in Chapters 3 and 4 for Configuration 3, to facilitate
the direct comparison of the two systems. Where the overall averages of the two systems are
compared in this se ction. the overall averages refer to the average of the sewage batch averages
for sewage batches 13 10 30. This also applics to the ENBNRAS system results - in this section
the overall averages refer to the average of the sewage batch averages for sewage batches 13 to
30 calculated from the data in Chapter 3. Therefore, the overall averages may differ from those

.

mentioned in Chapter 3. where the overall averages include sewage batches 1 to 13 also

It should further be noted that because the chemical tests were performed by two different
researchers. the influent sewage characteristics show some minor differences, even lhougl' the
respective feeds ¢ rfglr..:'.:..‘ from the same feed mixing container. This is as a result of the

ndependent .m.xl)sm and associated analvtical variations, but these do not impact significantly

on the comparison, because the overall averages of the influent sewage characternistics over the
18 sewage ? atches are almost identical. Furthermore, b h independent analyses arrived at the
same overall average mixed liquor COD/VSS ratio of 1.43 and TKN/VSS ratio of 0.1 over the
18 sewage baiwc!
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TABLE 5.2h: Sewage batch averages of measured suspended solids,
OUR. DSVI and pH for the UCT system for sewage batches
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5.3.1 Carbonaceous Material Removal

Figure 5.2 shows the overall COD mass balances achieved for sewage batches 13 to 30 for the
UCT and the ENBNRAS systems. The overall average COD mass balance achieved for the UCT
system is 78.3% and that for the ENBNRAS system is 76.8%. These values are within 2 percent.
indicating that while the overall average COD mass balance for the UCT system is 1.5% higher
than the overall average COD mass balance achieved for the ENBNRAS system, both are equally
low. This indicates that the same as vet unidentified biological process which is thought 10
consume a fraction of the influent COD without being taken account of in the usual analytical
procedures also occurred in the UCT system, and it confirms that the low COD balances are not
charactenistics of the ENBNRAS system alone, but rather a characteristic of BNRAS systems in
general. From Figure 5.2 it can be seen that the COD mass balances achieved for each sewage
batch are similar. It seems that the largest discrepancies occur at low and very high influent
TKN COD ratios, with the ENBNRAS system achieving better COD balances for sewage batches
with a very high influent TKN/COD ratio (e.g. sewage batches 15, 19, 26, 27 and 28 with
influent TKN/'COD ratios of 0.124, 0.116, 0.118, 0.111 and 0.123 respectively), and the UCT
system achieving higher COD mass balances for sewage baiwches with lower influent TKN/COD
ratios (e.g. sewage batches 18, 21, 22 and 25 with influent TKN/COD ratios of 0.087, 0.089,
0.107 and 0.083 respectively).
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FIGURE 5.2: COD mass balances for the UCT and ENBNRAS systems for sewage
batches 15 to 30.

On average over sewage batches 13 to 30, the UCT system influent COD was 735 mgCOD/7 and
the E.\'B.\RA.\ syvstem influent (Ul) was 731 mgCOD/(. The overall average influent COD
values are within 19 of each other, confirming that the two systems did indeed reccive the same
feed even though there are variations in the influent COD values for each of the separate sewage
batches. Figure 5.5 shows the COD removal performance for each of the two systems, as a
percentage of the intluent COD concentration fed to each syvstem. From Figure 5.3 it can be seen
that the COD removal performances of the two systems are virtually identical. The UCT and
ENBNRAS systems removed an overall average of 92.8% and 93.5% of the influent COD
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intended to operate to maintain a low final effluent FSA.
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3.3.3 Biological Excess Phosphorus Removal (BEPR)

\ - ) . PR i 1 - ”
- N S JVou 1 C MAKe DEFK., Wil - - SLC
r Y 3 ) 3 ' o { 3 - Foad - { FTian
! AC | ¢ c VSic | 2C 3 018N l <

RN COD ratio. which results in 2 high mitrate load on the main anoxic reactor, anoxic P uptake

es occur, Forsewage batches 21 to 27, the influent TKN COD ratio was kept consistentlv high
Y - . e sl - - ~ { o IGUCC aANOXIC T o tAxke 1N ..'.k !- I\ .
en 1at the BEPR pertormance of the Ut system with anoxic P uptake as well as with
predomuinantly aerobic P uptake can be compared to the BEPR of the ENBNRAS svstem. Figure
3.9 s v$ the percentage ai ¢ P uptake for both the UCT and the ENBNRAS svstems for
%, Anoxic P Uptake for the UCT and
|
| ENBNRAS Systems
|
‘ <
‘ » N — y
|
.
|
| =
| = ™~
2
oo
.
-
! 2
' -
| S .,
<
& x
|
- T $yvtem e CNANTAL G wter
FIGLRE 3.9: Percentage anoxic P uptake forthe UCT and ENBNRAS
TN
8 3 - ughou 2 |3 sewag alche a average ove \ 3
I Sy
| n
i - - .
LN e d {
S
stern or reac g same mag ie 3 S &m anc




5.15

and underloaded the anoxic reactor with nitrate, and the system returned to predominantly
aerobic P uptake.

Figures 5.10 and 5.11 show the P release and P uptake respectively for the UCT and the
ENBNRAS svsiems over the 18 sewage batches. From Figure 5.10 it can be seen that for the
sewage batches where there was negligible anoxic P uptake in the UCT system (sewage batches
13.14,16 10 20 and 28 10 30) it released on average ~7 mgP | influent more P than the ENBNRAS
system. However, for the sewage batches where there was anoxic P uptake in the UCT system
(sewage batches 15 and 21 10 27) the ENBNRAS system released on average ~3 mgP/f influent
more P than the UCT system did. On overall average over all of the 18 sewage batches, the UCT
svstem released 21.3 mgP/f influent and the ENBNRAS system released 18.3 mgP/{ influent.
When operating with predominantly aerobic P uptake, the UCT system releases more P than the
ENBNRAS system does, even though it has a Jower anaerobic mass fraction than the ENBNRAS
system. However, when anoxic P uptake takes place in the UCT system, the P release drops to
lower levels than in the ENBNRAS system. This shows that with anoxic P uptake BEPR in the
UCT system (i) less P is released per unit RBCOD than under acrobic P uptake BEPR and (ii)
P release decreases also due to the high nitrate load on the anoxic reactor and nitrate recycle to
the anaerobic reactor. From Figure 5.11 it can be seen that the P uptake follows exactly the same
trend of the P release. The P uptake for the UCT system was 33.2, 26.9 and 50.5 mgP/f influent
for sewage batches 13 10 21 (aerobic P uptake). 22 to 27 (ar.oxic/aerobic P uptake) and 28 to 30
(aerobic P uptake) respectively. That of the ENBNRAS system was 28.1, 35.8 and 41.1 mgP«
influent respectively, with anoxic/aerobic P uptake throughout. For sewage batches 13 to 21, the
UCT syvstem P uptake (predominantly aerobic) was about S mgP/( influent higher than that of the
ENBNRAS syvstem. For sewage batches 22 to 27, when anoxic/aerobic P uptake occurred in the
UCT system (20% anoxic P uptake), the P uptake was about 9 mgP/( influent less than that of
the ENBNRAS system (64% anoxic P uptake). For sewage batches 28 to 30, when the P uptake
in the UCT system had retumed 10 predominantly aerobic P uptake. the P uptake was 9 mgP/i
influent higher than that of the ENBNRAS system. On overall average over the 18 sewage
batches. the UCT system P uptake was 34.0 mgP/! influent and that of the ENBNRAS system
was 32.8 mgP !

Figure 5.12 shows the P removal achieved by the UCT and the ENBNRAS systems for sewage
batches 13 to 30. In essence the P removal reflects the combination of those tendencies found for
the P relcase and the P uptake. When the UCT sysiem operates with predominantly aerobic P
uptake. on average it removes ~4 mgP/{ influent more P *han the ENBNRAS system. Under
conditions where the UCT system does show anoxic P uptake, the ENBNRAS syvstem removes
~2 mgP [ more P than the UCT system. On overall average over the 18 sewage batches, the UCT
svstem removed 12.7 mgP ( influent. while the ENBNRAS system removed 9.8 mgP/{ influent.
This shows that under normal circumstances the UCT system with predominantly aerobic P
uptake BEPR removes ~23% more P than the ENBNRAS with anoxic P uptake BEPR. If
however. the UCT system receives an influent that causes a consistent high nitrate load on its
anoxic reactor, anoxic P uptake (10 a lesser extent than in the ENBNRAS system) occurs,
resulting in poorer P removal performance than the ENBNRAS system can achieve when
receiving the same influent. A more detailed investigation into the anoxic P uptake BEPR of the
ENBNRAS system and the acrobic uptake BEPR of the LU'CT system is given by Vermande er
al (2000).
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53.4 Sludge settleability

gure 5.13 shows the DSV for the UCT and the ENBNRAS systems for sewage batches 13 to
. The % anoxic P LPLJ}C for the UCT system has also been included in the Figure 5.13 to
'l ustrate how the DSV1of the UCT system fluctuates with an increase in %6 anoxic P uptake. The

overall average DSVIof the UCT system over the 18 sewage batches was 138 ml'g and that for
the ENBNRAS system was 102 mlg

From Figure 5.13 it ¢can be seen that '.hc DSVI of the UCT system fluctuates with the % anoxic
l’ L;;"..z}\c As the °. anoxic P uptake increases, the sludge settieability deteriorates rapidly. This
an also be seen in another way: As the nitrate load on the anoxic reactor of the UCT system

increases, the nitrate concentration flowing from the anoxi: reactor also increases, causing the
DSVI 10 increase (see Casev er al, 1994). From the DSVI of the ENBNRAS system it can be

seen that this ph nenon does not occur in the ENBNRAS svstem. The DSVI of the
ENBNRAS does not fluctuate as widely as the DSV of the UCT system. even though it received
the same feed as \.,U CT system. During sewage batches 21 to 27, where the influent TKN/COD

ratio was kept very high consistently, the l)\\ [ofthe E \H\J AS svstem increased slightly from

around 90 mi'g to around 105 mi'g, while the DSVI of the UCT system responded by increasin

ICTeas!
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wd

ply from around 110 m! g 10 over 200 m{ g. Du 'x‘z‘ sewage hatches 13. 14 and 1% the UC
em showed a considerably lower DSV than that of the ENBNRAS system. However, durin
this period the ENBNRAS sy
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54  CONCLUSIONS

A laboratory scale ‘conventional’ BNRAS system (UCT configuration) with similar design and
operating parameters to the 10 days sludge age ENBNRAS system Configuration 3 (Chapters 3
and 4) was run in parallel with the laboratory scale ENBNRAS system. To compare the
performance of the two systems, both were fed identical influent sewage for 255 days spanning
18 sewage batches (from 13 10 30). For the purpose of comparing the BNR performance of the
two systems, the overall averages for the ENBNRAS system are the overall averages of sewage
batches 13 to 30, not the overall averages of sewage batches 1 1o 30. The overall averages
presented in this Chapter therefore differ from those calculated for the entire Configuration as
discussed Chapter 3 and 4. A detailed discussion of this comparison is given by Vermande er al.
(2000).

From the results the following conclusions can be drawn:
1. The overall average COD mass balance achieved for the UCT and ENBNRAS systems

were 78 and 77% respectively. The COD removal was 93 and 94% respectively. In terms
of carbonaceous material removal. the two systems performed identically.

rJ

The overall average total oxygen demand (including nitrification) of the UCT system was
7625 mgO'd while that of the ENBNRAS svstem was 1798 mgO'd. By nitrifving
externally. the ENBNRAS system requires 76% less oxygen per day: this is a significant
difference.

The overall average N mass balance for the UCT and ENBNRAS systems were 86 and
87% respectively and the overall average TKN removal 95 and 94% respectively. The
effluent TN of the UCT system was 16.8 mgN {, of which 12.8 mgN/l was NO, (filtered
sample) and 4.0 mgN/f was TKN (unfiltered sample;. Of the 4.0 mgN/f TKN, 1.8 mgN:{
was FSA (unfiltered sample). For the ENBNRAS system the effluent TN was 9.8 mgN /1,
of which 4.6 mgN/f was nitrate (filtered sample) and 5.2 mgN/f was TKN (unfiltered
sample). Of the 5.2 mgN'T TKN, 3.5 mgNT was FSA (unfiltered sample). The
ENBNRAS system achieved effluent TN concentrations <10 mgN/f in 10 out of the 18
sewage batches. while the UCT svstem did not achieve effluent TN concentrations <10
mgN/l in any of the 18 sewage batches. The overall average TN removal for the UCT and
ENBNRAS svstems were 78 and 88% respectively.

s

4 In the UCT system an overall average of 21.3 mgP ! influent P was released in the
anaerobic reactor. In the ENBNRAS svstem an overall average of 18.3 mgP.{ influenmt P
was released in the anaerobic reactor and internal settler. with an additional P release of
4.5 mgP [ influent in the EN system (which also has 10 be taken up in the anoxic and
aerobic reactors). On overall average. 34.0 mgP. ( influem P uptake occurred inthe UCT
system, and 32.8 mgP/( influent P uptake occurred in the ENBNRAS system.

"

The overall average P removal for the UCT system was 12.7 mgP/( influent (34.0-21.3),
and the overall average P removal for the ENBNRAS system was 9.8 mgP/{ influent
(32.8 - 4.7 - 18.3). The UCT system showed only 9.8% anoxic P uptake on overall
average, showing that predominantly aerobic P uptake BEPR occurred in the UCT







CHAPTER 6

IMPLEMENTATION OF
EXTERNAL NITRIFICATION BIOLOGICAL
NUTRIENT REMOVAL (ENBNR) ACTIVATED
SLUDGE SYSTEMS AT FULL-SCALE

6.1 INTRODUCTION

The experimental investigations into the external nitrification biological nutrient removal
(ENBNR) activated sludge svstem at laboratory-scale (Chapters 3, 4 and S) have clearly
demonstrated that this syvstem holds considerable promise for practical implementation. However,
successful implementation of the ENBNR activated sludge system at full-scale will depend
largelv on its cost compared to conventional BNR activated sludge systems and its ability to meet
required effluent quality standards. Accordingly, the system should be assessed with respect to
the economic cost and effluent quality standards, and these compared 10 those for an equivalent
conventional BNR activated sludge system. In this Chapter such a practical case study is
demonstrated based on a specific plant and the effluent quality standards of South African law.
Details of the economic evaluation are reported by Little er af (2001)

2 SYSTEM SELECTED FOR EVALUATION

The econemic cost will be influenced to a large extent by site specific factors. For the purpose
of the evaluation, the Potsdam Wastewater Treatment Plant (WWTP) at Milnerton in Cape
Town, South Africa was selected. since considerable data ace available for this plant (see Little
etul.. 2001).

T

T'he existing Potsdam WWTP comprises two streams which are operated in parallel:

. The old rock media tricking filters (TFs) with a capacity of |8 M{/d. These TFs are low
loaded and achieve good COD removal and nitrification. However, no N and P removal
1s obtained. A chemical P removal plant has been provided but currently (2001) this is

not operated

. The newer conventional BNR activated sludge system (Modified UCT process) with a
capacity of 17 M! d with full biological nuirient removal.

Therefore, the plant has a combined capacity of 35 M{/d and is operated in a conventional way

sy of s e at o snall vt}
er eftluent can be treated chemically with

ke
!
aluminum sulphate or ferric chloride for P removal and lin.e dosing facilities for alkalinity and

as discussed in Chapter 1 (Fig 1.2). Thet

pH correction are also provided 1f required
The effluent of the plant must comply with special standards and achieve filiered COD < 735

mg (. total suspended solids (TSS) <25 mg /[, free and saline ammonia (FSA) < 2 mg NI, total




FCONOMIC FVALUATION

3.1 Ih scenarios for economic evaluation
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sludge age, i.e. upgrading the old trickling filters with plastic media to increase
their nitrification capacity and combining them with the existing BNR activated
sludge system 10 obtain BNR on the full cap acity of 35 MU/d as in (2.12a) for the
period from 2000 to 2005;

Second Horizon (2020) for Scenario 2: The flow is expected to reach 49 Mi/d in 2020

Option2.2a: Option 2.1a is extended to accommodate 49 M{'d for the period from 2000 to
2020, i.e. keeping the existing plant unchanged until 2005, after which Option
2.1ais implemented, but with a capacity of 49 Mi/d for the period 2000 to 2020.

Option 2.2b:  Option 2.1b will be extended 10 accommodate 49 M(/d for the period from 2000
t0 2020, i.e. keeping the existing plant unchanged unti] 2005, after which, Option
2.1b is implemented, but with a capacity of 49 M{/d for the period 2000 to 2020.

Proposed layouts and preliminary designs for all the options were prepared in sufficient detail
for costing and tendering purposes, the prices, in South Africa Rands (in 2000), were obtained
for the mechanical equipments and civil construction from contractors. Operation and
maintenance costs including staffing. sludge handling and disposal were also costed for the
Milnerton plant. The sludge treatment included only dewatering to 20% with belt presses and
transport of the dewatered cake to a landfill site 10 km away for disposal, which is the current
practice.

6.3.2 Results of cconomic evaluation

The costs for each of the scenarios are given in net present values (NPV) at 6% in the year 2000
SA Rands. They include all civil construction cost. mechanical construction and operational as
well as maintenance cost. The overall costs are summarized in Table 6.1.

Table 6.1: NPV at 6% for implementation of a conventional BNR or an ENBNR activated
sludge plant at the Potsdam WWTP (Cape Town. South Africa).

Proiects NPV a1 6% (in million ZAR Perod

Scenario 1. 33 Med Geenfields plam

fla) Conventional BNRAS syvstem (LCT) 147 24 2000-2015

(1b) ENBNRAS system 15828 2000-2018

Scenario 2: Modified the existing piant of 35 Méd and extending rhe plant with 39 M*d

Option 2 1. Design horison 2005-35 Méd capacins

‘ |

'l: 1a Convenuonal BNRAS (decommussicn TFs) | 23.55 2000-2006
215 | ENBNRAS system, using TFs 76.20 ! 2000-2006
Opiion 2.2 Extending the exisiing plant ¢ 349 M! & for 2020
228 as for(2.1a) above |64 80 2000-2020
3.2b) as for (2.25) above 13427 2000-2020
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6.4 EVALUATION AGAINSTEFFLUENT QUALITY STANDARDS

6.4.1 Development of effluent quality standards in South Africa
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The DWAF is currently in the process of revising the effluemt quality standards, as the old
general standards are not considered to be sufficient in the framework of the newly developed
policy of waste load allocation, receiving water quality objectives and minimum requirements.
New effluent quality standards have been proposed under tne new National Water Act of 1998,
The proposed new standards differentiate between WWTPs with secondary treatment only (i.e.
organic material and N removal) and those with advanced secondary treatment (i.e. organic
material, N and P) and stipulate separate effluent quality requirements for each. The WWTPs
wishing to discharge effluents that are not within the proposed new standards need to apply to
the DWAF for special permission to do so. Table 6.3 lists the proposed new effluent quality
standards for WWTPs with secondary treatment only and for WWTPs with advanced secondary

tréatment.

Table 6.2:  Effluent quality standards for the general and special standards for N and P
Parameters General Special Special Standard for Units
Standard Standard P
Filtered COD <7§ <75 13 mg COD*
FSA <10 <1 <10 mg N/t
Nitrate 1.5 . mg N/t
Phosphate - - <] mg P4
Suspended Solids <25 <10 <25 mg/t
DO 75 >75 >78 e Saturation
pH §5.95 $3.75 5,565 -
Table 6.3:  Effluent quality standards proposed under the new National Water Act of 1998,
Parameters Secondan Treatment Only | Secondany and Tertiary Treatment Units
coD 65 30 mg COD
FSA 3 2 mg N
Nitrate 8 7 mg N
Phosphate - 08 meg P
| Suspended Solics 18 - mg
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6.4.2 Evaluation of “conventional™ BNR activated sludge systems against the effluent
quality standards

An evaluation of the existing BNR activated sludge technology (called conventional BNR

activated sludge svstems to distinguish them from the ENBN\R activated slud«_v-: svstem)in South
Africa has been performed by the consulting engineering firm, Wates, Meiring and Bamnard,

Johannesburg, South Africa 10 assess the measure with \uh ch the B\K\% >\~tem> as
implemented in South Africa over the past 25 years have achieved the existing (Table 6.2) and

. ~
the new proposed effluent quality standards (Table 6.3)

A total of 17 secondary (2) wastewater treatment plants were ;mal_\ sed in terms of the treated
{fluent quality variables COD, SS. FSA. and nitrate and total of 31 advanced secondary (2° +)
wastewater treatment were analysed in terms of treated et?'l'..tm quality vanables of COD, SS,
FSA, nitrate and dissolved ortho-P. The samples were 24h composites, tested weekly on each
nt. The data analvsis was based on effluent quality data over a | 2 month period which was the
same for each plant. Some of the secondary (2) wastewater treatment plants have '.enmr-
treatment in the torm of chemical P removal, but this aspect of the technology was not evaluate:
The number (and 2¢) of plants with median and 95% ile effluent quality variable concentrations

exceeding the General Standard effluent discharge concentrations are given in Table 6.4

Fable 6.4: Number (and *5) of plants with median and 95% ile effluent quality variable

concentrations exceeding the General Standard effluent discharge concentrations
EfMuent [ Standard Number (*s) of plants exceeding stated standard
qualies variable | concentration
& i . -~ 0
Secondan (o) Treatment Advanced (2° =) Treatment
Median 9s%ile | Median 95% ile
COD Sm 2 (12% Q (36 | = (6% I 2(36%5)
SS 2Smg J118% 0 (5¢° l 3 IV%) [ 12%)
FSA , 10 mgN 2(12% 9 (53%) ‘ 3(10% (42¢
|

- -~
e 2o\ P ~ ' ’ ' 031
{ vitrate l mgN | $(24 64 1431%) §416%)
l |
’ aa
Sol PO.-P | mgP - 16(52¢ 1 (10
.
o~ a4 ¢ » 4 L i » . F | r Y | » "ne *m :: ‘- r
T, It i . ke ' . a ina d
» ™~
2oor atm amoies for w g nee @re G ne D4} W0QIC Gre
1 - (3
\
- ) ’ \ PITEAT " 3 " 1 " ’ p ’ stud
} 1 \ ) ’e &

O 1the b 2 tha AATa N ha navriarmanes nf ths 98 rlanla
/ = - ! e DU al IN ~ 2 1D & US g gt by (- e L o - i
5z &8 o N aerae . . = b n e d i O e
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Table 6.5:  Performance potential for the secondary and advanced secondary treatment
technologies.
Effluent qualiy Unnts Secondary treatment Advanced Secondary treatment
vanable ‘
Median 05% ile Median 93% ile

COD mg'l a3 65 32 50

Suspended Solids (SS) mg 't 10 } ] 10 17

FSA mgN ! 1.3 30 1.4 29

Nitrate mgN | 3.5 6.0 s 5.5

Sol PO.-P mgP ¢ . . 0.5 1.0

From Table 6.5, the performance potential of advanced secondary treatment is significantly better
in effluent quality at the 93% ile only in so far as COD is concemned. i.e. 50 mg'{ versus 635 mg/(
for secondary treatment; the SS, FSA and nitrate concentrations are virtually the same at about
18 mg/t, 3.0 mgN/f and 6.0 mgN I respectively. Secondary treatment does not include biological
P removal. Advanced secondary treatment, which includes biological P removal, has the potential
to achieve at the 95% ile level. an effluent concentration 0f 1.0 mgP ({ dissolved ortho-P.

The survey of operating N and N & P removal activated sludge plants in South Africa indicates
that BNR technology, as designed and operated in SA, has the potential to achieve effluent
quality concentrations at the 95% ile level of 50 mgCOD/(, 18 mgSS/, 5.0 mgNH,-N/t, and 6.0
mgNO,-N/f and 1.0 mgPO,"-N/¢ in SA. Of these. the FSA and P are outside the new standards,
which for FSA is 2 mgNH,-N/f and for P is 0.8 mgP/t. Taking the performance of ENBNR
activated sludge Systems | and 3¢ (Chapter 3) as the potential of the ENBNR activated sludg

system, the performance of this svstem is compared with the new effluent standards in Table 6.6.

Table 6.6:  Comparison of the performance of ENBNRAS with new standards
l Effluen: quality CoD SS FSA NOx P |
, parameters mg ! ng mgN ! | mgN\ mgP
Conventional 50 17 29 55 1.0
| External nutrification
System | 5 61 36 3.9 10.5
| System 3b s 54 38 3 106
| New Siandard 5 18 2 7 08 J

P removal-¢ffluent P concentration not mearingiul because P was dosed 1o ifluent 1o avoid P limaation

Unfiltered COD

Obtained from (unillrered COL
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CHAPTER 7

DEVELOPMENT OF A MATHEMATICAL
SIMULATION MODEL FOR EXTERNAL
NITRIFICATION BIOLOGICAL NUTRIENT
REMOVAL ACTIVATED SLUDGE SYSTEMS

7.1 INTRODUCTION

For the design and operation of, and research into, conventional biological wastewater treatment
svstems. mathematical simulation models have proved to be invaluable as a process evaluation
ol (e.g. Dold eral. 1980, 1991; Henze er cl.. 1987). Mathematical simulation models provide
quantitative descriptions of the dynamic behaviour of the wastewater treatment system. By
providing quantitative descriptions, they allow predictions of the system response and
performance 1o be made. From the predictions, design and operational criteria can be identified
for optimization of system performance. Also, mathematical models are very useful as research
tools. By evaluating model predictions, it is possible to test hypotheses on the behaviour of the
wastewater treatment system (e.g. biological processes. their response to system constraints, etc.)
in a consistent and integrated fashion. This may direct attention to issues not obvious from the
physical system. and lead to deeper understanding of the fundamental behavioural patterns
controlling the system response. In essence, mathematical models can provide a defined
framework which can direct thinking (design, operation or research)

Recognising the usefulness of mathematical models, it was decided to develop a kinetic
simulation model that will include the processes that can be expected to be operative in external
nitrification BNR (ENBNR) activated sludge systems. This Chapter summarises this
development; for details, the reader is referred to Hu er @/, (2001)

L

A MODELLING APPROACH

I'he approach taken to develop the Kinetic simulation model for the ENBNR activated sludge
system was 1o (1) evaluate and ;nmr.lr: the available existing Kinetic models for BNR activated
sludge systems; (2) identify difficulties and deficiencies in the models when applied to BNR
activated \[bt--L systems in general, \..1J to the p'*m:..-d system In particular, (3) gather

information from the literature and experiments to overcome the difficulties and deficiencies 10

‘he .1 vt mandel: 14} cather A I emratime alit » and valid
develop the Kinetic simulation model: (4) gather data from the literature 10 calibrate and validate
the resuliant kinetic model; and (5) apply the model to simulate the behaviour of the proposed

sysiem.

State of the art models identified for evaluation were UCTPHO (Wentzel eral.. | MZ.. [AWQ
Activated Sludge Model (ASMNo2) (Henze er @l , 1995) and ASMNo2d IH enze ef al , 1998),
BIOWTN model of Barker and Dold ( 1997) and the Delfi b

based group of models (Smolders

al 1994 ; Kubaer @/ ,1997). In the initial assessment \-x".ﬁ‘.csc models and the ENBNR a2 "I~Jl(..j
sludge system, one process immediately apparent to be critical important was anoxic P uptake
and denitrification by PAQs, and attention was focussed on this aspect




1.3 DEVELOPMENT OF ENHANCED CULTURE DENITRIFYING PAOs
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evaluating existung kinetic models for BNR activated sludge svstems. the imporiance O

' : - e -\ : s artad \ e D La e e )

wcluding denitrifving PAOs (DPAOs) and associated anoxic P uptake became evident. Tc

ichieve this, information on the kinetic and stoichiometric behaviour of DPAOs is essential. To
R .t - ' Farmmt st oy e > ) ) :

gather the necessary information. it was attempted to develop enhanced cultures of DPAOs.

’ +h oy T - - S 1 — s DAY — ] — ] - ' »
similar to the enhanced cultures of acrobic P uptake PAOs deve oped by Wentzel er al. (1988,

1989a). However, this endeavour did not prove successfu
he experiment vestigati n enhanced culwures of DPAOs cates that
. For ENBNR activated sludge syvstems with small aerobic mass fraction (13%) and shont
sludge .;__-.- 10 days) at 20°C. receiving influent supplemented with acetate, the tvpical
P behavi | pattern (i.e. anaerobic P release and anoxic .4-:.’-“%*:-_' P uptake)
comple \l ibsent. In a similar investigation, Bortone er @l (1997) found it was necessany
to include a short acrobic period in an SBR cycle to obtain anoxic P uptake. Thus, it
would appear that an aerobic period may be essential for stable anoxic P uptake.
Recognizing thatanoxic P uptake DPAQOs are facultative organisms. including an aerobic
period would provide opportunity for aer :r.;'.;'rf isms by these organisms, in
addition to the anoxic metabolism I‘..».';hcm'.u..'...n:.’ 'bic metabolism provides a higher
energy vield for the organism than anoxic metabolism. This would suggest that anoxic
P uptake by itself is an unstable and unreliable process. The inability to stimulate this
Process under the clos selv controlle nditions in the laboratory implies that this process
would probably _-.Z_\-‘ pro cliz t full-scale. This reinforces the conclusions from
the investigation ] \H\ R activated sludge systems (Chaprer3 ), that overemphasis
has been placed on anoxic P uptake in the system. Rather, anoxic P uptake must be
stimulated in conjunction with aerobic P uptake
[he requirement for aerobic P uptake to stabilize the BEPR implies that enhanced culture
DPAOs cannot be successiully developed in the ENBNR activated sludge systems \\urjx' 2
this investigation was abandoned. Instead, information o II'}" AOs was s n the literature
7.4 MODEL DEVELOPMENT
| . > - o - - - - > . -
& & SrVe as a starting er developme
\ ’ Q ! .~ alak b '
¢ g ¢ Kin elc de R ac ed sludge - ere compared and
evaluated against expenme bservation the literature nis evaluation, ally, it was
tht that the complete mode uld best ser g r model development -
] 310 8 d [ ] anre : ¥
ntthat ther 1S inadequately validated and t ehig nteractuve
t el makes calibr ) mp 1 infinite
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a starting point, namely UCTPHO (Wentzel et al., 1992) and to extend and modify this
model to incorporate those processes omitted, or to resolve deficiencies in the model to
develop a general BNR kinetic model.

The UCTPHO kinetic model considers only aerobic growth of PAOs, with associated aerobic P
uptake. Anoxic growth of PAOs with associated anoxic P uptake and PAO denitrification are not
included. However, experimental data demonstrating these processes in BNR activated sludge
svstems have been more often reported in the literature recently (Ekama and Wentzel 1999b).
Furthermore, in the ENBNR activated sludge system, anoxic P uptake dominates P uptake (see
Chapters 3, 4 and 5). Accordingly, UCTPHO was modified to extend its application to
conventional BNR activated sludge systems where anoxic P uptake occurs and particularly to the
ENBNR activated sludge system. For these modifications, information was drawn from
experimental data in the literature and the other available kinetic models (e.g. ASM2d,
BIOWIN). This indicated that. most likely, two PAO popula‘ions exist. one that can denitrify and
one that cannot. However, in modelling. incorporating two PAO populations is not possible, as
both essentially compete for the same substrate source and thus one population will be predicted
to dominate. Thus, the approach followed was to include a single PAO population, but with
reduced rates of substrate utilization/growth under anoxic conditions compared to aerobic
conditions. With this basic approach, the main modifications made 1o UCTPHO were:

(1) Processes for anoxic growth of PAOs with associated anoxic P uptake and denitrification
were included, with separate vield coefTicients for anoxic and acrobic PAO growth and
separate ratios for P uptake per unit PHB substrate utilized. Also, from the above, the
anoxic rates were reduced compared to the equivalent aerobic rates, by multiplying the
acrobic rates by the reduction factor n,; under anoxic conditions.

(2) Processes for anoxic death/maintenance of the PAOs were included, recognizing that
under anoxic conditions PAOs that can denitrify will behave differently from those that
cannot.

(3)  Separate anoxic and aerobic vield coefficients were introduced for OHO growth.

(4) I'he organic N and P fractions were linked 10 the corresponding COD fractions, and the
rransformations between the different forms of organic N and P fractions were linked to
the corresponding COD transformations (Henze er al., 1993).

in developing the model and from the review of existing models, two aspects were identified as
of importance. but were not included in the model. namely:

(1) Anaerobic slowly biodegradable (SB) COD hydrolysis;

-

() COD loss mechanisms

Withregard to (1 ). anaerobic SBCOD hydrolysis, this process hydrolvses SBCOD to fermeniable
readily biodegradable (F-RB) COD (S,,.) under anaerobic conditions. The resultant S, can then
be acid fermented by OHOs o short chain fatty acids (SCFA, S,,.) which are available to PAOs
for sequestration. The net result. thus, is that
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7.5

For OHO maximum specific SBCOD hvdrolysis/utilization rate (K ). for svstems with
the “usual” range of aerobic mass fraction (50 -60%), the default value can be retained.
However, for systems with small acrobic mass fractions (< 40%) (Kashula er al.. 1993;
Pilson er al.,1995 and Musvoto er al.. 1992) the v 1lue has to be increased. otherwise
significant unbiodegraded SBCOD is predicted to accumulate in the system contrary to
experimemal observations. The smaller the acrobic mass fraction, the larger the increase
required. Most likely, systems with small aerobic mass fractions favour the growth of
OHOs with higher substrate utilization rates (i.e. K_ ). Such selection has been observed
previously in systems that included selectors (Still er al , 1996)

For OHO and PAO anoxic reduction factors for SBCOD hydrolysis/utilization (n, and
. respectively):

- These were found to vary significantly from system to system; n, ranged from 0.1
to 0.7, v, from 0 to 0.6

- The value for n, appeared 0 be closely linked to the selected K, value: where
K, needs to be increased, n, correspondingly was decreased.

In searching for reasons for the variability in 1, and n,, two factors appeared to be of
importance:

- Anoxic mass fraction

- Nitrate load to the anoxic reactor.

However, a quantitative relationship between the above two factors (and possibly other
design/operational criteria) and the exact values for n,, and n. could not be established.
Accordingly. it is not possible to determine values for n,, and n, ab initio, these will be
system specific and require calibration (or measurement) for each situation

Clearly, this is undesirable and requires further investigation. Where it is not possible to
calibrate (or measure) n,, and n,, for example for design of conventional BNR activated
sludge systems with the “usual” range of acrobic mass fractions. it is reasonable to accept
N, = 0.34 and n,; = 0.39.

For the PAO ratio P release ‘acetate waken up. f, . for svstems with conventional aerobic
mass fractions (50 - 60%) a value f, .. = 0.45-0.3 can be accepted. From the f;, , and pH
relationship of Smolders er a/ (1995). this corresponds to the anaerobic pH of 6.910 7.2,
which is reasonable. However, for svstems with small aerobic mass fraction. the f;

value required significant reduction (<0.4). This reduction concurred with a number of
other modifications to the model to correctly predict BEPR in these systems. It was

(w1
concluded that these svstems produced BEPR behaviour that deviated from the “usual”™
(see below)

VModel predietive capacity

For systems with the “usual™ aerobic mass fractions of 50 - 60°% (Wentzel e ai., 1989b, 1990;
Sneyders er al., 1998), the BNR activated sludge kinetic model proposed here gave reasonable
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predictions. However. due to the deviation in BEPR behaviour in systems with small aerobic
mass fractions (Kashulaeral , 1993, Pilson er ¢/ 1995 and Musvoto er @/ , 1992) the predictions
were poor. Unfortunately, these svstem conditions are those that appear to stimulate significant
anoxic P uptake. Hence, the Kinetic model could not be C\"‘u' sively validated for BNR activated
sludge svstems exhibiting predominately anoxic P uptake. by simulation of the response of the
Kashulaeral. (1993), Pilson eral (1995) and Musvoro er @l (1992) systems, However, the data
set of Wentzel ¢r 'NS*-" does include more conventional B\’{ activated sludge systems in
which anoxic P uptake did take place: the Kinetic model was capable of correctly predicting the
observed BEI ‘l\ in those systems. Thus. it would appear that the model holds potential for
application to the ENBNR activated sludge system (sce Section 7.6)

7.5.3 COD loss

In developing the Kinetic model here. it was thought that COD loss mechanisms were not
sutficiently undersiood for definitive inclusion. Hence. the model does not take COD leoss into
account. In application of this model to the variety of systems, the data on COD loss appears
contradictory. For some systems. excluding COD loss caused the sludge production (VSS) and
oxvgen demand (OUR) to be overpredicted, whereas for other systems this was not the case
Thus, there is no consistency in the information on the COD loss phenomenon. Hence, until
greater clarity on this phenomenon is ebtained. it is not possible to include COD loss in the
model

7.5.4 Contribution of PAOs to svstem denitrification

The model proposed here includes anoxic P uptake and associated denitrification by PAOs
Hence, the PAOs will contribute to system denitrification. It is thus behaviour that 1s >ou<‘h‘ to
be exploited in the DEPHANOX and similar syvstems, where the concept is that the same
substrate source (i.¢. the PHA seguestered by the PAOs) can be used for t‘\' th P removal and
denitrification. However, from the simulations and a sensitivity analysis. it was evident that the

contribution of PAOs to denitrification is relatively small (< 10% for conventional systems: <25%
for systems with larger anoxic mass fractions). with l'-r' vast majority of denitrification mediated
by OHOs. Furthermore, the denitrification by PAOs comes at the cost of lower P uptake and
hence P removal efficiency (compared to J:ﬂ-f”;g P uptake). This would suggest that

denitrification by PAOs in the BNRAS svstem should be minimized rather than maximized. This

n asreamant with . & - . » ENE ) anthy b4 e ~ [ egng
1s in agreement with the experimental observations on the ENBNR activated sludge system (see
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behaviour. It appears that the small aerobic mass fractions induce behavioural patterns
that are not adequately taken into account in the model. or that the experimental data for
these systems deviated from the “usual™

This was investigated further when the model was applied 1o the experimental data on the
ENBNR activated sludge svstems gathered in Chapter 3: these ENBNR activated sludge systems
also include small acrobic mass fractions (19%) (see below).

7.6

APPLICATION OF THE MODEL TO ENBNR ACTIVATED SLUDGE
SYSTEMS

The BNR activated sludge kinetic model was applied to the laboratory scale ENBNR activated
sludge systems operated here (Chapter 3). and predicted behaviour compared 10 experimental
observations. This application shows that:

The model is capable of modelling the system behaviour, with the default values for the
kinetic and stoichiometric parameters proposed, except for f; , N ng and K. This
provides substantive evidence supporting the validity of the proposed kinetic model. This
is in contrast to the simulations of conventional BNR activated sludge systems with small
aerobic mass fractions (Kashula er @/ , 1993: Pilson eral 1995 and Musvoto eral , 1992),
where considerable model manipulation was required to correctly reflect the observed
BEPR behaviour. This would suggest that the data of Kaschula er al. (1993), Pilson et a!
(1995) and Musvoto er @/ (1992) deviates from the “usual”™.

With regard to those constants that required adjustment:

For f, .. in model application this had to be reduced from the default value of 0.5 10 0.4;
this corresponds to pH = 6.8 in the anaerobic reactor according to the relationship
between f, ., and pH of Smolders er al (1995), which is not unreasonable. In simulating
conventional BNR activated sludge svsiems with small acrobic mass fractions the same
reduction in f, , was required. Possibly this change reflects that the P release behaviour
of denitrifving PAOs differs from aerobic PAOs, as is evident from the observed change
in P release/P removal ratios when anoxic P uptake is significant (see Chapter 3). but this
1s speculation

For the n,, value, as in conventional BNR activated sludge svsiems, this parameter needs
to be determined by simulation for each system, even for cach sicady state period for the
same system. Although it appears that two factors may significantly influence the n,
value, namely the nitrate load on the anoxic zone and the aerobic mass fraction, the
guantitative relationship between these factors and v is sull unknown. However. as
noted above, the PAOs contribution 1o denitrification is small compared to the OHOs
contribution and hence, with little error, a default value of n, =0.5 can be used for the
ENBNR activated siudge systems where n, is not known: preferably. if possible. g
should be determined by calibration as above, or by measurement

For K. the value for this constant had to be increased significantly in application of the
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CHAPTER 8

DISCUSSION/FUTURE WORK

In the external nitrification (EN) biological nutrient removal (BNR ) activated sludge system. the
biologically mediated process of nitrification is removed from the main BNR activated sludge
system and effected externally in a fixed media system. This is achieved by including in a BNR
activated sludge system an internal settling tank between the anaerobic and the primary anoxic
reactors; the overflow from this settler is discharged 10 a fixed media nitrifying system (the EN)
and the underflow 10 the activated sludge system anoxic reactor. The nitrified effluent from the
EN system is then discharged to the anoxic reactor to meet with the internal settling tank
underflow, and hence is denitrified. Removing nitrification from the activated sludge system
eliminates the requirements of a minimum sludge age and aerobic mass fraction for nitrification,
and hence allows a step increase in system intensification. The investigations on laboratory-scale
ENBNR activated sludge svstems by Hu er @/ (2001), Moodley er al. (1999) and S6temann er
al. (2000) (Chapter 3) show that implementation of this system is possible in practice. In the
three laboratory scale ENBNR activated sludge system investigations, the EN part of the systems
nitrified between about 85 and 90% of the free and saline ammonia (FSA) flowing into them
(provided failure of the EN system did not occur). Of the total system nitrification, up to 90%
occurred externally. Some residual nitrification of the FSA not nitrified in the EN system and the
FSA in the internal settling tank underflow (which bypasses the EN part of the system) did occur
in the activated sludge system main aerobic reactor, mediated by nitrifiers seeded to the activated
sludge part of the system by the EN. However, this is not undesirable as this nitrification ensures
a low FSA final effluent quality.

The laboratory scale ENBNR activated sludge systemc removed >90% of the influent
carbonaceous material (COD), utilising on average about 60% less oxvgen than an equivalent
‘conventional’ BNR activated sludge system. The ENBNR activated sludge systems have also
been shown to give excellent TKN and very good TN removals (TKN removals >90%, TN
removals >80%). Furthermore, it has been shown that the ENBNR activated sludge systems are
capable of producing effluents with TN concentrations of <10 mgN/1 for influent wastewaters
with TKN/COD ratios of up to between 0.13 and 0.14.

The P removal in the ENBNR activated sludge system was about 30% less than that expected for
aconventional BNR activated sludge svstem. The biological excess P removal (BEPR) occurring
in the ENBNR activated sludge systems was undoubtably anoxic aerobic P uptake BEPR, with
the anoxic reactor effecting up 10 60 - 70% of the 10tal system P uptake. Reduced BEPR with
anoxic P uptake is in agreement with previous obsenvations on conventional BNR activated sludge
svstems (Ekama and Wenwzel, 1997b). The relative magnitude of the anoxic uptake BEPR
appears t0 be dependant on the nitrate load on the main anoxic reactor and the aerobic mass
fraction: If the nitrate load was equal 1o or below the denitrification potential of the main anoxic
reactor, the % anoxic P uptake decreased and the % acrobic P uptake increased provided the
aerobic mass fraction was sufficiently large to complete the P uptake process. Conversely, when
the nitrate load on the main anoxic reactor was greater than the denitrification potential of the
main anoxic reactor, the % anoxic P uptake increased, and the %» aerobic P uptake decreased
In practise, it is unlikelv that a steady state in terms of anoxic P uptake will be reached. the P







aerobic mass fraction.

The ENBNR activated sludge svstem produced a sludge with a DSV of between 90 and 100
mi’g, while the DSVI of the UCT system fluctuated between 80 and 200 mé/g. This difference
in DSVI became particularly apparent when high nitrate concentrations flowed from the anoxic
reactors to the aerobic reactors of the two systems: In response to high anoxic reactor nitrate
concentrations, the UCT system’s DSVI increased sharply, from about 100 mi’g to about 200
mi 'g. while the ENBNR activated sludge svstem DSV increased from around 90 mi'g 1o just
over 100 mt'g. Hence, the UCT system is much more sensitive 1o AA filament bulking with
significant nitrate concentrations in the outflow of the anoxic reactor than the ENBNR activated
sludge system. This is because the acrobic mass fraction of the UCT system was 0.50 and within
the range of applicability of the AA filament bulking hypothesis of Casey er al. (1994). whereas
the ENBNR system's aerobic mass fraction was 0.2 and outside this range.

Initially it was thought that the savings in capital cost brought about by an increased capacity or
smaller biological reactors, reduced oxygen demand and better settling sludge would make the
ENBNR activated sludge system an economically attractive and viable alternative as a full-scale
plant. The economic evaluation of Little er al. (2000) (Chapter 6). however, indicates that this
may not necessarily be the case. The ENBNR activated sludge system altemative does provide
a substantial saving in construction costs of about 30% when compared to a “conventional” BNR
activated sludge system. With regard to operational costs, while the ENBNR activated sludge
system does also offer significant savings due 1o the very low oxygen demand, these cost savings
are offset by the increased sludge production at the shorter sludge ages and the associated
increase in sludge treatment, transport and disposal costs (for the particular case study and sludge
disposal route). This causes that the ENBNR activated sludge system operating costs are about
the same as those for a conventional BNR activated sludge system. Since the operating costs of
a sewage treatment works, whether ENBNR activated sludge or ‘conventional’ BNR activated
sludge svstem. account for the bulk of the net present value (NPV), the total NPV (capital,
operation and maintenance) for the ENBNR activated sludge system option is only 5 1o 10%
lower than that of a ‘conventional” BNR activated sludge system. This difference may not be
large enough for a definite choice of the ENBNR activated sludge system over the *conventional’
BNR system. However, the choice of system may be sigrificantly influenced by the effluent
quality requirements. In South Africa, ifthe Department of Water Affairs and Forestry implement
the new effluent guality standards proposed under the National Water Act of 1998. the ENBNR
activated sludge will provide a feasible and economical plant upgrade option, particularly for
treatment plants with parallel trickling filters and BNR activated sludge systems, ortrickling filters
only. For the former, the ENBNR activated sludge system offers biological N and P removal for
the full wastewater flow without increase in existing process units, For the later, the existing
rickling filters can be integrated into the ENBNR activated sludge system. Furthermore, the
ENBNR activated sludge sysiem is capable of producing effluents with a quality that are within
the new effluent quality standards, especially with regards to nitrogen; conventional BNR
activated sludge systems may have difficulty meeting these standards. Thus, the proposed new
efflucnt quality standards rather than economics may well be the driving force that will sce the
ENBNR activated sludge system implemented at full-scale.

From the research summarised in this report and discussed above. it 1s evident that the ENBNR
activated sludge system holds considerable merit for implerientation. The investigations on the
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