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SYNOPSIS 

Biological nutrient removal activated sludge (BNRAS) ~ystems have become the preferred 

treatment system for advanced municipal wastewater treatment in South Africa. They have proven 

to be cost-effective systems that produce effluents of excellent quality that can be re-introduced 

to the receiving water bodies without a significant negative impact on the scarce surface water 

of South Afiica. The widespread implementation of the BNRAS system has drawn attention to 

some weaknesses of the system, predominantly (i) the long sludge ages and resulting large 

biological reactor volumes required for nitrification, (ii) filamentous organism bulking of the 

sludge that develops in the system, (iii) treatment of the P rich waste sludge from the system and 

(iv) containment of the large mass ofP in the sludge during a failure of the aeration in the system. 

In order to overcome the first two weaknesses of the system, it is proposed to separate the 

process of nitrification from the BNRAS mixed liquor and achieve nitrification externally to the 

BNRAS system. 

External nitrification (EN) can be achieved in tri~kling filters (TFs) by promoting the growth of 

nitrifying bacteria on the fixed media, which will establish a pennanent population ofnitrifiers in 

the TF. With the slow growing nitrifiers effectively removed from the main BNRAS system and 

nitrification occurring externally in the TFs, the requirement to nitrify no longer governs the 

selection of the sludge age and aerobic mass fraction of the main BNRAS system. The sludge age 

can therefore be reduced from the usual 20 to 25 days to 8 to 10 days, increasing the capacity of 

an existing treatment works by about 50% or, alternatively, decreasing the required biological 

reactor volume per Ml wastewater treated by about 113. Furthermore, the unaerated mass fraction 

can be increased to 70% and above which results in a higher denitrification capacity. If a fraction 

of the additionally available unaerated mass fraction is added to the anaerobic zone, the BEPR 

perfonnance will also improve. With an aerobic mass fraction of 30% or less, a better sludge 

settleability can be expected than is commonly observed in 'conventional' BNRAS systems with 

40 to 60% aerobic mass fractions. This improvement in sludge settleability would further increase 

the wastewater treatment plant capacity. 

EN can be implemented at watewater treatment plants (WWTPs) where old TFs have been 

extended with a BNRAS system. There are many such WWTPs, particularly in South Africa. 
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Often at these WWTPs, to the "'''''''''''TlT of the old a nnf""T1f\ .... influent wastewater 

is passed is either (i) discharged to parallel BNRAS system 

biological Nand P 

the BNRAS system or 

(ii) chemically treated to precipitate P discharging to 

or (iii) irrigated to land at 

the TF effluents to the BNRAS system causes a deterioration 

Discharging 

quality because 

the BNRAS system needs to remove more Nand P with 

increases the salinity of the 

carefully scrutinized 

I;::'U'.H.)·H of Chemical treatment is ,",fl..''''";;)1 

effluents to land is in the "',.."'" .. "'''' 

Affairs and Forestry I.JI;;\.,Q,U;)I;; ,",Vl,Ull,",'" directly with 

Water 

water conservation. 

instead of these three str:ate.gles, 

the entire wastewater 

of weakness, 

removal with influent 

Two investigations on laboratory 

and Moodley et ai., 1999). The 

system performance were to: 

" 

Achieve consistent 

processes in the 

investigations 

Evaluate anoxic P 

Monitor interaction 

nC<Ulcm process IS 

way the TF s assist 

away from its 

on 

""<'TP'Tl in the area 

N P 

ENBl\;~S systems have been completed 

of this third laboratory 

and obtain steady state "'Vll",., .. 

to confirm the of two 

""",rpTT1 operating at steady state. 

state conditions. 

and aerobic P uptake, and to IU .... ULlLJ 

that the shift "'OT·n"::"~'" and aerobic P uptake and the 

on the overall BEPR performance. 

Compare the overall BNR no"~,",r·"" 

'con/entional' Bl\;~S "U<'T"",., 

ENBl\;~S system with a 

with equivalent design and nn .. r'.l~' 

parameters receiving the u. .. "'·u ...... a' watewaster as .. 1. ....... ...,'.IL. 

The laboratory scale Er,,'B}"~S 

5 configurations: 

Ir'.l~'nn 1: 10 day 

system volume 

U"'"';U'''''U was operated for a total 

wastewater per day 20 I 

"'Uv'"'''' and anaerobic mass fractions 0[0.33, 

0.42 and 0.25 respectively. (1 13 sewage batches) 
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Configuration 

Configuration 3: 

Configuration 4: 

Configuration 

Increased anoxic mass fraction 0.55 and decreased aerobic mass 

fraction of 0.20. (98 days, 7 S~\N'}iV~ batches) 

a-Recycle I with to influent flow removed (Le. set to 0: 1 

with to influent flow). (1 days, 10 sewage batches) 

Sludge age decreased to 8 days and influent wastewater flow increased to 

25 l/d.(49 days, 3 sewage batches) 

Sludge age decreased to 5 days. (13 days, 1 sewage batch) 

A 'conventional' BNRAS """"r .. TrI (UCT configuration) with and operating 

parameters (10 day age) was run in parallel with the ENBNRAS system this 

investigation (Configurations 2 and 3) for days and both systems were the same sewage 

that was prepared together. monitor the performance of the laboratory 

were drawn virtually daily from each of the reactors, internal settling tanks and the final effluent 

and analysed for TKN, FSA, NO/N03, COD and P. 

System Performance for the 10 Day Sludge Age Configuration 

.. overall COD mass balance over the system was 80%. Of the 100% wl·h·,"' .... + 

COD, on overall 94% COD removal was achieved (based on COD 

.. The overall TSS and VSS in the ENBNRAS system were 1653 

mgTSS/I and 1369 mgVSS/l respectively, giving an average VSS/TSS ratio of 0.83. 

.. The overall average oxygen utilisation rate (OUR) for Configuration 1 was 22.4 

mgO/(l.hr) and that for Configurations 2 and 3 was 18.7 mgO/el.hr). The OUR for 

Configuration 1 was because aerobic mass of 0.33 .... {"\rnn~,rpi1 

to that of 0.20 for Configurations 2 3. 

.. On 89% of the flowing into EN was nitrified to nitrate, 

while 87% of the system nitrification occurred externally the EN as 

opposed to BNRAS indicates the EN nitrifies only 

100% nitrification does not occur. 

'"' .u'l:h"', ....... ,,...1"'" nitrification cannot be totally ..,.n.''' .... ,~..,'''' from aerobic reactor of the main 

BNRAS, and 10 to 13% of the system nitrification remains in the 

aerobic reactor of the main BNRAS system. 

about 90% the FSA .., ..... .,""y through it, 

• The overall average denitrification potential Configurations 1,2 and 3 was 22.0,19.0 
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Ii 

and 31.1 

4.5 mgNI1 

influent respectively. pre-anoxic reactor denitrification potential was 

Configurations 1, :2 toxic sewage adversely affected 

the 

emtniic3ltlon potentials for 

system, 

1 and 2. 

pronounced on the u .. r"" ... denitrification potential 

even lower average denitrification potential than for 

2 had the larger «u",,,u..., mass fraction. 

in the very 

a more 

Nmass over the system was 

(TN) on 

mgNIl nitrite. 

The E~rs]\mAS 

VUl'",""'" CI)nt,:um~d 11 overall, of which 

was 5 mgNn nitrate overall g,,,, ... gor"" 

removal of the E:t-.TBl'mAS QUQ1rpm was 94% and the removal was 86%. 

The average P release was 1 mgP/I influent in anaerobic reactor 

An additional was released in 

PAOs and 

questionable. This P .. "","'",<''''' was not included 

system, but it is unlikely to be 

P 

benefit to 

in the main anc>X1C and aerobic reactors. to be taken 

P uptake was 33.1 influent, with 38% occurring in 

main aerobic reactors r""""",,",C'Tn 

average P rprrV''i.llll the 

SIJ4mti.callt anoxic P was about 

<:",,,r ... TTi was 9.8 mgP/1 

P r""Tln,-"".. than 

a similar 'conventional' Bl'mAS system predominantly 

IS 

anoXIC 

with 

overall average of the ENBNRAS sludge was 108 However, after 

the toxic sewage the DSVI stabilised at 90 ml/g, 

DSVlwas poor sludge during the 

where the batch. 

main filamentous identified were 

type 1851, type 0092 H.hydrossis. 

-.::..,."t"""" performance for 8 and 5 Day Configurations 

The overall <""",,!>c"" 

were 79 and 

COD samples) 

and the 

90% respectively. 

8 and 5 day ::>11.1'1.1;;':'';; 

average COD r .... nncHf" on 
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.. On for 8 5 day configurations, 88 and 96% ofthe FSA 

flowing into the EN system was nitrified and and 95% of the total nitrification 

occurred externally (i.e. the system) respectively. 

.. overall denitrification potential of the main anoxic reactor was 46 and 34 

mgNIl influent the 8 and 5 sludge age configurations respectively. 

.. overall mass balances the 8 and 5 day sludge 

...,'.,., ... L ........ UV •• .., were 85 and 95% respectively. TKN removal was 94 

and 92% and TN removal was 92 and 76% The low TN removal for the 

5 day sludge age configuration was due to the combination of a high influent TKN/COD 

ratio and the lower denitrification potential of the main anoxic reactor. 

.. The overall P removal the 8 and 5 day sludge configurations was 14.0 and 

8.6 mgP/I influent respectively. The % P uptake occurring in the anoxic reactor was 

" 

58% lower P removal for the 5 day sludge configuration was 

to 

P release and 

The overall average 

ml/g respectively. 

cOllcentratH)n recycled to the anaerobic reactor, in low 

for the 8 and 5 day sludge age configurations was 90 and 

Comparison the ENBNRAS System with a 'Conventional' BNRAS (VeT 

Configuration) 

The overall average COD mass balance achieved for the VCT and ENBNRAS systems 

was 78 and 77% respectively. The overall average COD removal on unfiltered 

COD was 93 and 94% respectively. 

" The overall average total oxygen demand of the VCT and systems was 7625 

and 1798 mgOI d respectively. By nitrifying externally, the ENBNRAS system requires an 

average of 76% oxygen per day than VCT system. 

.. overall average mass balance the VCT and ENBNRAS systems was 86 and 

87% respectively. overall final effluent TN of the system was 16.8 

mgN/l, of which 4.0 mgN/l was TKN (of which 1.8 mgN/I was FSA) and 12.8mgN/l was 

NOx' For the ENBNRAS system, the overall average final effluent TN was 9.8 mgNIl, 

which 5.2 mgN/I was TKN (of which 3.5 mgN/I was FSA) and 4.6 mgNIl was NOx' 

.. The overall average P release for the VCT and ENBNRAS systems was 21.3 and 1 
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mgP/1 influent On overall average, 34.0 8 influent P uptake 

occurred in the and ENBNRAS systems system P uptake, 9.8% 

P uptake reactor for the 60% anoxic P uptake 

occurred in 

.. The overall P removal for the VCT and was 7 and 9.8 

mgP/1 influent 

.. The overall VCT and ENBNRAS was 138 mllg and 103 

mllg respectively. 

Closure 

investigations on laboratory 

(1999) and this investigation 

nitrification from the 

systems by Hu et al. (1 

"u,,,, 01'Yl intensification 

effecting nitrification 

Moodleyet 

is possible in 

system 

that 

laboratory 

estllga1tloI1S nitrified npT'nl""~n 90% of the FSA flowing into them, nr"£>"Tln 

not nitrify 1 00% of the 

to obtain 100% of the 

nitrification can occur 

the FSA in the sludge 

through them. In addition, it seems that it is not 

system nitrification externally. Up to 90% 

nitrification (of the FSA not 

occur the main aerobic reactor. 

total 

the 

.. V'H·''' .............. scale ENBNRAS >90% of the influent 

about 76% 

",,"1'Pf1'l" have '!rll"UIT1 

>80%), and it has been 

with TN concentrations 

up to between 0.13 and 0.14. 

'conventional' 

good TN removals 

ENBNRAS systems are ""U.faUI'''' of 

o mgN/1 for influent wastewaters 

in the BNRAS systems is undoubtably anoxic/aerobic P uptake 

the all""A1'" reactor efiiectmg up to 60 - 70% 

is dependant on the ""+T,.,+A 

load is to or below denitrification '-'vI' .... uLlal 

and the % aerobic P uptake will 

is " ..... Llv ...... "U to complete the P uptake 

""",rpm P uptake. The 

anoxic reactor. 

main anoxic reactor, the % aU'-''''l''' P 

provided the aerobic mass fraction 

when the nitrate load on 
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main reactor is the denitrification potential of the main ",,..,,.V1!' reactor, the 

P uptake will % P P uptake shifts 

predominantly to increased P uptake, the P removal seems to 

It appears that a state in terms of P uptake is not because the P 

uptake shifts from anoxic P to aerobic P and vice versa, as nitrate load on the 

anoxic reactor or decreases. It therefore not be to implement 

mass fractions than 0.20, even it is to do 

detrimental to BEPR. the ENBNRAS is about 

a similar BNRAS with predominantly uptake BEPR. 

systems sludges that well (from about 70 to 110 mJJg) and 

it seems that they are not "'tt.',... .... >f1 to the same extent as 'conventional' systems are by 

concentrations 

hypothesis of et 

from the 

994). 

""""'fl.."" reactor, as filament 

further been demonstrated that the ENBNRAS systems perform full and uncompromised 

short sludge to about 5 days. the influent can be doubled 

to an ",ru."""'.,,, system without a """'''''' .... ,.,<> provided 

ages below 10 

mass organic load 

not fail 

an added 

1990) as 

by 

P 

N mcrease 

is reduced. 

of the 

'conventional' BNRAS ''''''',F''TTl 

of the ENBNRAS 

ENBNRAS .. """,rf"TTl 

systems was 

was superior to 

et 

investigation with a laboratory 

equal. The removal 

of the UCT that the 

system produced with half the concentr J.tions of the final 

The results of the system showed the ENBNRAS is of 

effluents with TN of<10 this is not 

"He", PTTl IS n<>1"'!-I'\"-"" total mam 

while this was not possible for the 

system showed 

occumng 

than the 

,",,,,",1rprrI it r .. rnn,.rpn on 

because of the limitation imposed 

With preaormn,antl 

3 mgPIl morePthan 
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the ENBNRAS ,,,,,;,,r<"rn With the anCIX]C,faeI-ODl P 

system, P was removed than 

The ENBNRAS """""' ...... produced a sludge with a 

DSVI of the system fluctuated 

particularly when very high nitrate 

VeT system. systems DSVI reSPOlt1a€~a 

the anoxic reactor a 

the DSVI 

BEPRthat 

system. 

theENBNRAS 

of between 90 and 1 

200 mlIg. This 

flow from 

while the 

becomes 

au,-,'/u,-, reactor of the 

nitrate from 

about 100 mllg to about mllg, while. 

around 90 mlIg to just over 100 mllg at 

significant nitrate concentrations in the outflow the main anoxic reactor. system is 

In 

mass 

hence much more to AA filament bulking with significant nitrate COIICeJrltflllt1cm 

outflow of the ""'''',V,I' reactor than the This is because the 

applicability of 

mass fraction of 

fraction of was 0.50 and 

bulking hypothesis et (1994), Uln<> .. ",,,, 

was 0.20 outside the range of applicability of the hypothesis. 

The investigations on laboratory scale systems provide a ('(\rnnr'phE>n 

framework for understanding of ENBNRAS performance, 

laboratory investigations 

step would be to 

trickling filter would 

DeJ10lrrm:mc:e as a 

determined, the trickling 

configuration to obtain 

it was thought 

';>""'£1"" biological reactors, 

system an 

not provide additional next 

trials of an To begin with, a 

converted into a trickling filter to ascertain its 

at full scale. Once it proven that existing fun 

converted to nitrifying filters and their capacity 

can integrated into a BNRAS ,,,,,,,'P", in an ENBNRAS system 

full influent wastewater flow. 

in capital cost brought 

\;;\..1.1.1'-'\;;1..1. ",'VUl"""'" demand and better 

an increased capacity or 

would make the 

plant The economic 

"'''' .... , .. " .... of Little et al. (2000) 

viable alternative as a full 

1"\,.""""7" indicates that this may not case. While the 

system alternative does provide a saving in construction costs about 30% when 

compared to a 'conventional' the operating costs run overshadow 

The operating costs a treatment ENBNRAS or 

account (NPV) which are 
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about same both rallon,s. While operation costs are 

{'r""<>"'~'f1 ," ... u~; .... production at the shorter " .... , ... "',.., the very demand, the 

associated increase 

the total and maintenance) 

While 

system option is 5 to 1 0% 

lower than that a 'conventional' difference may not be 

a definite ,",U'-I!"',", '''J;''''''Tl However, 

most the ENBNRAS '''''''CPlTl for 

the full wastewater flow process Department of Water 

....... ", .......... ,,,"',., new effluent quality 

'<>.<Jl\.1U'<41 Water of 1 will provide a and ec()nC}ffi]:cal plant 

not provide a In 

monetary terms to make it an 

system is capable ......... "Hi" ",u"",,,,,,,,, with a quality 

that are within the new 

will see 

than eCC)florrm;s 

""",,' ... rr, implemented at full scale. 

well the 

The 

that 
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South Africa (SA) today 

activated "' .... ' .. "" ... 

1.1 

CHAPTERl 

INTRODUCTION 

most common municipal wastewater technology practised is that 

and more specifically biological nutrient (BNR) 

this has treatment system. BNRAS IS now system 

new treatment in SA the following reason: BNRAS In 

guises, provides a cost-effective treatment process that produces an effluent of excellent 

quality, which does not exacerbate the of increasing salinity eutrophication in 

receiving water This is particular importance in inland of because 

salination eutrophication pose' a threat to surface water quality. surface water 

in most regions SA is and areas severe water shortages, 

,,,,,,.."',.u"' .... of the available BNRAS technology 

advanced so far to date, that appropriately BNRAS are of 

reducing the demand (COD), the (N) and phosphorus (P) content and 

the total suspended solids (TSS) of the influent wastewater to such levels, the effluents 

have effect on the water the implementation of BNRAS 

"""TA ..... '" has drawn attention to some weaknesses system, predominantly (i) the sludge 

and large reactor volumes required nitrification, (ii) filamentous 

organism bulking the that develops in the (iii) treatment the P rich waste 

sludge the system and (iv) containment of the large mass ofP in sludge aeration 

breakdown in system. thesis considers two four problems. 

In systems are required to remove N, nitrification is a nrc.r""." 

bacteria that mediate nitrification are relatively slow with a maximum 

rate at C (llnm2o) of 0.45/d, compared to 

autotrophic 

LI"' .... 'U..., growth 

the 

heterotrophic around 3 ""r",."n,."", the requirement to nitrify 

that determines the 

conditions it 

IThe term 

sludge 

selection ofthe 

a zone with a 

and nitrification occurs 

mass A 

dissolved ('\Y"<lOPf"l (DO) content. 

aerobic I 

forN 
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1.2 

removal is that a part to be anoxic2 for denitrification to occur. IfP 

is required in addition to the a further part of the sludge needs to be anaerobic3 

biological excess P 

P 

removal conflicts 

must 

to be stimulated. This leads to a situation in the design ofN 

high unaerated mass fractions required for Nand P 

high aerated mass fraction that will ensure 

of between 50 and 60% the resulting 

To ensure that complete nitrification occurs at the lowest 

of less than 50%, the sludge age selected 

magnitude result in very large biological 

reactor wastewater 1'r"'<:11'",·(1 

With regard to filamentous that the two main causes for 

filament to are: 

(i) An aerobic mass 

(ii) incomplete aerllmnCl:l1l0ln 

BNRAS systems that are aelHgrlea 

.... u'-,ru'" zone that ore:cel]es the aerobic zone. 

and P removal inevitably have an aerobic mass 

IS the range in which Casey et al. report a 

bulking sludges (see Chapter Section A 

fraction of between 40 and 

incidence filament 

for further details). 

In order to overcome 

if the 

nitrification can 

(i) 

it is no 

reactor 

two problems of conventional BNRAS systems, it is proposed that 

can separated from the BNRAS mixed liquor, if 

externally to the BNRAS system, these two inherent 

M1 

In essence, by virtue of achieving rutrification t:>V'i·",rTH. 

"'1£';'''''''''''', because: 

a 

the usual 20 to 25 days to one 

nitrification, but rather by the 

Increases 

alternatively, 

trp",t~·t1 by about 1fa, 

"'",T'u,,,,,:>,.., 8 to 1 0 

ern1tni1lcatlOn and 

an 

on 

2The term u.u"'"",,, to a zone nitrate/nitrite are present but no DO is .... r", .. ",,,,, .. i-
3The term to a zone where neither nitrate/nitrite nor DO are .... r""'O'''IT 

enter zone. 
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1.3 

either N or P removal. 

(ii) mass can ,YlE'''''''''''''''''' to 70% and without losing the 

un .. ''''UVH, since this is now externally. in the unaerated mass 

in a higher denitrification potential and denitrification can 

depending on the ratio of the HH""''''''H wastewater. If a 

the additionally available mass fraction is to the anaerobic 

performance will also 

(iii) demand 40 to 60%, as the nlTnrr,prc 

are now located externally, and only the carbonaceous demand 

main system itself The that is generated and returned to 

reduces the carbonaceous oxygen demand. 

IJ.1v,aU'l./H (EN) can in trickling of 

nnlrll1nlU bacteria on the fixed will "'''L':'VU"l 

by promoting the 

......... ...", .. population 

the population will not subjected to any zones, and it is no 

dependant on a sludge it is permanently on a fixed media. 

are fairly common the USA (Lutz et aI., 1990) and high removals ammonia 

TFs et, 1989, 1995, 1996). that 

means ,n;;'.llU'J<> that EN some potential context of EN can 

South wastewater treatment. 

Many wastewater treatment plants (WWTPs) in SA incorporate old TF s that have extended 

the benefit a BNRAS system. The authorities that these plants usually 

by passing a 

such a corl11g'uI 

mtlrITII;::atlOn to a certain extent. 

of the influent flow 

In anV,UIU"'U 

virtually unchanged Nand P content. This TF eITlluellt 

and P/COD ratios cannot discharged with the 

HIUIv""'''''', the TF effiuents are: 

(1) to land on WWTP, 

The practice 

them, as shown 1. 1. The 

material possibly 

low COD COllcentr;atl(m and 

system effiuent and as 1.1 below 

in the process carefully 
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(2) 

(3) 

IS 

1.4 

by the Department of Water Affairs Forestry this 

directly with the policy "'''''''Tn/'o water consenJation. 

chemically to precipitate P and either """,.,ll«l BNRAS effluent 

or to the system biological 

Chemical treatment is not only costly, it also l»r: .. On('o the salinity and reduces the 

alkalinity wastewater. only the P removed, effective of the 

effluent remains unchanged 

to the influent of the system biological N P removal. 

The addition of the TF UTTI-HUn to the system influent increases TKNICOD 

and PleOD ratio of the BNRAS system influent. effect the BNRAS system deprived 

of a portion of the needed to perform removal, it is 

burdened in the influent. 

the quality of the BNRAS -""'P". effluent. 

additional leads to a marked deterioration 

I---::JII> 1. IRRIGATION TO LAND 

3. RETURN TO BNRAS SYSTEM 

I 
------i 

BNRAS 

SLUDGE RETURN 

FIGURE 1.1 - Conventional filters with BNRAS '"'''''''''1''' 

options (1) (2) are not practical a South African point of view, it is option (3) 

(3) 

BNRAS 

implemented by the local authorities. 

performance is negatively impacted by 

implementing 

depriving the system 
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of source it to remove and P, while at the same time 

concentrations If, instead of the options described above, IS 

implemented 

dlS(:har'ged to 

reconfigured system 

flow in the same 

TFs, the entire influent wastewater can 

compromising on effluent quality. In fact, such a 

nutrient removal to be achieved on the full wastewater 

units. the re-configuration of the plant shown 1.1 

to accommodate the concept of 

TRICKLING FILTER 
(NITRIFYING) INTERNAL 

SST 

PRIMARY SLUDGE 
FERMENTATION SLUDGE RETURN 

1. PRE-Al.~OXIC 
2. ANAEROBIC 
3. MAIN ANOXIC 
4. AEROBIC 

FIGURE 1.2 - Proposed re-configuration to an external nitrification """"rpTT1 

is achieved externally on nitrifying trickling filters. 

influent wastewater enters the BNRAS system after an optional 

process. Fermentation of the primary sludge is not mandatory, but it 

pelrtolrtm:l.nc:e by increasing the short chain fatty 

(Lilleyet 1). The mixed liquor is taken the 

nassed through the humus tank, which is 

overflow is passed through 

to the beginning of the anoxic zone of 

sludge mass that is removed in the internal 

wastewater 
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IS to beginning anoxic zone of the system -

hence EN has 

abstraction at 

supernatant to 

achieved. The system is to accommodate mixed liquor 

end of the anaerobic zone as well as return of the nitrified 

beginning of the zone. A small ore:-arlOXlc zone IS at the head 

of the ""''''''''TT! and this zone the lnn""TTlrnu 

zone IS IOtfQ(lUc:ea the reason: It is not possible to totally exclude the from 

the BNRAS <'u<"''''' ..... sludge, and nitrification of the ammonia from the underflow of 

and of any residual ammonia not nitrified in the 

Since the aerobic zone precedes this nitrate 

anaerobic zone the sludge 

occur in the 

recycled 

of this 

internal 

zone. 

the 

on the 

the v-(l,UVAl" zone the nitrate can be denitrifi·ed. 

main benefits EN configuration are: 

(i) All of the 

effluent 

wastewater is in the BNRAS without a "''''''''''''\.11 

Department Affairs and IS 10 

implementing water standards Meiring and 

1999 - see Section.2 further details) which will not be achieved by 

system described in Figure 1.1 option (3) above. However, ENBNRAS 

Figure 1.2 potential to meet new standards. 

(ii) The aerobic reactor IS 

to 60% Vv'-' ...... ,'v tnIICaltlOIll no place in zone of the 

system. oxygen demand is obtained at no cost on the 

the treatment capacity ofthe BNRAS is increased without the need for an 

in the existing capacity in system. 

(iii) With nitrification no a BNRAS unaerated mass 

can as explai11ed the unaerated mass fraction is 

by enlarging zone(s), complete denitrification may be depending on 

the TKN/COD ratio of the influent wastewater, and/or if the fraction is also 

increased, oelrtolrm,mc:e will also If the aerobic mass rr'''~r'r'n IS 

to below 30%, a ...... ", .. In.r! improvement .;)1 ....... """ settleability can expected 

'"-'uaLlLvl 2, 
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Two In'''e~)t'1ganoIls on 

Wastewater Research 

1.7 

scale ENBNRAS systems have 

University Town (Hu et 

details). 

conducted 

, 1999 and 

et al., 1 see Chapter 

(1999) focussed mainly on a permanent population 

stone column into a BNRAS system to 

in a laboratory 

stone integrating a ENBNRAS """1~<>rn 

and the on ENBNRAS 

(i) 

(ii) 

(iii) 

The 

(i) 

is to be exploited, is it as good as ""'LVV.'''' uptake 

promote P uptake 

U."W>!Vl1 of Mood ley et al. (1999) corlCelltnlLtea on 

double the 

intensification 

of wastewater treated and thereby testing the claim system 

and improved settleability. 

(ii) Promote conditions to achieve 

(iii) Increase the mass fraction to its effect on P 

(iv) study the effect this increase in aerobic mass fraction on the sludge 

BNRAS """TO"''''' nn"'''·'''T''' with low mass fractions (-20%), a BEPR 

... rr.I"<>'~" has been noted. uptake " .. rnn·,P conditions, 

SlgIuttc:ant (>40%) P uptake can u.u'-........ '" mass fraction is enough 

load on 

and 

anoxic reactor is sufficiently high. """"'","11"" and Wentzel (1999) noted in 

nitrification when significant anoxic P uptake 

performance is reClUceo, to as of that P uptake is 

predominantly aerobic. This phenomenon is .. ,n!'''''''''''''rl 

2.1 and is an important aspect of the ENBNRAS to anl"""·'<l'"·t,,, 

pnmary 

follows: 

In\'eSl[1g;;ltlcm on a third 

(i) 

(ii) 

To achieve consistent virtually complete EN 

BNR the In 

an 

Evaluate anGtXlC P uptake 

scale system are as 

steady state for 

to confirm the of the first two 

at steady state. 

state "V'L'-UI.nJL'.:J 
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(iii) the between anoxic and P uptake, to identify the 

conditions trigger the shift between =1\.)''''1''' P and this 

has on overall 

(iv) Compare the overall BNR performance of ENBNRAS system that of a 

'conventional' BNRAS system with equivalent design and operating parameters receiving 

the identical wastewater as influent. 

detailed description of this laboratory scale ENBNRAS system and 

investigation is 3. 
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2.1 

CHAPTER 2 

LITERATURE REVIEW 

...... ElO.."" PHOSPHORUS UPTAKE 

The 

(BEPR), 

sludge that include biological excess phosphorus ..... f'1nrn"" 

as the UCTPHO (Wentzel ,1992)andIAWQASMNo.2 ..... '"'u .... ..., 

considered only P uptake polyphosphate accumulating organisms (PAOs). though 

kinetic drew process stoichiometric information substantially the 

biochemical P AO behaviour models et al. (1 and Comeau et al. (1986), 

include denitrification by P AOs, data from which the kinetic 

,.,IVI",.,. .. L and calibrated were from laboratory which ,.,A1.UVIL,., .... 

(>90%), in particular (i) the enhanced cultures of Wentzel et 

mixed system real wastewater of Clayton et al. (1991) 

et al. (1990). 

models were 

P uptake 

(1989) and (ii) the 

summarised 

Since 1990, significant P uptake been observed more frequently in laboratory 

systems (Kerrn-Jespersen and l' Kuba et al., and at fun (Kuba et al., 

1997). Ekama and (1999) P uptake in a number of laboratory scale 

systems at 10 and 20 days et al. (1996) and Sorm et al. (1996) 

developed DEPHANOX system (see 2.2 below details) to maximise anoxic P 

uptake and utilise the stored in the P AOs for denitrification. Very anoxic P 

uptake (>50%) has also bc::en observed in the external nitrification biological nutrient 

removal sludge systems ofHu et al. (1 and Moodley et al. (]999) 

Section 2.3 below). 

In a description and of the denitrification and behaviour nitrifYingidenitrifYing 

(ND) and systems, and that in ND the 

heterotrophic organisms that are are the ordinary heterotrophic organisms (OHOs), and 

npr,"'1'Alrp denitrification is ascribed to the OHOs NDBEPR systems polyphosphate 

accumulating organism (P AO) heterotrophs are also present. From the two types P 
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uptake behaviour BEPR have observed: (i) P uptake occurs aerobic zone 

and (ii) P uptake that anoxic and aerobic zones of a "",,,rpm For (i), no 

anoxic P . denitrification is 1>IV ... U .... " .... by the only, since is no PAO activity in 

anoxic reactor. The of the in the <.I.U,",,'-1'-' zones was confirmed by Clayton et 

at. (1 1) who conducted a series of anoxic batch tests and reported that no P uptake or 

utilisation was observed under anoxic conditions, and implies that with only P uptake, 

part in the denitrification process. For (1), where P uptake occurs in anOXIC 

as as in the aerobic "",V",,",,, .• PAOs part in the denitrification ...... r',..." .. ,., by a 

portion internally stored to denitrify. seem to distinct differences in the P 

removal performance in purely aerobic P uptake and anoxic/aerobic P BEPR. 

Conventional with only 

and P removilnfluent 

P y .. ,.,u.n ..... BEPR have shown 

ratios .0,0.11 and 

ratios conform to· the steady state BEPR model of 

'respectively, and 

et al. (1990). With 

anoxic/aerobic P uptake 

0.015 respectively \ ...... r ..... 1l.lU. 

these ratios seem to be lower, at 1.5 - 0.06 - 0.08 and 0.012-

.... U •. ~ .... L, 1999). Furthermore, theBEPRis to 

to %ths of that which would be eX[Jectea to occur purely Puptake 

to match calculated P with model Wentzel et al. 990) to lower values 

the P content of the (fXBG,P) to be 

0.38 to 0.10 - mgP/mgPAOAVSS. 

THE DEPHANOX SYSTEM 

The was developed by Bortone et al. (1996) Sorm et at. 

(1996) to ""'''''UH anoxic P uptake. DEPHANOX system configuration 

sludge treatment plants do not avoid carbon 

source separate (anaerobic/anoxic and 

to an pertormrunce by ............. u.5 emclellt use of available source . 

Configurations are favourable. 

by stimulating the of influent RBCOD is re-

captured P influent is lost to 

u ...... ' ..... """H RBCOD taken up anaerobic reactor is utilised the 

PAOs in the reactor. With <.I.""''''''''''' P uptake, this influent RBCOD is to a greater or lesser 

extent, ""'"'IJ"'UUUJ'F. of anoxic P uptake, utilised in the anoxic reactor with 

as electron and to the denitrification by OHOs. 
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2.3 

To stimulate and maximise anoxic P uptake, very large anCIXlC mass fractions are required. 

However, mass fractions in NDBEPR aerobic mass fraction is 

not nitrification in the avoid the loss of nitrification 

..... rl,">"'c et al. and Sorm et al. 

which process is r""Tn""',TAn 

DEPHANOX system, 

SUS:DelrlQe~Q medium and transferred to an 

system. This allowed the anCIXlC zone to significantly enlarged at 

expense aerobic zone without losing the Oel!1eIlt 

SU.IOGf RETURN 

2.1 - Schematic layout of the 
(1996) and Sorm et al. (1996). 

system developed by 

In the DEPHANOX the influent is discharged to 

stimulate BEPR. The main ""<"''''' ...... ".y, .. JI<. .... is then separated from the 

settling tank. The sludge is to the anoxic reactor, 

is routed through the fixed medium <'''1:'1''''' ...... 

effluent from the fixed system is passed to the main anCIXlC 

After the anoxic reactor is a small aeration reactor followed by 

reactor to 

liquid in the internal 

supernatant 

nitrate rich 

denitrification. 

final sett1ml~ tank where 

the system sludge is returned to the anaerobic reactor, and the out of the system 

as effluent. The aerobic reactor no longer having to support n1T1r1n.Q>"" is included mainly for re-

aeration purposes and P uptake process aerobically and is therefore small, allowing 

a very anOIXlC mass 1T<I."1'1I' ..... to stimulate and maximise P uptake. 
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The DEPHANOX system proved successful, because it stimulates anoxic P uptake thereby 

promoting the utilisation of the organic substrate for the P and N removal biological processes 

with minimal substrate 'loss' in the aerobic zone and facilitates the utilisation of the RBCOD 

sequestered by the PAOs for denitrification in the anoxic zone by anoxic P uptake. From research 

on laboratory scale DEPHANOX systems, Bortone et al. (1996) and Sorm et al. (1996) found 

a high P uptake in the anoxic reactor with a removal efficiency of -71 % with continued P uptake 

in the re-aeration reactor, allowing very low P values in the effluent. It should however be noted 

that the influent wastewater contained a high organic P fraction and a very low ortho-P fraction. 

It was estimated that the P uptake rate in the aerobic reactor was double that occurring in the 

anoxic reactor. Consistent full nitrification was achieved in the external nitrification system, but 

denitrification rates were low (-30 mgN/gVSS.d) giving aN removal efficiency of ~60%. It was 

also found that the DEPHANOX system produced a consistently good sludge settleability (SVIs 

-50ml/g). It seems that, given the appropriate conditions, different species of P AOs which 

accomplish anoxic P uptake find a niche in the system, but which appear to have a significantly 

lower BEPR performance and use the influent RBCOD less 'efficiently' compared with the 

aerobic P uptake P AOs. Comparing the anoxic/aerobic BEPR performance results observed in 

the 'conventional' BEPR systems (see Section 2.1 above) with those observed in the 

DEPHANOX system, it seems that similarly low values for PreleasJPremovab Premova/Influent RBCOD 

and PremovalInfluent COD ratios are obtained i.e., 0.52, 0.044 and 0.017 respectively with f...bg,p 

around 0.118. However, this comparison should be regarded as approximate because (i) the 

DEPHANOX system showed significant variation in behaviour in its five 'steady state' periods, 

in particular in the mass ofVSS in the system, (ii) COD balances could not be checked because 

the aerobic reactor oxygen utilisation rate was not reported and (iii) the influent total P seemed 

to have a very low ortho-P fraction making P release results spurious. An advantage of the 

DEPHANOX system configuration over the use of internal fixed media for nitrification 

!I.1i improvement (see Section 2.3 below) is that by nitrifYing externally, the overgrowing of the slow 

~ growing nitrifiers on the internal fixed medium by the OHOs in the mixed liquor is avoided. The 
n\ 
'II potential of BNRAS system intensification that results when the process of nitrification is 

removed from the main system AS was not considered in the investigations on the DEPHANOX 

system; these are discussed below. 
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2.3 EXTERNAL NITRIFICATION BIOLOGICAL NUTRIENT REMOVAL 

ACTIVA TED (ENBNRAS) SYSTEMS 

requirement to nitrif)r governs sludge BNRAS For m",'vlm specific 

growth rates of nitrifiers at 20°C (!lrunzo) around to guarantee nitrification, 

of the system must be around 20 to 25 days at if40 to 50% ofthe .) .... , .... "'-'" mass 

sludge result in reactors per MI wastewater 1'r<><.1'""r! 

To rpr1I1l('p and hence biological reactor volume M1 treated, fixed 

media as Ringlace1M aerobic reactor (Wanner et 

1 on 

the aerobic reactor. These n.t,nh.prl;! 

sludge mass fraction or 

reduced. a reduction system 31UI.1/:;;1;; is particularly beneficial 

wastewaters (10 - 1 .... nUT"'-""''' the ",rt<>('1.,."",,, of the .nf"<=' ..... <1 

good as expected, yields a low costlbenefit 

etal., 

a population 

aerobic 

can be 

low temperature 

not as 

(1999) proposed pvf"<>rn<l to the BNRAS system, will 

a more reduction sludge age aerobic mass rral:uon. AU"'-""'''.''' can 

achieved independently BNRAS liquor, sludge age can reduced usual 

to 25d to than half, around 8 to 1 The reduction in sludge 

treatment capacity of the ''''''" . .,.", some 50% or, alternatively, reduces 

increases the WW 

biological reactor 

requirement per M1 wastewater treated by %rd, without negatively impacting 

biological or P fact, a In both biological Nand P 

per mass ,1990) and 

low temperature wastewaters ....... "''''''' ... 3\0 ItnnC~LtlOin IS no required, 

fraction is .UH1pn'l .. n by P nrr\",'"'''''' for aerobic mass fractions can 

can be achieved at wastewater treatment (WWTPs) old 

have been with a There are such WWTPs, 

Often at these old TFs, a nnT1r1nn 

beneficial 

aerobic mass 

than 

(TFs) 

in South 

wastewater is 1.1"'331;;1.< is either (i) irrigated to land at the 

(ii) treated to nr",.".""t<l·t"" P before discharging to BNRAS or the 
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environment, or (iii) discharge to the BNRAS system biological N p ,..<>",,,,,,'" If, Ul;>L"''''U 

three the nitrification IS to 

to the BNRAS system on the 

assist the the area i. e. nitrification, 

strength, i.e. biological N P removal with influent organic material 

further details). 

ww flow can 

this way the TF s 

away 

Chapter 1 for 

2.3.1 Economic Evaluation for the Implementation of the ENBNRAS ..... 14'T .. 'rn at Full 

Scale 

Little et al. (2000) performed an economic evaluation on the implementation ofthe ENBNRAS 

system at scale wastewater treatment at Milnerton in 

treatment plant comprises old filters with a capacity 

Town, South 

18 MlJd that 

system with a 17 MlJd capacity, 

capacity 35 Ml/d. sewage flow is split and uu. .... ", .. flow is 

treated on the old trickling while other is treated BNRAS ,,,'''",,,,,", 

trickling filter effluent can treated chemically with aluminium sulphate or chloride P 

removal and dosing facilities alkalinity pH correction are also provided if required. 

The activated sludge plant is to remove P biologically and is . to achieve 

mgPll in the Chemical P removal as for the trickling filters is also provided for U ... "'.1" ... U 

purposes. current flow is in the of26 MlJd, and the plant capacity 35 MlJd 

is expected to be by 2005. flow in 2020 is to be MlJd. 

and economic evaluation Little (2000) provide system flow schemes and 

capital, ..... ",,:.1" .. t.,....,... and maintenance costs for the following <:'f'pn,;,rln<:.· 

(la) BNRAS with 13 sludge and a capacity of35 MlJd (for a 

15 year 2000 to 2015). 

( 1 b) A greennelds system with 8 days sludge a capacity 5 MlJd the 

same 15 year period. 

(2a) the capacity of the "'h..l';HU'",- plant so that 35 Mild can be treated an 

extended 13 days sludge system (Le. decommission old filters 

double the capacity system) - for the 2000 to 2005. 

(2b) '''''1"1" ..... 0' the existing to an system 
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rehabilitating the old filters and using them external nitrification purposes 

hence obtaining BNR on the full MIld influent flow - for the period 2000 to 2005. 

(3a) Keeping the plant unchanged until after which (2a) is implemented, but 

with a capacity of 49 Ml/d - the period 2000 to 

(3b) the plant until after which (2b) is implemented, but with a ......... ' .... " •• 1 

of 49 rvIlJd - period 2000 to 2020. 

Table 1 the costs for scenario are given their net present value (NPV) at and 

include all civil construction mechanical construction costs and operational as well as 

maintenance costs . 

........ ,.,.., 2.1 - at 6% implementation a 'conventional' BNRAS ""'''''''''1 

or a ENBNRAS at the Potsdam WWTP in Cape Town, South 

005 
2000 - 2020 164.80 
2000 - 2020 154.27 

Table 2.1 that the costs the ENBNRAS "",,,rPTTI are than those for a 

'conventional' BNRAS system. It is important to note that: 

ENBNRAS ''''''''PTTI uses oxygen and less PI"rnl"11rV and 

power costs are less. 

The ENBNRAS C"ClrPTTI produces more waste sludge which results in higher costs for 

sludge dewatering, transport landfill-disposal current practice at Potsdam). 

capital costs for ENBNRAS system works are about 20% cheaper. 
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operating costs dominate the results for both the 'conventional' BNRAS 

and ENBNRAS The operating costs make about 70% of the total 

cost, which are essentially same both configurations. 

Discharge Water Quality Legislation in South Africa 

The discussion on the WWTPs where old have extended with 

where a portion the influent wastewater flow continues to be treated on 

uesltlOn of effluent and the regulations that apply to these from South 

The Department of Water and (DWAF) is currently 

standards and it is useful to of the ENBNRAS 

m context of the proposed ",u" ... "", .. discharge standards. 

Historically, the Water Act of 1 was passed treated effluents to 

"""1' .. .",,, and 

the 

WWTPs. 

effluent 

South 

to the 

water catchments the water originated, subject to effluent standards. The 

"'J.J.J .... "',.u discharge standards published in terms ofthe Water Act ofl required 

>90% COD removal to avoid of water as well as 

mc,ancm of the to effluent below 10 mgN/1 to deoxygenation of and the 

toxicity water bodies. After the development ofBNRAS systems 

treatment of wastewater the 1 and in-depth on BNRAS 

systems, the standard for phosphate was promulgated 1980, to enforced in 1985. 

This special standard phosphate required selected treatment plants discharging effluents to 

sensitive catchment areas to remove P to values than 1 dissolved (see 

2.2). research that the eutrophication occurring in some water bodies South 

Afiica was N than P limited, and the special standard for N removal was 

promulgated and enforced from 1984 onwards Table The quality standards 

general standards of the Act of 1956 as well as special standards P and for 

N are in Table 2.2. standards listed Table are uniform effluent standards, and an 

<;:e1;Vl'I!:re treatment plants operated in South Afiica irrespective of must comply with the 

standard applicable. standards are still enforced in South Afiica today. 
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2.2 - Water quality standards for the general standard 
special standard for special standard for ' 

tandard 

<1 
Solids <25 <10 

DO % Saturation >75 >75 
pH 5.5 9.5 5.5 -7.5 

The DW AF is ""1"1",::" ... 1' the .......... ,,""''' of revising effluent quality standards, as the old apT1ipr~ 

standard is not considered to be " .. ,u,.u",,',,",!," in the framework of newly developed policy 

waste load allocation, I"P(',"'1"I;11 water quality objectives and minimum requirements. New effluent 

standards have been VLn.,)'''',",'''' (see 2.3) and are soon, the 

new National Water proposed new standards .... ""',..,"""',,, .... WWTPs 

with secondary treatment only and with secondary and tertiary treatment and stipulate 

effluents that are 

not within the proposed new standards need to apply to the DW AF for "I..I"""'<I.! permission to do 

separate " .. u ............ quality for WWTPs 

so. lists proposed new effluent quality standards WWTPs secondary 

treatment and for with " ........ 'uu ......... and treatment. 

South 

TABLE 2.3 - Water quality discharge standards proposed under the new 
<J.L!LHHuWater of1998. 

Parameter Units ol:1wndary Treatment Secondary and Tertiary 
Only Treatment 

COD ~/I 65 50 
FSA 3 2 
Nitrate mgN/1 8 7 
Phosphate mgP/1 - 0.8 
~!I IIUCU Solids mg/l 18 15 

of consulting engineers, Wates, and Barnard (1999) undertook a BNR teCJtmolog 

<1.1 .... '''' .. ''." to assess which 

over the years <"'-J.II""'''' the old 

systems as implemented 

2.2) and proposed new (Table 

effluent quality standards. secondary treatment (N removal only) and 3 1 advanced 



Univ
ers

ity
 of

 C
ap

e T
ow

n

2.10 

secondary (N and P r""TnI""'" were analysed in terms effluent quality 

variables FS~ nitrate On potential ofBNR 

technology is percentile pelITO]rmanc:e achieves of the time) 

25 th plant (i.e. 25% of plants better performance and the results 

the operating N as well as P removal activated plants in South Africa 

indicate 

mgP/l 

BNRAS technology as implemented in South Africa has 

of 50 15 mgSS/l, 2.0 mgNIl 

is 

potential to achieve 

mgN/1 nitrate and 0.8 

(2° + 3°) treatment 

COD and n .... · ... +". eIIllUelrlt concentrations, but nnnr"'r SS, and 

dissolved concentrations. performance of the be 

against proposed 2° + 3 ° treatment quality requirements Chapter 4, 

Laboratory Studies on Systems 

Hu et al. 999) and Moodley et 

... "',.. .... """1'''''4''' on two laboratory 

'''<>T'''tT'' of Cape T own. Figure 

(1999) performed a day investigation 

the 

systems in Laboratory at 

the general experimental ""c"rom setup and 

and operating parameters two systems. 

STONE COLUlm 

INFLUENT 

- Schematic layout of the laboratory scale 
et al. and Moodley et al. 

systems investigated 
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TABLE 2.4 - Design and operating paramete:rs for 
(1999) Moodley et 999). 

systems of Hu et al. 

System Parameter Moodley etal. (1999) 

164 

10 10 

Influent Feed 20 30 
COD (mgCODII) 

TKN/COD Ratio 

20 
3 
5 
6 
6 

From it can be seen that an ...... "' ...... ,'''' reactor was installed preceding the anaerobic 

reactor. The of this pre-anoxic reactor is to denitrify any residual nitrate that 

underflow (s) recycle, before it flows into the anaerobic reactor where 

be 

nitrate 

has a impact on the P in the anaerobic reactor and the system P removal. 

In essence, the pre-anoxic reactor was installed to n .. r,'t"',~'t the anaerobic .... ".".1'".. and 

""""'0 ...... BEPR, from the ... 't't<~,..'t" of excess nitrate flowing into anaerobic reactor. In Table 2.4 

pre-anoxic reactor volumes are ... 1'1":""1'""" volumes at aerobic reactor VSS 

concentration - the actual volume was I I throughout both investigations. 

the first mvesIllgal:lOn Hu et (1999), 13 oatcn~~s were to the Nitrate 

was anoxic reactor to (i) rI.,.1~.,."ni .. ,p the AU', ..... ,V" potential of this reactor 

and (ii) observe influence of anoxic P uptake on the biological excess P removal (BEPR) in 

system. objectives the IH\'esl11g,ulClll were to assess: 
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(i) impact of on the suspended COD nitrification, 

denitrification, N removal and performance. 

(ii) anoxic P uptake BEPR is to be in the is anoxic P BEPR as 

as aerobic P uptake 

What promote anoxic P uptake. 

(iv) Whether system produced that welL 

the 250 Hu et al. report following: 

• Overall average COD and N mass balances over the system of89% and 91 % respectively. 

• Removal of of the influent COD. 

• 

• 

• 

• 

total N the effluent of 11. 5 of which mgNll was TKN (of which 

mgNIl was FSA) 3.7 mgN/1 was NOx. was 86%, ... .., ........ u the 

nitrate dosed to the main anoxic reactor, which effectively increased the influent 

TKN/COD ratio to --0.14 mgN/mgCOD. 

Virtually complete nitrification the system, and on 88% of system 

nitrification occurred externally. 

highest recorded denitrification potential of the main _"n~~ reactor was 58 

Overalll'lVf'rl'l(YP P .. "' .. n ..... '''' of9.5 mgP/llmJlUelm with considerable ",,,,",.nu,v P in the 

...... "'~~ reactor and 

throughout the investigation to 70% ... u ............ '" P uptake 

anoxic reactor. Initially 29% total P "'V~"""'" in 

this percentage increased .:>L .......... H 

at the end of the investigation. Steady state was 

anoxic P uptake. 

hpr.p.1'nlrp not achieved with respect to 

• P relea:;jP uptake' P remov./lnfluent and P removatlInfluent RBCOD ratios of 

3.420,0.0123 and 0.0690 respectively, which were significantly different to 

ratios aerobic P uptake 

• Average OUR of29 mgO/(l.h) the 19% aerobic mass fraction, which is about 5 times 

in a 'conventional' 

• 

(60%) lower COI1nparea 

Overall average DSVI 

the filaments 

with Microthrix parvicella, type 0092 and type 

mixed liquor, all at low levels. 

With regard to the operation of ENBNRAS system, et al. that nitrifiers are 

supported in mixed liquor of the "v,"" ... rn (they are difficult to exclude the main 

system because they slough off the media the virtually complete 
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nitrification in 

and keep 

system is essential to nitrate production in the main aerobic reactor 

on the pre-anoxic reactor low. If the pre-anoxic reactor is overloaded, 

nitrate will flow anaerobic reactor the BEPR """"Tn .. ,..., Because the sludge 

nitrate return to settled so underflow (s) recycle could reduced to 0.5: 1 to 

pre-anoxic reactor. It was noted that the in the ENBNRAS <;:'I.l<;:lrpm with anoxic P 

was about of that expected from have >95% aerobic P uptake ('normal' 

This reduced with significant aU'-"hl..., P uptake has also 

Bardenpho) NDBEPR '''''''''''''' 

observed in conventional 

(Ekama and Wentzel, 

P uptake: (i) A high 

(internal UCT and 3 

1999). Hu et conclude that two to stimulate 

load on the anoxic reactor a influent Oi) asmaU mass 

fraction to aerobic P AO activity. 

The objectives investigation of Moodley et al. (1999), which followed immediately after 

that et reviewed above the same experimental ''''''',PTn were to: 

(i) volume 141.L;' .... "'.. wastewater to test one of the claimed 

(ii) 

(iv) 

systems 

settleability. 

t''[c)mme conditions to 

nt"·",-;:o(~", the aerobic mass 

the effect of the 

system. 

"."","' ..... of Mood ley et al. (1 

Table 2.4 gives a 

et al. (1999). 

flow was doubled and the 

and 

aerobic P uptake in the system to maintain maximal 

in an attempt to quantifY its effect on anoxic P uptake. 

mass 

was operated in four 

of the main .... ,,"'Uu. 

1 (30 days, 3 

COnIll;u1raU()fl 2 

(s) recycle 

on the sludge 

i+A .. ·", ... t configurations in 

operating parameters 

of the 

day 

four 

batct.es) was essentially a take over 

17 sewage batches), the influent 

mass 

of in and effective pre-anoxic reactor (which remained at 11 actual volume) 

to Accordingly, the main reactor volume was by lIto 9 L The hydraulic flow 

on system from 30 to 50 lid, which together with moth (Psychoda) 

anC)X1C reactor and 

resulting in poor BEPR. In 

poorer nitrification "'u.,"'''''''"' The low nitrate load on the main 

reactor 1) 

to stimulate P 

both anoxic and 

the system, 

P uptake 

reactor 
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volume was 

3 (51 days, 4 

at expense of the main 

Because 

reactor volume to produce Configuration 

stimulated nitrification of the high FSA 

concentration poorly nitrifYing stone 

anoxic reactor was 

the aerobic reactor, an 

v .... , .. "' ... , .... to increase the n"."TT".n 

of 1:1 

from the aerobic to and lower 

the nitrate concentration in the aerobic reactor and hence in the underflow (s) recycle. 

nitrification pel:10Irml:lOc:e of the stone column continued to decline, nitrification 

in the aerobic which adversely atr(~ctt~C1 the A better laboratory scale EN system 

than was needed. mixed activated ~._._.:::._ system was 

introduced, 

bacteria 

Configuration 4 ( sewage ...., ... _ .. _ ... , L .................. of the nitrifYing 

on fixed media in the stone column, in the AS """.,' .. TTl were suspended 

nitrified .... "".,""" .. , a satellite completely mixed reactor with own settling tank. This 

and consistently and so solved the problem of incomplete external nitrification caused by the poor 

nitrification performance of the laboratory stone column. The overall average results 

10 are overall ver'ag<~s over four system '"'V''''''I''I''''' over the entire 

day 1OVeStllgal:lOn (average configuration given "''''''V'V,"''''''' et ai., 1999). 

From the day investigation, Moodley et ai. (1999) report 

.. 

.. 

.. 
9 

COD mass v ......... ,,"'" of 80% and overall 

of influent 

average total N 

(of which 15.4 mgNIl was 

....... u, ......... of23 mgNIl, 

and 3.8 mgNIl was 

mass balance of 91 

about 19.2 mgN/I was 

.. total N removal (including the nitrate to main anoxic reactor to up 

loss of nitrate from poorly denitrifYing stone column; see Table details). 

.. Overall average OUR of mgO/l.h for Configurations 1 and 2, and 38 for 

Configuration;; 3 and 

.. VSS concentrations of2628 mgTSS/l and 2 mgVSS/l resulting 

in a TSSNSS ratio 

.. Average calculated particulate fraction 11 

.. system nitrification efficiency of >88% initially, deteriorating to 10 

Configuration 3 because of hydraulic overloading Psychoda infestation stone 

column. 

.. Overall average denitrification in anoxic reactor. 

.. AP removal ofl0.37 influent, with an 1.0 mgP/I P and 
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30.2 mgPIl influent P uptake. On .average, 56% of the total P uptake occurred in the 

anoxic reactor. 

Average calculated P content ofPAOs (('(BG.p) of 0.312 mgP/mgPAOAVSS in terms of 

the BEPR model of Wentzel et al. (1990). 

PreleasjP uptake' PreleasjPremovab Premova/Influent COD and Premova/lnfluent RBCOD ratios of 

0.661, 1.950,0.0151 and 0.1136 respectively. 

Overall average DSVI of94 mlIg with an average of2.8 mgN/1 NOx leaving the anoxic 

reactor and with Microthrix panJicella, type 1851 and type 0092 the main filamentous 

organisms in the mixed liquor. 

Moodley et al. (1999) report further that a high nitrate load (brought about by a high influent 

TKN/COD ratio) and large anoxic mass fraction stimulate anoxic P uptake, as was indicated in 

the report by Hu et al. (1999). In addition, Moodley et al. state that an influent TKN/COD ratio 

of <0.14 mgN/mgCOD may be detrimental to the development of anoxic P uptake. It is stated 

further, that the inclusion and maximisation of aerobic P uptake in the ENBNRAS system is 

desirable to maximise the BEPR. However, the conditions that promote aerobic P uptake (i.e. a 

larger aerobic mass fraction) are also conducive to nitrifier growth and hence internal nitrification. 

If a larger aerobic mass fraction were to be introduced to maximise BEPR, virtually complete and 

consistent external nitrification would have to be guaranteed, else the pre-anoxic reactor would 

be overloaded to the detriment ofBEPR, and this would be counter productive. 

In their report Moodley et al. (1999) propose a method to calculate the denitrification rate by the 

P AOs to assess their contribution to the denitrification. The method follows the calculation 

procedure ofEkama and Wentzel (1999). This method essentially fractionates the measured VSS 

mass in the experimental system into active ordinary heterotrophic organism (OHO, XB,H) and 

active PAO (XB,G) masses, OHO and P AO endogenous lnasses (XE,H and XE,G) and inert 

unbiodegradable organic mass from the influent (Xj. From such a VSS fractionation calculation, 

the concentration of influent RBCOD obtained by the P AOs is known, with the balance of the 

influent RBCOD and all of the influent slowly biodegradable (SB)COD available to the OHOs. 

To determine the contribution of the P AOs to the denitrification in the anoxic reactor, it is 

assumed that the total P uptake in the anoxic and aerobic zones results in the utilisation of all of 

the RBCOD obtained by the P AOs and that the % P uptake in the anoxic and aerobic zones 

reflects the % P AO RBCOD utilised in these respective zones. Thus, with say 40% anoxic P 

uptake, 40% of the influent RBCOD obtained by PAOs is utilised in the anoxic zone and 60% in 
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zone. The % anoxic P uptake is _~"'"4L''' from the experimental data 111 ... ,,..;)U1 on 

With the COD cmlCemratl()n utilised by the P AOs in the anoxic reactor 

denitrified with growth process can be 

.... u"',..,.'v growth yield oxygen equivalent of 

mgO/mgNO]-N denitrified. In this it was accepted that 

equivalent aerobic value anoxic conditions ideally 

fmmed per pair of electrons under aerobic conditions 3 

fonned pair of electrons nct." ....... ".rI (Payne, 1991; Casey et aI., 1 

calculations, this reduces 

denitrified by the PAOs v"".'..., ..... ,."' .... ''''. 

to Y Ganoxic = 0.545. With the 

nitrate concentration denitrified by 

the 

are 

are 

OHOs is the. 

difference between the 

r"h'''i'", concentration 

n'1' ... ·"'1'''' concentration denitrified in reactor and the 

P AOs. The specific denitrification rate of the P AOs and 

OHOs, viz KtPAO and 

rate of the P AOs 

obtained by dividing the va .. " .... " •.• v .... denitrification 

determined from 

the VSS fractionation ", ... ,,,, ... ,,,,.,·vu. 

andOHO 

way the observed nnro,rr,ronpn and 

expressed in tenns of group state 

method can be applied to anoxic reactors that are overloaded with nitrate. i.e. have 

significant nitrate concentrations in their outflow to ensure that the biological OHO and PAO 

denitrification potential is With this method Moodley et (1999) calculated the 

specific denitrification rates of the OHOs and PAOs, and calculated the specific 

denitrification rates VSS (AVSS) ignoring of the PAOs as in Clayton 

et al. (1991), 1165 mgN03-N/mgOHOAVSS.d, K2"PAO = 0.0625 mgN03-

N/mgPAOAVSS.d O. mgN03-N/mgOHOAVSS.d. this it can be seen that 

the PAO 

RBCOD(K1) 

u..l""""""'U rate is low, 

"""!'''' ...... ,, and less than half the rate 

COD At such a low P AO rI""r,ii'riif;",,,i'ir,,,, 

original motive ';)'UU""""'Llll[5 anoxic P uptake - to re-Icacfrur 

for denitrification is it, considering the reduction in 

will be "'''''''UUl'' ........ this investigation also. 

denitrification rate with 

biodegradable 

""U,.;)'U.IVH of influent RBCOD 

it seems to lead to. This "',,,,.,"',..,,. 
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The Anoxic-Aerobic (AA) Filament Bulking Hypothesis for BNRAS Systems 

consistently good settling "A .... ' ... "' ... produced the systems can, in be 

explained by AA filament bulking for BNRAS systems of Casey et 

filamentous organisms to bulking sludges in system South are 

low F 1M type, for example Mparvicella, type 0092, type 0041, type 1841 and type 0675. 

Historically, control F 1M filaments has to increase the F 1M ratio 

;)'I;:;!'"IA'UI reactors (Chudoba 1973). However, in a of investigations the efficiency 

of anoxic and aerobic selectors, Gabb et al. ( 1) concluded that little evidence that low 

FIM filaments are controlled by these reactors. Casey et al. (1994) established that AA 

filaments proliferate under intermittent aeration conditions (as low conditions did not appear 

to the primary cause influencing the the filaments responsible were renamed 

filaments), but not under fully or fully anoxic conditions. In work with intermittently 

!l""'·!l1'~·n nitrification-denitrification systems, Casey et al. (1994) found that maximum 

... 0 .. ·"' .. "' ..... occurred with an mass fraction 30 and 

of the The relationship the DSVI and the aerobic period (aerobic mass 

was artificial (chemically up) wastewater is shown in . It 

was also established that DSVI appeared to linked to the concentration at the end 

....... ,"'-'''' period as the conditions "UTnp" ... " from to aerobic . 

O~~--~--~~--~--~~--~--4-~ 
o 10 ao 30 410 80 80 7'10 80 eo 100 

PERCENTAGE AEROBIC PERIOD 

FIGURE 2.3 - Relationship between and aerobic 
mass as found by Casey et (1994). 
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et al. (1994) developed a filament bulking, based on the biochemical 

model for aerobic-facultative behaviour of heterotrophic organisms proposed by et al. 

(1973). In the biochemical model, et (1973) proposed the following denitrification 

pathway: 

(nitrate -1> nitrite -1> -1> nitrous oxide -1> nitrogen gas) 

Each of the 

more of the 

oxides are reduced at separate and specific one or 

denitrification intermediates (NO, N20) that are geI1ieraltea under ....... ,,' ...... '" 

conditions have an inhibitory on the utilisation of sut)strate subsequent aerobic 

conditions, as they with the oxygen reduction. Specifically, NO 

(nitric oxide) has been found to accumulate intra-cellularly during denitrification and this causes 

measurable and prolonged inhibition nv',,,y,,'''' utilisation in the subsequent aerobic conditions. 

With biochemical model as a basis, Casey et al. (1994) proposed the foHowing hypothesis 

"""tpn"" the majority of heterotrophic organisms can be classified by their morphology 

as either floc or filamentous organisms. Floc formers are hypothesised to reduce nitrate 

or nitrite to mrrOll[en under anoxic r',."",£lty' while are hypothesised 

to be nitrate only, If nitrate or throughout 

the anoxic period, 

the denitrification 

floc IormeJrs are exposed to a subsequent 

or nitrite to nitrogen through of 

level of intra-cellular NO. 

conditions, the intra-cellular NO inhibits 

utilisation of nv'u,.,,,,·,,,, and floc Tn"""'Plr" ""J.u ....... "" to respire nitrite (i.e. aerobic 

denitrification), but at a much reduced rate to that anoxic conditions. In I'f\ .. ,t ... ",,,,t the 

filamentous v.E' ......... ,. •• .., would not have any nrr"_"",,. 

steps of the ... "',:uu.u •• "' ....... vu pathway, and are therefore not inhibited from utilising nv'urT" .... as an 

acceptor in the aerobic zone. This places the Imrrn(mt~)us 0 ..... ',..:> .... .., at an 

the aerobic zone - they are able to utilise a portion of substrate under .. "'.vv .• .., 

than they would if the floc formers were not inhibited by the NO. The 

filamentous or~~anisrrlsare thereby able to ,n",rp".u" their mass in the .... ,""" ... 

in a bulking sludge. nitrate is not present throughout anoxic complete 
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denitrification the floc formers are not using under subsequent 

conditions. When denitrification is complete «0,5 mgN/l in the anoxic reactor outflow) there will 

be no intra-cellular present floc are not at a disadvantage in the of 

substrate with oxygen in the zone. The concentration of nitrate from the 

reactor is an indication as to 'the filamentous are at an in 

the zone or not. High nitrate concentrations flowing anoxic reactor are 

conditions conducive to AA filament and bulking, near zero nitrate 

concentrations in the reactor outflow are indicative of an uninhibited floc forming VA!,,""'''''''''' 

population and settling "1",'U,,,-'." 

In 1 Stewart Scott Consulting bnl~lm~ers (Dr sought to determine the applicability in 

of the relationship between the and the aerobic mass fraction as reported 

laboratory BNRAS byCaseyetal. (1994). oft he conditions and 

plant full BNRAS South was 

seven plants chosen were Daspoort (operated by the Pretoria Municipality), Rynfield 

Vlakplaas (operated by ERWAT) and Goudkoppies, Bushkoppie, Olifantsvlei and Northern 

Works (operated by Greater Johannesburg Metropolitan Council). seven were 

chosen they were only plants at which historical data of their performance was 

available. It was intended to measure the nitrate nitrite concentration at the anoxic to 

aerobic condition transition, but required immediate filtration and stabilisation samples to 

stop the derlitrificatl()n "'r",...."''' In sample, an important that was difficult 

to ensure operational conditions. However, settleability data was 

to DSVI units applicable, analysed value was 

calculated each seven full i':e'liVHi:'e treatment lJ1a'l"". The 

Table below. 

TABLE -DSVI for seven full scale BNRAS treatment In 

Gauteng, South Africa. 
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Figure shows the DS VI and aerobic mass ..... ..",.. ... """ data seven full treatment plants 

superimposed on the 0.,.",.,.1"'" DSVIlanoxic mass Tr<1.r"TH",n as reported Casey et al. 

(1994). 

,I ARTIFlClAL WASlEWATER 

o~~~--~~--~~~~--------
o 

PERIOD 
FIGURE 2.4 - DSVI and mass of seven full BNRAS treatment plants 
superimposed on the DSVIlaerobic mass fraction relationship developed for artificial 
wastewaters by et ai. (1994). 
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It was '"'''' •• '''' .. ''' ..... ' .... that a significant relationship exists between the two parameters, with '1'nY'''''' 

sludge for an aerobic mass fraction increase from 40% upwards. It was not possible 

to comment on aerobic mass fraction values of less than 40%, as full systems are not 

~-'''E>''-~ and operated at aerobic mass below 40% because the implications with 

to nitrification. The claim by et af. (1994) that the poorest settling 

in systems that operate at aerobic mass fractions in the range of 30 to 40% could not 

be for the case of full scale BNRAS However, full scale ,,,"',,,"' ...... 

showed a significant relationship between their sludge settleability and mass faction 

they were at for mass 40% accordance with that 

reported by Casey et al., 1994) it seems as the same can be expected for full scale systems 

operated at aerobic mass fractions in the range of zero to 40%. At the other end of the scale, the 

systems et af. (1999) and Moodley et af. (1999) were operated at 19 and 25% 

mass fraction and produced consistently good sludges (see 2.4). 

2.3.5 Objectives of the Investigation of this Thesis 

The investigations on a laboratory ENBNRAS system by et af. (1999) established that: 

• 

• 

A laboratory scale stone column was effectively used as an system. 

EN has no apparent "''''''''<:IT'''''''' impact on either COD removal, nitrification, denitrification 

or N removal. 

• An system has the potential of producing effluents with <10 mgN/1 N, 

i.e. an ENBNRAS good N removaL 

• P uptake occurs in the ENBNRAS however P removal under 

anOXlC P uptake is about that from 

predominantly P uptake 

• It appears that a high nitrate load on main anoxic reactor and a small aerobic mass 

fraction stimulate anoxic P uptake 

• The ENBNRAS system does produce sludges that well consistently. 

The investigation Moodley et al. (1999) further established that: 

• The system can produce good BNR on double the 'normal' influent 

wastewater flow without any deterioration in COD, N or P removal performance provided 
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the system virtually completely. 

• nitrate load on the main anoxic reactor and a large anoxic mass fraction stimulate 

anoxic P uptake, and a ratio of <0. (for <20% aerobic mass fraction) may 

be detrimental to development of anoxic P uptake and P removal. 

• The inclusion and of aerobic P uptake is desirable for P removal 

oeliolrm':l.nc:e of the system. the aerobic mass fractions required to 

maximise aerobic P uptake are to growth in the main system, and 

virtually complete and would have to be guaranteed. 

.. settleability remains good (DSVI <110 regardless the aerobic mass 

• 

fraction. 

and the nitrification efficiency the on 

the system wiU significant. Underloading anoxic reactor with nitrate 

leads to a rapid ,...""" .... ""., In P uptake. high FSA concentrations 

system into the main aerobic reactor are nitrified causing nitrate or 

concentrations (depending on the degree of nitrification in main aerobic reactor) in the 

"'.LL""''''''' and underflow (s) recycle. A high nitrate concentration the underflow (s) 

overloads the pre-anoxic reactor, and excess nitrate flows into anaerobic 

reactor causing a marked in P and hence in the overall P removal 

performance of the """1~"""" 

In light of the research conducted so the main objectives of this investigation on 

ENBNRAS are: 

(i) . Achieve consistent virtually complete EN (by utilising suspended EN system 

(ii) 

(iv) 

instead of a laboratory stone column) and obtain state conditions for the BNR 

processes the BNRAS In to confirm the results of the first two 

an ENBNRAS (In'''',,,",, operating at " .. ",'un 1 state. 

Evaluate anc,XlC P uptake steady state conditions. 

nrr,n~lrp the BNR performance of the laboratory ENBNRAS with that of 

a 'conventional' BNRAS system operated parallel with design and operating 

parameters r" ...... "/1T1U the identical wastewater as influent. 
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CHAPTER 3 

EXPERIMENTAL INVESTIGATION 

SYSTEM SETUP 

3.1.1 Main Biological Nutrient Removal Sludge System 

WASTE 

INFlUENT 

Sludge Bypass 

FIGURE 3.1 - Schematic layout laboratory scale external nitrification 'JlV,'V;t<.,,"''''> 

activated (ENBNRAS) <:!,r<:!1rpTYI 

layout the laboratory scale ,",'U',",,,Au.! nitrification UAV.iV,,",i""Ul nutrient removal activated 

sludge (ENBNRAS) system operated in investigation is shown in 3.1 and is to 

those operated in the two previous ENBNRAS research projects et ai., I 

et ai., 1999). Apart differences the reactor volumes and flows, the 

Moodley 

modification 

implemented was in the setup of the external nitrification (EN) system, which will discussed 

separately below. Because the setup of the system per se has no impact on main system, 

it is permissible to compare the systems performance with that of the systems et ai. ( 

Moodley et (1999). 
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3.2 

The activated sludge reactors and settling tanks of the ENBNRAS system are of the same kind 

that are usually used in laboratory investigations in the Water Research Laboratory of the 

University of Cape Town. They are made of clear acrylic plastic as described in detail by' Clayton 

et al. (1989), mounted on a vertical wooden backboard with shelves, and the entire system is set 

above a 'drip tray' to facilitate the collection of any sludge spillages that may occur, to minimize 

the effect of these. The influent feed pipe, underflow (s) recycle, mixed liquor (a) recycle and the 

recycle from settling of the EN system sludge (internal settler B in Figure 3.1) to the nitrification 

reactor, were all connected to the same peristaltic pump, which was set to pump 20 lid, or 

multiples thereof by utilizing more than one channel on the pump. The sludge bypass from 

internal settling tank A (in Figure 3.1) to the main anoxic reactor was via a separate peristaltic 

pump, pumping between 1 and 6.5 lid, as required. Oxygen for the aerobic reactors was supplied 

in form of compressed air and the oxygen utilization rate (OUR) was measured with Yellow 

Springs dissolved oxygen (DO) probes and the automated DO controller/OUR meter of Randall 

et al. (1991). 

The design parameters for the system are given in Table 3.1. The system was run in a temperature 

controlled laboratory at 20° C. The sludge age was set at 10 days by withdrawing III Oth of the 

BNRAS system volume daily, appropriately reduced to take account of the sludge mass 

withdrawn for sampling. The sludge age in the EN system was not controlled - some sludge was 

wasted only when the sludge blanket level in the EN system settling tank (B in Figure 3.1) rose 

to more than half the settling tank column depth (~300 mm). In the BNRAS system, the initial 

unaerated mass fraction was 0.67, which was changed to 0.80 at day 195 of the 483-day 

investigation (see Table 3.1). 

In the investigation of Hu et al. (1999), it was found that anoxic phosphorus uptake had not 

stabilized to a constant value at the end of the 250-day investigation. Accordingly in this 

investigation, in order to establish a steady state in the various biological processes, it was 

endeavoured to keep changes in the design and operating parameters to a minimum. However, 

in order to maintain proper functioning of the BNRAS system, it was necessary to make two 

changes, effectively resulting in three different configurations for the 10 days sludge age system 

(see Table 3.1). In the first change, the unaerated mass fraction was increased from 0.67 to 0.80 

on day 187, by increasing the volume of the main anoxic reactor from 6.5 to 9 Htres while 

simultaneously decreasing the volume of the main aerobic reactor from 6.5 to 4 litres. This was 

necessary because it was found that at high influent TKN/COD ratios (> 0.10 mgN/mgCOD) the 
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system was not denitrifYing adequately and too much nitrate was recycled to the anaerobic 

reactor, which phosphorus performance. the second on 

day 285, the a-recycle was decreased from 2: 1 (40 lid) to 0: 1 (0 lid). was 

by time, the EN system was consistently >90% of the flowing into it, 

nitrate being produced in the main aerobic reactor. It was in only small amounts 

suspected that high which was forcing the sludge to alternate frequently between 

au .... ''''"''''' and aerobic conditions, was 

uptake. 

and adversely affecting the anoxic 

Towards the end of the '-'i3Lj'1"iatlVIl period, on day 422, it was decided to 

20 to 30 so that the claimed benefit of increased capacity 

influent 

can be ..... ." ......... This was done increasing speed the main peristaltic pump to 30 lid, 

thereby increasing the recycle flows by an equal amount and keeping the ratios constant. The 

combination of the ,n,..rp<:ICPf'l influent flow and the associated increase the recycle flows "au,,,,,,,,,,",, 

the internal settling tanks to hydraulically, consequently it was decided to reduce the 

influent flow from 30 to lid the system from to 8 days. 

This was done on two days the initial1nl'rpl'I'I::P of the influent flow from to 

lid. The system continued to perform exceptionally well at a age days, and on day 471 

it was decided to reduce sludge further - from 8 to 5 days. experimental system was 

stopped approximately 2 ages (11 days) after this on day 483. 
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• Actual volume, with at double concentration. Effective volume at "",.", ........ 
concentration = 2 litres. 

.... results of Configurations 4 and 5 are not included in the average values discussed in 
Chapter 3.3 - Experimental Results. results of 4 5 are 

3.4. 
configuration. 
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3.1.2 External Nitrification System 

In this investigation, 

Moodley et al. 

(inthefoIm 

into the main reactor. 

of the EN system 

Moodley used a 

to perfoIm mtlnn4Catll0 

stone columns were 

as closely as possible the configurations of a full 

columns proved to difficult to run in the laboratory 

from those used by Hu et al. (1999) 

of laboratory scale trickling 

and/or dosing nitrate 

in the laboratory systems, to resem01e 

aptHlCl:lllon. The laboratory stone 

primarily because 

loading limitations and insect larvae infestations (Psychoda), resulting in low 

efficiency « 50%). larvae infestation itself and 

biofilm being '"'v •• .., ..... flooding 

To overcome 

the 

pr()bll:,ms with the stone 

"U",rE"TT1 (high effluent FSA without 

att,empts to control these 

larvae or scoured off stones. 

by 

,.."\, ..... " .. ,,, affected the pertormance of 

reactor nitrification or 

discharge to anaerobic reactor with aerobic reactor nitrification), it was decided to 

a suspended medium (activated sludge) EN in investigation. The details 

setup are shown 3.2. 

Once it VI;;'_C11.11l;; that the suspended 'AA""~'''''' """':l'~rTl produced eventually 

>90% it was decided to reactor order to 

as little 'outer as 

possible. initially it was found reactor was 

very low, so was not event. Later in the day 

217) improved significantly, the nitrate load on anoxic 

reactor, was dosed into the to the influent TKN/COD some 

These aspects are in detail in the section on system 
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INTERNAL SETTLER A 

SCAAPfR 

FIGURE 3.2 - Suspended 

3.6 

system. 

INTERNAL SETTLER B 

MAIN ANOXIC 
REACTOR 
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3.2 EXPERIMENTAL 

to lS/06/2000. 

3.7 

OPERATION 

the 22/02/1 

mgCOD/L 

mixing) 

hydrogen 

a was drawn daily from the storage tanks (after 

value of750 mg CODIl. tablespoon sodium 

and S.O. The 

approximately 10 

was added as a buffer to control the to a 

(P) content diluted was 

PIl potassium di-hydrogen phosphate (K.H2P04) to 

limitation and to ensure an "'u.,""''''', .. total P concentration greater than 5 

batches the TKN was augmented by addition of predetermined 

ammonium chloride stock solution - the exact volume ... "'IV'"'II .... " .... 

TKN/COD ratio, see A sample of this prepared influent was 

average sewage 

detail in Table 3 

Total P were 

each batch of the influent fed to 

""""'<>0<><' over the investigation of the ImlUelrlt 

mgN/l and 25.4 mgPIl respectively. The required 

to the system at approximately 11:00 am daily, 

with 

in 

volume 

of the 

batch 13 to volume of influent sewage was prepared of which was feed 

to a parallel corlvellUOinal system for direct comparison system 

and Vermande 

of about soc. 
in the 24-hour 

(usually <100 ml) 

etal. 

The >ALL" .... ""'.. I.)l.l";1\.',,\ 

feeding 

were 

reactor. 

mixed liquor drawn 

at its set volume, 

volume rpf1nrn]pn 

conventional system see 3.5 

a fridgelfreezer operating at a 

";\./\.llLJIJ";U with a stirrer, to avoid the 

24-hour feeding period 

were collected 

waste sludge volume was 

replaced by system effluent so that 

volume of mixed liquor wasted was 

sampling process. 

anaerobic 

reactor and the 

reactor remained 

sludge 
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3.8 

26.7 
17 232 245 14 664.3 119.5 0.101 66.9 24.3 
18 246·259 14 757.8 165.1 0.091 69.0 53.0 28.1 
19 260·271 12 684.9 157.4 0.125 85.8 69.6 20.0 21.5 
20 272·284 13 760.9 140.7 0.093 70.5 53.9 

157.0 0.090 67.3 52.0 
0.113 65.6 

144.9 71.0 59.0 
156.5 0.104 77.7 61.9 

122.15 0.088 64.33 50.0 
150.3 0.103 79.9 64.0 

necessary, stopping the 

the activated "'1 ... ' .. "".., the system, and .... 1"111«.11 

sludge was passed strainer to remove 

liquid. This was done u ....... 'Q.u.:, .... solids and worms were 

all the reactors. The activated 

solids and worms from the bulk 

main cause of blockages in 

reactors and stirrers were washed pipes and the subsequent "" ... , .. 1<. .... "1J11lQ.~"\J" that occurred. 

all the piping cleaned. 

loss, and so it was 

worms was noticed. 

"""" ..... ""u,"'> process did influence 

out only when an m 

,",ue'TArn because of inevitable 

LV"'n. ... ,"-"' ... or a proliferation 
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Difficulties and Problems in Operation 

During the beginning of the investigation (sewage 1 to 6) some the system 

operation were encountered ........ "Jvn."'5'_'" sludge "1-""<4,,,"" as well as component breakdowns 

occurred. The problem areas in the mechanics of the ''''''' ..... TTl were identified and subsequent 

the re-occurrence of similar problems was minimized. Furthermore, 

were two 'bad' batches of The batch, contained a 

noticeable amount of activated occurs when is a problem at 

WWTP and is recycled back to with the This sewage 

was and no on the was noticed. The bad batch 

batch was sewage nitrification in all systems 

operating the laboratory. This batch was discarded a new one fed, 

the effects of batch 9 were noticed until of sewage batch 15. Complete 

nitrification did not return until the of sewage batch 12. Instead of 

was produced led to the 

leaving 

that the toxic 

nitrate producers oxidizers) 

sewage batch 9 was fed at the V'-J",uU.J.U5 of June just before winter. 

Moodley et Mellin et (1995) reported sewage batches around the same 

being just winter. indicates that some occurs 

Mitchell's Plain WWTP) around beginning of winter that has a on the laboratory 

scale systems. 

3.2.2 System Performance .lu." .......... and Data Acquisition 

In order to monitor the system performance effectively, sampling was on a virtually daily 

basis. No "''''Ull-'l'_''' were drawn the following conditions: 

- After sludge "'1-'111,'1"-"'" occurred, resulting in ;O .. U\.1""" 

- For two days anew batch ", ... "",.,,,P was to allow the 5WJU"'Ul .... to adapt to the new 

feed. 

last sewage batch u"\.,au.,),, it was noticed that this last of the batch usually 

had very low L ................. 'JLJ' COIlcentnltlCms. 
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Table 3.3 shows the sampling positions in the system and the parameters measured on these 

samples. 

TABLE 3.3 - Sampling positions and parameter measurement. 
Test 

Influent 
Pre Anoxic 
Anaerobic 
Int. Set. A 
Int. Set. B 
Main Anoxic 
Main Aerobic 
Final Effluent 

COD TKN FSA NOa N02 Tot. P OUR DSVI VSSITSS 
0[3] 0 0 

O' O' 
0' 0' 

• • 0'1l' 0'1l' 0 

o :::: Unfiltered Sample 
O· :::: Unfiltered Supernatant 
[3] :::: Floc Filtered Sample 

0 
'1l' '1l' '1l' 
'1l' '1l' '1l' 
'1l' '1l' '1l' 
'1l' '1l' '1l' 
'1l' '1l' '1l' 
'1l' '1l' '1l' ./ ./ 

'1l' '1l' 0'1l' 

(1 litre sample subjected to 10 ml 0.25M Aluminium Sulphate flocculation 
and allowed to settle for a minimum of 10 minutes). 

'1l' :::: Filtered Sample 

./ 

./ 

(Filtered through Schleicher&Schuell 0.45 ~m glassfibre filter membrane) 
• ::: Unfiltered, Macerated Mixed Liquor Sample 
./ :::: Measurement Taken, Filtration Not Applicable 

The diluted sludge volume index (DSVl) was measured on 500 ml mixed liquor drawn from the 

main aerobic reactor, diluted to 1 litre using system effluent. VSS/TSS were measured by. 

separating the solids from the liquid with a centrifuge, drying the sludge pellet at 105°C for 24 

hours and then incinerating it at 600°C for 20 minutes (Standard Methods, 1985). The pH was 

measured using pH meter No. ID9023 from HANNA INSTRUMENTS. COD, TKN and FSA were 

measured by the methods laid out in Standard Methods (1985). Nitrate and nitrite was measured 

by using the Technicon Auto Analyser Industrial Method No. 33.69W. Total phosphorus was 

measured using sulphuric acid I potassium persulphate digestion at 100°C followed by ammonium 

molybdate I vanadate colour development for ortho-phosphate (Standard Methods, Method 424C 

In). From day 1 to 92, an error occurred in the phosphate measurements for the anaerobic and 

main aerobic reactors. In this period, the pH readings for the anaerobic and main aerobic reactors 

were taken directly in the jars containing the samples drawn from these reactors. The buffer 

solution in which the pH probe was stored and calibrated contained very high concentrations of 

phosphate which contaminated the samples with respect to the total P test done subsequently. 

Whilst the erroneous P measurements were noticed much earlier, the cause of the error was only 
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found after a rigorous investigation into all testing procedures involved. 

found, the pH were taken directly in the reactors concerned and no 

jars. The have been excluded from the data analysis. 

error was 

in the sample 
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3.3 EXPERIMENTAL RESULTS 

Daily results are listed in Appendix A Tables 3 Aa, band c list the sewage batch averages of all 

measured parameters for sewage batches 1 to 30, as measured in accordance with Table 3.3 

(Sampling Position and Parameter Measurement). The sewage batch periods were chosen to 

calculate the averages, because the influent TKN and TP concentrations varied from sewage batch 

to sewage batch. The overall averages of all 30 sewage batch average values for each parameter 

were also calculated to provide an indication of the average long term performance of the system. 

The sewage batch average values provide the basis for all further calculations, deductions and 

discussions on the perfonnance of the system at 10 days sludge age and approximately 750 

mgCOD/lload. The average values for sewage batches 31, 32, 33 (Configuration 4 - 25 litre 

influent flow and 8 days sludge age) and sewage batch 34 (Configuration 5 - 25 litre influent flow 

and 5 days sludge age) are discussed separately in Section 3.4. 

3.3.1 Carbonaceous Material Removal 

3.3.1.1 COD mass balance 

In the COD mass balance, the COD mass (i) consumed in the external nitrification (EN) system, 

(ii) utilized in denitrification of nitrate (N03) and nitrite (N02), (iii) e- passed to oxygen, (iv) in 

the wasted sludge and (v) in the effluent is reconciled with the influent COD mass (for details, see 

Appendix B). The closer the COD balance is to a target value of 100% (i.e. all the influent COD 

mass being accounted for), the more reliable the experimental data is deemed to be. Apart from 

being a measure of reliability of the data concerned, the COD mass balance also gives an 

indication of what fraction of the influent COD mass is consumed in the EN system (i.e. lost to 

the main system), utilized in the denitrification of NO x (NOz -I. N03) in the anoxic and pre-anoxic 

reactors and what fraction is being passed to Oxygen as an electron acceptor in the main aerobic 

reactor. The COD utilized in the EN system is important because this COD is not available for 

the BNR processes in the main system. The COD utilised in the denitrification process is of 

interest not only because ofthe nitrogen removal per se, but it also represents the fraction of COO 

that does not require oxygen in the main aerobic reactor, viz. the saving in the oxygen supply to 

the main aerobic reactor. 
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TABLE3.4a .,..,.,,,,,,, .. .,£1 COD n" .. ""'.,h ... c: for sewage 1 to 30 . 

.!. 

108.2 9.5 8.2 66.8 32.8 21.9 6.2 0.113 

115.0 5.6 3.4 56.9 26.4 7.7 2.9 0.120 

112.6 4.9 4.3 62.5 27.4 8.4 2.9 0.111 

118A 3.7 3.1 43.9 20.6 2.6 22 0.084 

106.0 5.0 4.0 61.5 29.0 3.1 3.2 0.103 

62.2 51.7 63A 90.'1 7.9 7.2 48.1 22.4 10.0 6.0 0.079 

79.2 54.7 87.9 117.4 4.9 3.4 12.8 31.4 9.8 2.4 0.114 

62.5 40.6 85.5 117.6 5.7 4.9 68.0 29.4 3.3 4.2 0.112 

13 780.9 154.1 134.5 68.4 1145.6 57.9 45.1 81.8 108,4 4.4 3.8 68.4 29.5 2.9 2.8 0.105 

14 715.4 183.3 140.6 46.1 1551.9 39.2 34.1 80.4 97.5 4.4 3.6 60.8 27.6 3.0 3.0 0.113 

15 727.7 195.8 153.4 56.9 1403.3 52.8 45,4 92.0 97.4 5.7 4.9 75.1 33.6 3.4 4.3 0.126 

16 768.8 195.9 157.8 47.1 2000.3 42.6 34.8 85.2 126.7 5.1 4.5 68.0 32.4 3.5 3.5 0.112 

159.9 135.4 57.2 2046.3 49.5 40.5 66.9 134.9 4.9 4.0 52.6 25.6 3.1 3.4 0.101 
W 

152.4 53.8 1912.1 44.2 35.5 69.0 129.2 4.7 3.9 53.0 25.3 3.3 3.5 0.091 

83.5 2122.0 48.9 45.5 85.8 144.2 5.3 4.6 69.6 34.1 3.4 3.6 0.125 

51.5 2244.7 43.7 35.5 70.5 146.6 4.7 4.2 53.9 25.9 3.3 3.7 0.093 

59.4 2328.8 45.3 40.8 67.3 139.8 4.7 4.2 52.0 25.6 3.4 3.9 0.090 

143.6 4.7 4.2 65.6 31.6 3.6 3.7 0.113 

23 722.3 173.5 128.8 51.8 1675.8 41.3 35.0 116.6 127.8 5.2 4.5 71.0 33.B 3.4 3.8 0.120 

24 113.8 178.7 111.7 55.4 2137.6 47.1 39.8 89.0 148,4 5.5 4.7 73.1 34.2 3.6 4.3 0.125 

25 759.7 222.11 121.2 411.1 23105 46.3 39.9 65.3 152.9 5.1 4.3 52.1 24.1 3.5 3.8 0.086 

26 708.8 174.8 131.4 42.9 2481.0 43.1 37.5 81,4 172.4 4.9 4.2 65.0 30.9 3.3 3.6 0.115 

27 711.2 195.5 129.6 51.3 2116.2 48.7 36.1 72.6 161.4 4.5 3.9 59.7 26.4 3.1 3.4 0.102 

28 734.1 174.6 123.0 53.3 2472.6 50.2 38.6 90.1 145.9 4.5 3.8 72.7 33.1 3.1 3.3 0.123 

29 738.1 181.2 132.7 53.8 2232.9 50.9 36.2 11.0 150.8 4.9 4.2 59.0 26.9 3.2 3.7 0.096 

4.0 
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TABLE3.4b- batch averages of measured sus:pe]rloe:Q OUR, DSVI and pH for 

2 

3 

" 0.08 

1.30 0.10 

1.35 0.08 

1.23 0.09 

010 

Sad Satch 

0.11 

11 2677.5 2171.7 505.8 1419,1 1159.4 259.7 1.54 0.10 

12 2906,5 2425.0 481,5 1531.8 1285.7 246.0 1.28 0.09 

13 2842,0 23724 469,6 1390.0 11714 218.6 1.47 0.09 

14 26360 2216,2 419.8 1339.2 1108,2 1.37 0.09 

15 2315.2 

16 3044.0 

17 3353.1 

18 3068.5 

19 2978.3 

20 3621.3 

21 3816.0 

22 3375.8 

23 

30 

Overall 3111.11 

1 ISS calculated from TSS - VSS. 
2 Calculated from unfiltered aerobic reactor COD and TKN concentrations divided 

by the VSS. 

34.1 96.8 

22.9 120.9 

26.6 122.2 

20.7 115.3 

20.B 109.7 

7.58 7.45 

7.58 7.52 

7.43 7.50 

7.63 7.59 

7.53 7.66 

7.66 

7.72 7.87 

7.57 8.03 

7.52 8.03 

7.65 8.12 

7.87 
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batch averages for measured nitrate, nitrite and P concentrations for sewage batches I 10 30 - all concentrations measured on filtered 

12.6 
15.5 11.9 13.9 14.4 21.3 16.3 19.6 22.5 11.7 18.0 

lS.2 2.9 6.1 8.0 29.0 15.3 29.2 33.1 21.2 15.1 

18.1 2.8 4.7 U 23.5 11.2 112 31.8 17.1 12.5 I 12.3 
20.9 9.0 10.1 Il.O 26.0 11.3 27.8 31.0 21.8 20.3 I 19.4 

U 1 0.3 1 1.2 1 1.4 23.8 I 14.1 I 23.2 I 25.1 I 22.3 i 11.4 i 144 . I 14.7 14.2 

18.4 17.3 

18.5 15.8 

17.1 17.' 
15.7 15.5 

16.2 15.8 

16.8 18.4 

17.0 16.8 

18.3 18.0 

15.6 15.3 

17.3 18.7 

W 
...... 
\JI 

18.9 
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The COD mass balances '''\"I'''''''''Ul.;:o:, their components) and "pr""p,n1" removals 

by for are Table 3.5 3.3 COD 

mass balances VU.'''H'~'' graphically. Detailed results are listed in 

- COD mass sewage 1 to 30. 
IIveMlgl! Influent MaC Denitrification COD used COO ill CODi" COO % % 

of COD Recovery Ext. Hit. Waste Effluent ollt Recovery COD 

Ballell mgCODld mgOld mgCODld mgCODId mgCODld mgCODId mgCOOld . Removal 

15200 4049 1937 
2 Bad Batch 
3 Bad Batch 

4 14562 3434 
5 3167 
6 3780 

3401 837 

1120 9603 
1426 11400 

10418 
11086 
12332 

9956 
12419 81.9 
11248 84.8 93.3 

.8 
10736 78.6 93.6 

2588 3352 
14275 1891 4275 
15193 2456 4621 
14175 2976 4962 

2630 5432 
4945 

Appendix 3.5, an COD mass v""' ...... ,,'"' 8% was ......... u.,'"'''' 

over 30 sewage Dalcnc~s COD mass were 104.6% 

batch and 60.2% (sewage batch 10) respectively. lowest COD mass was 

immediately following ,,,:,,'"'>.,''' 9, which was a sewage batch. system had not 

recuperated completely hence the 

was obtained for 

toxic sewage 

batch 10. From for the Configurations 1,2 and there is 

no evidence that any of the configurations had a noticeable '-'1''''11'''.'&>' or negative on the COD 

is higher mass balances. Configuration 1 has an average COD mass balance of 84.3%, 

Configurations 2 and 3 (76.3 and respectively). the period in which 
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Configuration 1 was operated included batches 1 to Figure shows that 

COD mass balances of investigation u«."",.,.> 1 to 8) were 

albeit This fact will contributed to the higher for Configuration 

1, configuration After the r"'""'",('!''1110 of the sewage batch batch 

9), the COD mass balances lower level and never recovered completely to 

the level the first sewage 

110-r------------------------, 

100+---

10 

o 

FIGURE 3.3 - COD mass balances 1 to 30. 

In previous investigations on biological nutrient removal activated systems 

~L1". ~..L"'f1"" systems it was found generally COD mass were 

around 80 to 90% (Table 3 see Ekama and Wentzel gt al. (1999): 

- COD mass balances obtained for previous investigations. 

Conventional BNRAS '''''".''''"' 84% 

90% 

Mellin et al. (1998) 84% 

Hu et (1999) 

et al. (1999) 80% 
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All the investigations show COD mass balances significantly below 100%, between 80 and 90%. 

The average of approximately 80% for this investigation is lower than all of the aforementioned 

and equal to that of Moodley et al. (1999). However, this does not mean that the results are 

necessarily less reliable. Moodley et at. (1999) contributed the low COD balance in their 

investigation to the frequent sludge spillages that occurred. In this investigation very few sludge 

spillages occurred, and most of those that did occur happened in the beginning of the investigation 

(Configuration 1) when the COD balances were better. When it became clear that the COD mass 

balances being obtained were low, a thorough investigation into the sampling and analytical 

testing procedures was conducted, but nothing was found that could have caused the low COD 

mass balances. Furthermore, had there been any errors in the testing procedures, these would have 

become apparent in the CODNSS (fev) and TKNNSS(f) ratios obtained in this investigation. The 

overall averages for these were 1.40 and 0.10 respectively (see Table 4b) and these are very close 

to the expected values of 1.48 and 0.10 respectively (WRC, 1984). 

It seems that there are biological processes that occur in the BNRAS and ENBNRAS systems 

with a high unaerated mass fraction, which consume a fraction of the influent COD and are not 

taken into account in the COD mass balance. What these processes are and where they occur has 

not yet been definitively established, but low COD mass balances have been noted for many years 

in BNR research (McClintock et al., 1988). Their existence would explain the consistently lower 

COD mass balances obtained in the BNRAS and ENBNRAS systems. Indeed, this consistent, but 

as yet unexplained, loss of COD is being intentionally included in some BNR system simulation 

models, e.g. BioWin (Barker et al., 1996, 1997). 

Figure 3.4 shows the COD mass balance for each sewage batch as a vertical bar, divided into the 

respective COD mass balance components. The full bar represents a 100% mass balance, with 

each component contributing a certain percentage to the total - the COD unaccounted for is 

added to the top of the bar to make up 100% COD. Figure 3.5 shows the overall averages of the 

COD mass balance components that contribute to the overall COD mass balance (the average 

being the average of all 30 sewage batch averages). On overall average, of the influent COD, 

6.2% flowed out of the system with the effluent, 13.8% was passed to oxygen in the main aerobic 

reactor, 12.7% was utilized for denitrification in the pre- and main anoxic reactors, 19.7% was 

lost in the EN system, 26.7% left the system as waste sludge and 20.8% was unaccounted for. If 

there are in fact other biological processes in the ENBNRAS system to which the unaccounted 

COD loss can be ascribed, then just over 40% of the influent COD is unavailable to the main 
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COD Mass Balance Components 

120~----------------------------------------------------------, 

110~----------------~----------~--------------------------~ 

100 

90 

80 

8, 70 
J! 
i 60 
u 
~ so 
c.. 

40 

30 

20 

10 

o 
1 2 3 4 5 II 1 8 9 10 11 12 13 14 15 16 11 18 19 20 21 22 23 24 25 26 27 28 211 30 

Sewage Batch Number 

Waste Oxygen 

loss 10 Ext Nillif!er Unaccounted 

FIGURE 3.4 - COD mass balance components for sewage batches 1 to 30. 

Overall COD Mass Balance Components 

Unaccounted IllJ.34'J1o!· ..... 

(26.14%) 

La. to EJrt. 1'1'''''111' 11U."''''7""-

FIGURE 3.5 - Overall averages of COD mass balance 
components .. 
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system. This is a very large amount, and if the 20.8% unaccounted for can be proven to go to a 

process that has not been identified and included in the measurements, the combined 40% can 

have a notable impact on the reactor volumes and OUR in full scale design of such plants. 

Table 3.Sb gives a comparison of the destination of the influent COD for the three ENBNRAS 

systems operated in the UCT laboratory. 

TABLE 3.Sb - Comparison of COD destinations in the three ENBNRAS systems. 

Hu et al. Moodley et al. This investigation COD Destination 

8% 10% 6% System effluent 

30% 31% 27% Waste 

19% 13% 14% Oxygen 

16% 14% 13% Denitrification 

15% 12% 20% 'Lost' in EN system 

10% 20% 20% Unaccounted 

The values from previous ENENRAS systems compare well with the values calculated for this 

system. The main differences are in the COD lost in the EN system, where the systems ofHu et 

al. and Moodley et ai. show significantly lower COD losses. The reason for this is that in both 

previous investigations fixed media stone columns were used for EN, while in this investigation 

a suspended medium activated sludge system was used, which seems more effective in removing 

the COD that flows into it. The COD in the waste sludge of both Hu et al. and Moodley et al. 

was about 3.3% and 4.3% higher, and this indicates that both their systems had a higher VSS 

mass than the system of this investigation, which is consistent with the "loss" of COD in the EN 

system. The COD utilised for denitrification is 3.3% higher in the system ofHu et ai., and 1.3% 

higher in that of Moodley et al. The reason that the two previous investigations show slightly 

higher values is that both had additional nitrate dosed to the main anoxic reactor and there was 

a period (up to sewage batch 15) where the main anoxic reactor of the system of this investigation 

denitrified poorly. The COD in the effluent of both Hu et al. and Moodley et al. was 1.9% and 

3.9% higher than that of this system, and the higher effluent COD shows that the system of this 

investigation had better sludge flocculation and lower SS in the effluent. 
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3.3.1.2 COD removal performance 

. From Table the overall COD removal (influent to effluent) is 94%, which is very good. The 

minimum removal is 91 % and the maximum removal is 95%. 3.6 HIUll"",:U'''''::> that the COD 

removal is not only very good, but it is also consistent. This COD removal is very close to the 

1100 

700 

600 

500 

a 
8 400 
CI 
Ii: 

300 

200 

100 

I) 

~ FIll""'" ............... .. -- .. 
\ ,,/ ~ \ /\./ "'- " ~ V - V lIIII 

~ 
...... 

-""-..,. = -= ~ ~ ~ = 
1 2 3 4 5 II 7 II 9 10 11 12 13 14 15 16 11 18 19 20 21 22 23 24 25 211 27 28 29 30 

Sewage Batch No. 

FIGURE 3.6 - Influent and unfiltered I "'.U.lL .... "'.U COD concentrations for 
batches 1 to 30. 

COD removal observed by Hu et al. (1999) Moodley et al. (1999) ENBNRAS 

systems, being 92% 91 % In this mVeSl.lga'llOll, system unfiltered effluent 

3.4a, ranged between 39 

filtered effluent concentrations 

COD as on Figure 3.6 and given 

mgCOD/l 80 mgCOD/l with a mean of 50.6 mgCOD/L 

(filtered through Schleicher&SchueH 0.45J.lm mernor;an between mgCOD/I 57 

mgCOD/l with a mean of 41.8 mgCOD/L The filtered effluent value was accepted to correspond 

to the unbiodegradable soluble COD in the influent, giving an unbiodegradable soluble COD 

fraction (fs•us) 0.057. 
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The overall 

reactor comprising 

'conventional' 

balance, 10 days .;JH..,,,,,,,,,, 

3 

aerobic reactor was 1 

volume, which is very low 

a system with 20% 

mgO/(Lh), this in an aerobic 

compared to an equivalent 

mass fraction, 90% COD 

nitrification and 90% nitrate denitrification leading to 50% 

recovery in nitrification an OUR of around 75 mgO/(Lh). 1S 3.5 times higher 

nv"'".,,,., of about 70%. As (1999) and and translates into a "'''''llnu 

Moodley et al. (1999), not Tun',,,,,,, In BNRAS system generated 

externally results in a OUR. Hu et al. (1999) mgO/(l.h) 

19% of the "" .. ", .. TTl Moodleyet (1999) observed an mgO/(1.h) in 

of the """""TTl 

by Moodley et al. 

Moodley et al. (1999) is "'''''',UL''''''''''''' 

throughout the investigation, at 

in the BNRAS system, 

the OUR observed in 

is almost double the OUR 

",,,,,,,,.t'Y1 and the OUR 

because their EN system was not 

OUR of 

efficiently 

to occur a relatively large part 

a average OUR. 
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Nitrogenous Material Removal 

3.3.2.1 ..... ,no .. , .. , ... mass balance 

1"'1"1'1,"'<>" (N) mass V<Uu.u\"v is set up in a similar way to the COD mass v<I.1<<.I.U,",,,,. mass 

(i) (ii) denitrified 

anCIXlc reactors 

in 

reactor from 

indicates a net 

denitrification). Tables 3 

each reactor and 

nitrification (EN) 

total influent nitrogen mass 

the total mass balance is to 100%, the more reliable 

order to calculate the N exiting the system as N2 gas, a 

valau,_,,", was set up to determine the net loss or gain in nitrate and 

was by subtracting the NOx mass leaving a 

same reactor. By virtue of this approach a negative value 

components for batches 1 to 

a positive value indicates a net loss in NOx (i.e. 

for the nitrite and nitrate mass balances over 

for the total N mass balance and all its 

3.7 shows the total N mass balances achieved for 

these sewage batches. Detailed are 

1~,-------------------------~--------------------------~ 

110 -+-----------
100 +----

30 

20 

FIGURE 3.7 - N mass balances for 
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TABLE 3.6a - Nitrite mass across reactor settler 
batches 1 to 30. 

Average 

of II 

Balch mgN/d mgN/d 

78,0 5.2 

2 Bad Batch 

3 Bad Batch 

4 ·18.8 .30.7 8.8 

5 ..e.0 3.4 

6 30.6 ·2.4 ·0.3 -19.6 48,0 

4.7 5.7 1,5 -15.9 7.4 

-23,1 61.7 5.1 ·54.2 23,1 

Bad Balch 

-255.6 -13.6 22.7 

53.1 47.0 
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TABLE3.6b - mass across reactor and for 
batches 1 to 30. 

Allerage 

of fl Aerobic 6 Fin. SET 

Balch mgN/d mgN/d 

-231.2 62.3 

2 Bad Batch 

3 

109.3 427.1 ·359.2 -60.8 

186.2 226.8 ·177.2 -18.5 

598.6 ·260.2 -69.5 

586.5 -154.9 -9.5 

488.5 -88.5 -37.6 

9 

10 92.1 ·74.7 -6.1 

11 207.2 -289.5 -13.0 

12 
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TABLE 3.6c - N mass balance with all components sewage batches 1 to 
Average Sum N02 Sum N03 N N in N loss Sum N TKN % % 

of denitrified denitrified Wasted Effluent Nitrifier in Recovery N 

Batch mgN/d mgN/d mgN/d 

142.5 -93.1 

Bad Batch 

15 

16 

17 

18 

126.7 

144.1 261.1 

212.1 181.2 

3.7, overall N mass balance achieved was 87.8%. can be seen from Table 3 .6c and 

is significantly better than the balance, which was 80%. indicates the c .. " .. ·."" ..... 

design ..., ..... , ... ,u .... such as sludge which are used for Nbalance 

are accurately established not the low COD Uala11\,\i;:!. It also confirms that 

the low COD balances are most likely a COIJtsea biological not included 

(captured) with the tests performed on the The lowest N mass balance was 74.6% 

. sewage batch 10, again this is the batch immediately following the batch 

(batch 9) and can be attributed to the that the was still adversely affected by the toxic 

sewage batch. The N balance was 98.6% sewage batch 17. was noted for the 



Univ
ers

ity
 of

 C
ap

e T
ow

n

3.27 

COD mass balances, the N mass "' ....... 'n""'''' also more stable after 

90% batch 15, which is the sewage batch 

fully r",p''"''''''r",,, from the batch 9. 

The 

on 

obtained 

N mass balance compares well with obtained in other 

and ENBNRAS C",Ct'Pt"I'Hl as shown in shows 

of N mass "' .... , .... " . .,"'''' established 

,,,,,,,,"'"" investigations past. 

batch 10 and 

system has 

balance 

and 

...... " ....... "" 3.6d - N mass v,,",,''',,,,,'''',, obtained ENBNRAS 

System 

89% 

97% 

system 86% 

nnnn,n, et al. (1999) 91 % 

system 88% 

a ........ , ... """-, representation the N mass ..., ... " .. ""' ..... ,, and the individual 3.8 below 

components which ¥">Tunnl to it; each bar rl",.."r"",,,,",,,, the total N mass balance for a sewage 

batch with the individual mass balance components stacked above one ,""",,",,.,,,,! including the N 

not accounted for in mass balance to make total 100% influent 3.9 

the components of the mass balance 1 to 

Figure 3.8 it can seen that, together, the and nitrite denitrification make up the 

nll..-.,.""'T component of the mass balance, amounting to 44.3%. This is due to the large 

"""'-'/\.1, .... mass fraction of the system (0.42 for 1 and 0.55 2 and 

contribution 

sewage 

9. 

denitrification is in ..... .,. .... ,,"' ... '" 

11 this 

''''I1L1U''''''' before, the 

very small, 

had a major inhibition 

expected; 

of the toxic 

on the 

oxidizers (which convert to nitrate) which reduced this process to an abnormally 
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·10 
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Sewage Batch No. 

Effluent Waste N02Denll. 

NOlDenl!. Ext NllRller Unaccounted 

FIGURE 3.8 - mass balance components for sewage batches 1 to 30. 

FIGURE 3.9 - Overall 

Overall Nitrogen Mass Balance 
Components 

Waste 117.85·k) 

tlenlt.(U7"k) 

of N mass .., ............ ,,.. components. 
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."'" .... 1£"5 to a production of nitrite. The waste "IU'''';'<'I;., 1S 

constant, which is ex[)ecrea because an equal volume of mixed 

N "'H'e .... "", .. was not as constant as COD 

waste "'H' .... ""JL N comprises TKN, nitrate and nitrite. The nitrate and 

are dependent on the nitrification and denitrification ""'?+Ar-rno,n 

than the denitrification capacity, the excess NOx will 

in the EN system was much larger than expected 

the :>fC''V''-'''fCbatch but this will be discussed below in Section 3.3 

- Nitrification. 

From 3.9 

influent N flowed out 

NOx. Roughly 44% 

reactors and escaped to 

the anaerobic reactor and 3 

system, and a further 1 

for. 

was 

mass balance components are as follows: About 14% of 

with the "''''J, .... ,'''u Of this 14%,6% was TKN and 8% was 

"'nlt-.... t'1.:>rt in the pre-anoxic, anaerobic and main anoxic 

of which 4.8% was the pre-anoxic reactor, 4.3% 

u.u".,....", reactor. About 11. 7% was removed in the EN 

as waste sludge, leaving about 12.6% unaccounted 

The overall N mass balance COlnp()ne:ms "'.;)"5ULlVll.;) ofHu et al. 

(1999) and Moodley et al. (1 are 3 
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results 

etal. (1999), 

for the 

more UUJ" ..... ,." N was """THT1"1rT1 

"''''V'I,",,,", reactor 

3.30 

investigation compare well those obtained by Hu 

occumng denitrification. In system ofHu et 7.7% 

The reason for this is that additional nitrate was dosed to 

none was dosed to system in investigation. 

system of Mood ley et al. had 16% more Itr,.,a""n in the effluent, which is due to poor 

performance of the EN (stone column) The of Moodley et al. also 

about 5% system denitrified about 6% even though, as 

in the investigation ofHu et al., additional nitrate was dosed to the system to compensate 

poor nitrification in the EN In the broad perspective,and account difficulties 

eXl:>erlenCe(l, there are no unacceptable 

nitrogenous compounds, and 

Nitrification 

eVlat1()TIS between 

results are '-IPl"· ... nr!> 

ENBNRAS 

consistent. 

In this nitrification was achieved externally in a '"''''''''''1''''''' mixed 

nitrification system. The from the reactor was in internal 

terms 

sludge 

A 

1J<li);:)o;;;U directly to 

mam 

the 

reactor. With an 

reactor was 

sludge 

3 it can be seen 

into the EN 

internal 

concentration 

nitrification inhibition as a 

a day and a "."-'-'ll 

au,-'hlv reactor 

35.8 lid to flow through system. 

free and ammonia (FSA) concentration 

and the overall 

high 

'''''''"<>'''''' "" ..... ",,, ... "'4, 10 and 11, which resulted 

"lC1IYl1><lC batches 2 9. 

FSA batch 12 to is 3.2 mgN/I, illustrating that about 89% of the 

into 

sludge. 

a small part FSA 

... ",. ........... 1 FSA fraction the EN system 

sludge bypass was available for mt1nn~;atllon m aerobic reactor. 

''''l''Ar.,\Al''<o1'"./1 into 

the FSA in 

3.10 shows mass of NO x per day by m system as a 

bar for each batch, each bar showing the mass nitrified in the system and how 

was nitrified in the main aerobic reactor of the main Figure 3 .11 shows the overall '>"<l'''''''''':> 

(as a percentage) of nitrification occurring the EN system and in the main "''''T'nn',f' reactor. 
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FIGURE 3.10 - NOx by 
reactor for sewage batches 1 to 30. 

01. Aerobic R .. ct ... llUl6%} 

FIGURE 3.11 • ,,''''''h''' ...... nitrification. 
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can seen 3.10, occurred in the EN 

In investigation 1 to 8) the EN system was not yet rv.,,"' .. "~ 

at 

this 

aDO 

main aerobic reactor compensated the lower capacity. The reason for 

mtlnh,~atllon efficiency was insufficient aeration the reactor. To overcome this; 

meter was installed on the reactor with the high and low DO set points 

set between 2 

modification and 

throughout 

settler B) 

FSAof 

4 mgO/1. This ensured that the DO in the reactor. After this 

sewage batch 9, nitrification was the EN reactor 

nv~~stl:gatlon (except for sewage batch 11) (from 

The COJJlSISl:enc:y 

mgN/I 

mgNIl at 0.5 mgNIl,n .. ",ru<> 

3 mgN/I, with the main only the residual 

the FSA from the sludge as 1<1,",11U'Vl","" 

COIICemr,atl()n prompted an enquiry 

point detection problem. Accordingly, 

were made up and tested. 

this was in fact 3 

standards of 0 to 5 

"TTl"""" that (i) end point 

1 mgNIl and (ii) the EN system not completely (0 detection was 

mgFSA-NIl) but completely (3 mgFSA-N/I). 

Figure 3. 11 shows that on over the 30 sewage oat,cn.es about the 

occurred externally, 

very little nitrification 

88% and Moodley et 

that this system was run as a true ""''''''''Tn with only 

nitrification to occur in 

nitrification can be affected 

It was noted during the investigation 

gas bubbles formed in the piping 

settler B, leading to an occasional 

seemingly high N removal in the 

aerobic reactor. et a value of 

This it is to remove 

and one can expect about 1 overall 

means that practically only about 85% the 

ept:mamg on the magnitude of the bypass flow. 

occurring in the EN ,,,,,,,, ... rn 

ro<],,,w,r and gas bubbles were also 

"1"""""" problem. This denitrification 

mass balance (11 

N removal is more than reasonably can incorporated into the mass 

the system, est)eClau long sludge age at which this 

was Denitrification ,,,,,,,,,,,,rn therefore is the likely reason for the high 

Curiously though, the N was during the time when the aeration 

reactor was controlled with the controller I OUR meter, and lowest when not 

controlled and possibly under aerated (see Table 3 the single reactor system it is not 
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possible to detennine extent denitrification, because N the sludge and 

N loss in denitrification are lumped Tnroc","Tn as N loss in nitrifier. Without 

system is likely to lower than 11 so its nitrate " .. ru·r'-lTH was VUCLU<Y higher than 

measured with denitrification. 

Denitrification 

1000 

900 

aoo 

100 

t'Il 
E aoo 
• 
'i 500 !: ... 
:!::: 
C 400 Q) 

C 

300 

200 

100 

0 
1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 21 22 23 24 25 26 27 28 29 30 

5e\lVaCle Batch No. 

Pr~-Ano,xic m~~~:~j AnaerO/:,ic 

- NOx denitrification for 

3. the total amount of NOx 

batch as total height of the bar, as 

13 shows 

Main Anoxic ffi Final Settler 

mgN/d) in the """1,,,,,.,... 

mass of nitrate denitrified 

per'cerltaj~e denitrification of the ,,,,,,,,,"",.,,., 

total Figure 3.12 it can little denitrification occurred in both 

the A By mass of NOx was denitrified in the main 

anoxic reactor. denitrification was not complete main anoxic reactor, some 

was recycled in and denitrified in the reactor. If the nitrate load on the 

pre-anoxic reactor its denitrification influent), the outflow 
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Main An"xlc 

Overall Average Denitrification 
Distribution 

eru.tnllCBltlon distribution. 

anaerobic reactor. 3.12 and Table 3.6b in 19 out of 

was flowing into anaerobic reactor. Sewage U<U,",H'~" 4, 8, 11, 

mass of nitrate denitrified in the "' .. ~rnn1l' reactor, 

r"",.,nn.'<J performance. that 

anCIXlc reactor not denitrifY very well. aspect is 

Towards the Ll><"-UUJl (sewage ucu\.,u,",,, 16 to 30) 

denitrification pel1:b:nnan(:e of the main anoxic reactor improved, and the n1TT''''T''' r.I"'''''''" into 

the anaerobic reactor was due to higher influent 

denitrification performance in the main anoxic reactor. 

ratios, rather than to poor 

3. 13 shows that, on 

in the main anCIXlC 

over the 30 

11% in 

77% of the 

"'-ClLUVIU'" reactor and about 1 

reactor. .6% occurred in internal A, and in the final 

mentioned earlier, the fact that 0% of the overall denitrification occurred in the 

the 

reactor at relatively low influent TKN/COD ratios and without additional nitrate dosing, mOlCateO 

a poor denitrification of the main anoxic principally during 

11 to 15 following the batch 9. 

unnc,mcln potential 

NOx concentrations in 

exc:eeC1S the denitrification potential. 

and main anoxic reactors can only be calculated 

reactors exceeded 1 to ensure that the nitrate 

NOx concentrations are below 1 mgNIl, the reactors 
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are 

the 

3.35 

to be underloaded and hence the denitrification potential cannot 

3.4c it can be seen that for the pre-anoxic r"'!:lit'u ... r the denitrification 

26,27, 

the main reactor, the emtnt]C8ltlon potential can be calculated for all 

batches except for batches 18,20,21, 27 and 29. 3.7 below lists 

obtained for the denitrification potential 

graphically. 

two anoxic reactors and 3.14 

r1LLIOJLUI.:" 3.7 - potential 
reactors for """",me."" v,,,,, .. '',,'''''' where the outflow 
exceeds 1 mgN/L 

Batch 

.. . 
mam anoXiC 

concentration 

Total Anoxic 

Mass Fraction 

of System 
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46.---------------------------~------------~--------------~ 
Configuration 1 2 3 

~~--------------------------+--------------+----------~~~ 

_36~--------------------------+_------------_+--------~~~~ 
r::: 

'>11 

g30~--------~ .. __ ------------+_------------_+----~--.r----~ 
.5 

Z26~~.-----~----~----~----+_------~~--_+~----~r_----~ 
Cl 
e 
. H~--~~-+------~~_r--T_--~----~--~._~--------------~ 

15 
~16~----~~---------;r---~~ 
'2 
~10~--------------------------+_------------_+--------------~ 

JerntrlTIc:atl.on potential of pre- and main <." .. "'.""''''' reactors. 

Table 3.7 and 3. show that the overall average aellltr1n<:atlon p01tentlal for the main 

anoxic reactor was mgN/l influent at an anoxic mass fraction (Configuration 1) and 

(Configurations 2 and 3 

"'-<lU'VlUv reactor was 4,5 

19.0 and 31.1 mgNll at an anoxic mass fraction 

respectively). denitrification potential 

mgN/l influent at an a. .. """"", mass fraction of 0.1 for ,--,unu", ..... , et (1999) 

found overall 28, HUlLU"'l.'. at 

reactor mass respectively for their 

batches 1 to 8 showed reasonable It can further be seen from 

potential for the main anoxic the toxic sewage batch, batch 9, it rlrl"'l,nn,"rI 

With the exception of sewage oatcn(~s 

until about sewage batch 21. The 

(the change from Configuration 1 to COlnnj;~nltl 

denitrification potential did not recover 

main anoxic reactor volume 

2 at the end of sewage batch 1 

for Configuration 2 remained low at 19 and therefore the average 

influent. After sewage batch 

the change to Configuration 3, 

and it remained at reasonably 

emtnt:Jcaltlon potential to increase (this VVl:U'-' ........... 

at the end 

" ..... ,"""(' ... batch 30, with a maximum 

sewage batch emtnl]Caltlon potential of the pre-anoxic reactor 
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approximately constant throughout. From above, it appears that a-recycle is detrimental 

to the denitrification potential (rate). The "'-'""'.,...",... was first introduced in the investigation 

Moodleyet due to low nitrification system, "",-,'!LUI,,,," in nitrification and 

nitrate C0I1Cemra1l()ns main aerobic reactor. reduce concentration so as 

not to recycle concentrations to the ,,_rF'pv,' 

was introduced 

event of poor 

affect the .... ", .. 1'nrm 

was retained in the ",,,,,,c<>rn investigation 

"",,,"u. .. ,,"'U performance EN system, thinking that it would not <;Ol"n, ... r'"",,, 

of the system, but it does appear to detrimental to 

normal circumstances nitrification in the system) the is 

not required. denitrification pelriolrm.:mc:e and biological P 

removal is discussed Section 3.3.3 

3.3.2.4 .... "'.n. ... .,'n removal performance 

it can be seen that removal """",'''", was 86.5%, From Table 

good, the long period of poor denitrification performance described 

been for the of poor denitrification, the overall N r ... TI.ll"'''' would have been 

is 

it not 

the 

investigation Moodley et al. (1 an overall N removal 75% was found, but that 

of the EN system column) was low high 

effluent TKN COI1Cell1tnltl 

man nurn", .. TKN/COD ratio to main anoxic reactor higher T1nr1T1P<.T1 

main aerobic reactor. These factors .. "'~u.,,.u in higher .... .LJ.l' ..... "'ll NOx and TKN COIlcentnlltl(m and 

hence 

Figure 3.15 

against the 

effluent 

poorer N removal performance. 

the the effluent 

influent as bar 

contains a fairly constant mass ofTKN for 

was virtually complete in the EN The variability 

component 

of or 

effluent TN. On 

mgN/I) and 11 

entirely 

average, the "U'" ..... "" .. 

mgN/d NOx (57% 

v ... r,",u ... TKN is "',..,."." .... 

The lower removal of is due to the NOx "'L.LLY'''''. The 

is due to fact that it is dependant on the mass of NO x produced in the 

and the mass of NO x removed by denitrification, which are dependent on the 

"'U"y""" NOx 

by nitrification, 

ratio 



Univ
ers

ity
 of

 C
ap

e T
ow

n

the influent 

3.38 

Effluent TKN. NO(X) and N Removed 
by the System 

2000.-------------------------------------------------~ 

1000~------------------------------------------------~ 

1800 ~----------------_I i---------------::::::::------.......-T--_I 
1100 ~----.,.,...---------I 1-1'""1---1 !-,--,----I,..,....----.... n 
1000~--__I I--~-~-~ 

1500~----I 
1400~--__I 

IITKN 

9 10 11 12 13 14 15 16 11 18 19 20 21 22 23 24 25 26 21, 28 29 30 
Sewage Batch No. 

NO(X) N Rem,oval by systelml 

Nlt'rn()'p" in the effluent as part of influent ...... ' .. n£ ...... 

to 94% TKN 

removal, 

sewage batch 

this system, the TN removal could have 

eru1tntllcatlOn perfonnance had not been affected by 

3, when denitrification was good, 

in 

errUlem TN 

of which 2.5 mgNII was NOxand 4.7 

(!''',T':>,'Y\ has the potential to produce effluents 

Thus, it would 

than 10 mgN/l TN. 
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3.3.3 Biological 'I.:.I.IU_~"" Phosphorus Removal (BEPR) 

3.3.3.1 Phosphorus removal performance 

The phosphorus (P) mass balances over reactors and not provide a on 

the experimental results as the COD mass balances do; they only provide a check on 

P and P uptake calculations in that the sum of the P P releases in each 

reactors tanks should to the system P the difference Detwec::m 

the P (see Appendix B). P mass balances over 

reactor settling tank in the are important, show the mass of P 

release/uptake that takes place in of the reactors and tanks and an 

summary of the BEPR processes and performance through Table 3.8 

results 

of 

P mass balances based on the sewage batch """'.,.'>,,."" measured P concentrations on 

reactors and settling tanks of the system: Also in Table 3.8 are the P 

IJ~"""'''''''' in each reactor settling tank for I? 2 and and the 

mv'esl:tgllLtloln overall. Because the P mass balance is set up subtracting the outflow P mass from 

the inflowing P mass, a negative a positive result a P UIJI.a!'l..~. 

shaded in Table 3.8 indicate results that were am~cte~ by the error that 

the procedure which was described in Section 3 Figure 3. 16 shows 

each to the total P and uptake as a "La.""' ...... 

",,,, .. .,a,,,,;:; O,atcltles 10 to 30. Figure 3. calculated P release or 

was divided by the influent flow to the P or in mgP/l influent. 

10 

the 

for 

mass 

From Table 3.8 it can be seen the overall average P for the was mgP/1 

influent an average influent of 736 mgCOD/l Table 3.4a) and an influent 

biodegradable COD (RBCOD) concentration of 142 mgCOD/1. P removal 

oertbrmllLncedid not much system it was slightly (9.1 mgP/1 

influent) in Configuration 2 with Configuration 1 mgP/l influent), but this was 

probably the result of a combination the poor 

fed in sewage batch 9 and the toxic effect 

(PAOs) over same period because 

to the toxic 

on the polyphosphate accumulating 

change from 1 to 

2 (enlarged all\.J'.tU .... mass fraction and decreased aerobic mass fraction) should have 
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TABLE 3.8 - Average P release (-ve) or P uptake 
total P removal for batches 1 to 30. 

Batch 

II 

Pre-ANO 

II II 

In!. SET B+Nil. Anoxic 

for each reactor/settling tank and 

t:. II 

Aerobic Fin. SET 

Total 

P 

0/0 

Recovery 
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3 (removal of which denitrification performance and reauce:a the 

nitrate recycle to anaerobic reactor. It should further be the overall ~,,,"r~l'I'i'> 

(~3 mgN/1 H .... " .... "'.... NOx denitrified in anaerobic reactor and 

b Section 3.3 1 ) .,<>{Y<lJ·h,,,<>llu ",lC+"""·Y",,rI the overall upr~ap P removal by 

RBCOD to that nitrate in anaerobic RBCOD which would 

"'1'""""'" have been for P release. 

Figure 3.16 it can be seen that most P release as 

eXIJeCrea However, some settler surprisingly some 

occurred in nitrification Table 3.8, an overall average of 8% 

total P release in system occurred in anaerobic reactor, 21.6% in internal 

and 20.6% in the external nitrification system. fact that the P continued in 

A is of no concern~ HI"" .......... ' ... , it is oerlemC:lal it augments n,>,~ .. ""n.1' reactor P 

In a anaerobic reactor 

are in a single reactor allowing accumulation of "', ......... ,....''', 

P and settlement simultaneously (Bortone et al., 1997). 

that 

in the aerobic i'>vt·o ...... ,,,, nitrification reactor is not Vv •• "'u' ..... "". to 

P release is as in the 

aP release endogenous decay that do not 

It is unlikely 

reactor. It is more 

in the internal 

enter the external system or (ii) a breakdown in the nitrification """"""Tn 

of filterable (because this P not reflect in the P of the internal supernatant) but 

non (because it does not settle out organics containing P. Of the 

two, Tn"..""", .. is less P AOs are strongly flocculent and readily out, which 

as the most cause. However, which organic compounds contain up to 5 

mgP/l that are non-settleable but filterable are not known. For the of the BEPR 

in the """"''''' ..... of this investigation, only the P released 

A was The influent P release 

5 the anoxic and 

anaerobic reactor settler 

system requires that an additional 

reactor before P is removed. 

It can seen from Figure 3. 16 a large mass of P uptake took place in main anoxic 

reactor (61 of the overall P uptake) with 

average). 

the main 

U"'i",UI5JlV'''' amount ofP uptake occurred aerobic reactor (about 38. 

in the and the ..... - ... '"VIU ..... reactor showed u"' .......... P uptake or except if a 
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high mass of nitrate was recycled to it, when it showed a small but still negligible P uptake. The 

very high anoxic P uptake is characteristic ofENBNRAS systems (Hu et ai., 1999; Moodley et 

ai., 1999) and will be discussed in more detail in Section 3.3.3.3 below. 

The overall average P removal of9.8 mgP/l influent in this system compares very well with those 

found by Hu et al. (1999) and Moodley et al. (1999) for their ENBNRAS systems - being 8.8 

mgP/I influent for an average influent COD of 717 mgCOD/I and 10.4 mgP/I influent for an 

average influent COD of 691 mgCOD/I respectively for the same Mitchells Plain wastewater 

source. The overall average systemP removal of9.8 mgP/I influent also compares well with those 

obtained from investigations on BNRAS systems that showed significant anoxic phosphorus 

uptake (Table 3.9). 

TABLE 3.9 - System P removals for previous laboratory scale investigations, all for the same 

Mitchells Plain wastewater source. 

Researcher Influent COD Average P Removal System 

Musvoto et al. (1992) 956 mgCODIl 12.2 and 11.3 mgPll influent VCT (both @ 20°C) 

Pilson et al. (1995) 990 mgCODIl 12.0 and 10.7 mgPll influent VCT (@ 20°C and 

l20q 

Mellin et al. (1998) 727 mgCODIl 11.4 mgPll influent VCT (@ 300q 

Hu et al. (1999) 717 mgCODIl 8.8 mgPll influent ENBNRAS (@ 200q 

Moodley et al. (1999) 691 mgCODIl 10.4 mgPll influent ENBNRAS (@ 200 q 

This investigation 736 mgCODIl 9.8 mgP/l influent ENBNRAS (@ 200q 

At higher influent COD concentrations and therefore higher influent RBCOD concentrations, 

higher P removals than at 750 mgCOD/I are expected, and therefore for those investigatio:'1s with 

-1000 mgCODIl influent, higher P removals than with 750 mgCODIl are observed. 

Figure 3.17 shows the system P removal and effluent P stacked above each other to make up the 

influent total P (TP) concentration. On average, 40% of the influent TP was removed. This may 

not seem high, but it should be noted that the influent sewage was augmented with approximately 

10 mgP/I orthophosphate to intentionally keep the P concentrations in the effluent high. This was 

done to ensure that P did not become limiting. 



Univ
ers

ity
 of

 C
ap

e T
ow

n

3.44 
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FIGURE 3.17 
batches 10 to 

Total P Removal 

effluent P cOllcentratl()n 

Effluent P 

3.3.3.2 Comparison of measured and calculated P removal 

The BEPR ""'ri"nrrn of the ENBNRAS .. ", .. ", ... rn was assessed by 

removal with that l'h".nr,"~1f'''' calculated steady state 

procedure is III by 

Wentzel (1999). 'fractionates' 

et al. (1990). 

et al. (1998) and 

VSS mass 

the system into ordinary heterotrophic (OHO) and polyphosphate accumulating (PAO) 

organisms, OHO and P AO endogenous "'>:>H . .!l . .l'" masses and the ........... 'v." particulate 

material from the and XI respectively, by reconciling 

theoretically calculated VSS mass with that uu ... ,,,,,,,, ... COD fraction 

is calculated filtered effluent to influent COD concentration ratio (i.e. fsics 

S,e(filt.)/Sti) and unbiodegradable particulate fraction of the wastewater (fs,(JP), which 

defines the XI component of the VSS, is varied until the calculated VSS mass is equal to the 

measured VSS mass. the correct (",liP is found, the theoretical r ... nrunn. is matched to that 

measured by varying the P content of the PAO's Pcontent fourVSS 

components at Appendix C more details on this orC)CeOUI 
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Tables 3.1 Oa and 3.1 Ob list obtained from the procedure. In Table 3.J Oa 

COD was adjusted for COD fraction consumed (lost to the main ,,,,,,,rt"TT1 in the ","vt''''"'''''''' 

influent RBCOD concentration, and in Table 3.1 Ob the nitrification system without 

was adjusted for both the fraction in the <>V"T''''''''''' nitrification ,,.,,,,,,,,,rn and for 

the fraction of COD that was unaccounted for in the COD mass balance, 

the RBCOD By RBCOD concentration constant at 

measured, the lost in the reactor was subtracted from slowly 

biodegradable (SB) COD fraction. Because COD mass balance was only around 80%, 

influence 20% unaccounted for on the results was examined subtracting also 

from the influent As the influent RBCOD concentration was also maintained at that 

measured for 

from the 

unaccounted for loss of COD was also in subtracted 

consistency with which COD mass balances have 

......... ,1VH models these ''''''''''",<1 include a 15 to 

loss in termentaltlon plrOC4;:SS(~S the anaerobic reactor to account of loss. An 

anaerobic hydrolysis ofSBCOD to RBCOD is introduced also to 'restore' the influent RBCOD 

concentration to around measured otherwise P removal would not be 

predicted. 

Tables3.l and3.11b the results instead nt (~","!:'Ilrf"h, for an value that matches 

VSS a fixed 

compensation COD nitrification (Table 3.1 and the 

COD fraction lost it; the external nitrification system together with unaccounted COD fraction 

(Table 3 .11 b) respectively, while not the influent concentration. This was done 

to compare the calculated VSS with measured when a fixed is assumed 

wastewater. 
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TABLE 3.10a· Calculated to."" and fJd>g.p hellons using the Wentzel et al. (1990) BEPR model. 
(Compensated for COO loss in EN system only.) 

~ 

20 
20 
10 

_" I 
f:..:: 0,25 (anurobiC m ... ftKtlOn) 

lid 

------
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Table 3 

the COD 

which lists obtained same procedure and taking account of 

the external nitrification system as wen as the COD not accounted for in COD 

balance, it can be seen the fs,up varies n",rn'''''''n 0.04 and with an 

values are much more realistic, include no negative and are close to the fs,up values 

obtained in non systems fully aerobic removal only), viz. O. 11 to O. 13 the 

same Mitchells Plain wastewater (Warburton et al., 1991; et al., 1995 and Ubisi et al. 

1 f }"'BG,P between 0.05 0.41 mgP/mgPAOAVSS, with an average of 

mgP/mgP AOA VSS omitting same 'outlier' .. <tr .... r ,,,c,,,,,,-,,,,, batches 13 

15). Figures 3.18 to 3 values graphically, for batches 1 to 

0.2.....----------------------------, 
D.111_+_------------------------____1 

0.1Eig~~~~~~ 0.14 
0.12 
O.1_+_--......,Ft------------------t--~r-_ 

0.011 _+_---.4--'\-~i---------...... ------_I_---\-____1 
O.DEi -I---,;I!~--lIiF_"-------___,I_+__i~_~-.........::::I:__---Ir-

0.04 _+_-7"'------\--------I~:_+--___..r__.,.........------'1[_, 

~ O.~44~----~------~-~---~~----~ 
~ o4-----------~~------~r-+_----------~----------~ 
~ ~.~~-----~~-~~~~~-----JL-----~ 

~.04 _+_-------\---+---------------____1 
~.0Ei -I-------~-.,.........---------------____1 

~~_+_------___..~~---------------____1 

~.1_1_-------~----------------~ 
~.12 -1--------..... -----------------____1 
~.14 +_---------------------------1 

~.16 -+----------------------------1 
~.18_1_------------------------~ 

only, for 

~.2~_+~+_+_~_+_r_l_+_~~_+~_I_+_~_+_+~+_+_~_+_r~ 
12345 67 B9.ftUn~u.D •• ~~DnM~~u~~~ 

Sewage Batch No. 

a.t""LU"''''''' f.,up values correction COD 'loss' to 
batches 1 to 30. 
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FIGURE 3.19 - Calculated values with correction for COD 'loss' to EN system only, for 
batches 1 to 30. 

Fraction (COD Corr. for EN & Unacc.) 
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FIGURE 3.20 - Calculated fs,up values with correction for COD 'loss' to system and 
COD unaccounted for, for batches 1 to 30. 
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0.44 +---------------------------......, 

0.4+------

1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 21 22 23 24 25 25 27 28 29 30 
5ewrage Batch No. 

COD unaccounted for, 

As mentioned above, for the predominantly 

state model of Wentzel et al. (1990) a 

value for Mitchells Plain raw <::P'I;Vl'IC'P was 

laboratory scale ''''''TO'>n ... " run 

Mbeweet 

investigation of 0.040 

nitrification system not ,-.,u"nn" 

COITe(~tICtn for 

averages from the calculations account 

as COD not accounted for the COD mass v ..... "'u"'''', 

and is closer to that expected for the Mitchells Plain wastewater. 

hypothesis stated in Section 3.3.1 above, that the COD 

unknown processes that are not taken into account in the 

calculations which take account of the unaccounted for 

suggests that this fraction is indeed not utilized by the and 

but is used by other biological processes before it can be used by 

system and 

the steady 

the 

non BEPR 

et al., 1991; 

system of this 

external 

0.13. The 

10""''''''"'' as well 

more favourably 

credibility to the 

is utilized by 

fact that the 

can also 
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be seen from 3 11 a and 3. lIb, where a value of 0.13 was 

differences n .. r .. f ... ·n the calculated and 

The ("'BG.P values obtained from previous investigations on NDBEPR systems 

aerobic P (Clayton et aI., 1 ; Sneyders et aI., 1998 -

respectively, see Table 3.1 

similar 'n"'e~;I'.Ft" .. v ..... with P 

1993; 1995, Mellin et al., 

are significantly higher than 

(Musvoto etal., 

of 0.129, 0.1 

mgP/mgPAOAVSS respectively, see 3.12). Similarly low 

ENBNRAS exhibiting significant P uptake in the investigations 

and Moodley et al. (1999) where the values obtained were O. 

to the 

predominantly 

and 0,471 

obtained from 

"'''Q.'',",llI.UQ. e tal .. 

0247 

for 

et al. (1999) 

and 0.312 

mgP/mgPAOAVSS respectively, and Moodley et al. (1999) obtained a 11 (see Table 

3. values from this system are to those obtained Mellin et al. (1998) and 

Hu et both the above higher than those by Musvoto et 

al. (1 et al. (1993) The O. 11 obtained by 

Moodley et al. (1999) is substantially than the 0.040 obtained """,r., • .". from the 

calculation only the COD 'loss' in .. v!' ....... '" nitrification system into account, but closer 

(albeit lower) to the value of 0.126 obtained the calculations the lost in the 

The 

together, 

In 

less P 

lu,""aU\./ll system and the 

obtained for 

roughly 40% 

unaccounted for into·consideration. 

and 0.23 mgP/mgPAOAVSS) are quite close 

of the steady et al. (1990). 

this does not necessarily mean that the P AO' s in can store 40% 

those in the BNRAS with >95% aerobic phosphorus uptake. It may be an 

indication that the yield of these anCIXlC P AO' s is less than that "'''r'nh,." P AO' s, effectively 

in a lower PAO mass (with similar P content as aerobic PAO's) and hence lower 

r ... .,nrnr<a (in the calculation procedure to determine fXBG,p, it is that the aerobic PAO yield 

the 

value is 

The 0.040 and 0.126 for two calculations indicates that 

of the system is theory would nr .. ,rI.,,1' that the calculated 

sensitive to fluctuations in measured 
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3.3.3.3 Phosphorus uptake 

When the model was initially developed (1980s), it was observed 

predominantly under conditions. However, 

past 6 years (Kern-Jespersen and Henze, 1 

Puptake 

. Kuba et al., 1 

P uptake was also found to place in conventional laboratory scale 

Puptake place 

increasingly reported 

in BNR systems. Anoxic 

systems 

and Wentzel, 1999) and at full scale (Kuba et at., 1 

yet fully understood, but it is believed that certain 

The process anoxic P is not 

groups have the ability to utilize nitrate 

111;:)Lv"U of oxygen as an electron .,l"r·"" .... tr.r to apart storedPHB anOXlczone 

Puptake. and Wentzel ( 1999) noted 

under anoxic conditions is about a third lower than aerobic uptake 

BEPR with P uptake 

This results in a lower 

removal performance for the same RBCOD up in the anaerobic reactor systems 

exhibit significant anoxic P uptake (see 3.13). 

3.13 - P removal achieved from previous laboratory scale 

Cone. 

eta!' (1991) 1000 5% 

Musvoto et al. (1992) 27% and 47% UCT 

influent 

Pilson et al. (1995) 990 mgCOD/1 12.0 and 10.9 mgPll 47%and16% 

influent 12"C) 

Mellin et al. (1998) 727mgCOD/I 11.4 mgPll influent 29% UCT 

et af. 683 and 830 13.1 and 16.8 0% and 0% UCT(both@ 

(1998) mgCODIl influent 20"C) 

Hu et al. (1999) 717 8.8 mgPll influent 52% ENBNRAS 

Moodley et al. mgCOD/I 1 66% ENBNRAS 

(1999) 

investigation 736mgCODIl 9.8 influent 62% ENBNRAS 

A similar system that exhibits no anoxic would remove about 16 influent -

for Sneyders et al. (1998) found a n.lT""''''. of 8 COD 

concentration 830 mgCOD/I (see 3.13). On the 
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removed 40% Pthanwould from a similar 

",v",~rprn and Puptake. 

P uptake 

comparison between 

the system of this 

reviewed in ""'"','u""u 3.5 below . 

P uptake BEPR 

is given by ,",AU, • .uA' .. '" et al. (2000) IS 

Hu et 

reported 

.. ", ... n1"t<.ri an average .... ILI .... ' ..... '" P uptake of about 50%. Moodley et al. (1999) 

system of this investigation showed an !'Iul"r!'lcrp of about 62% anoxic 

P uptake. it can be seen that P uptake is inherent to 

will account more than half of the in the system. 

average anoxic and aerobic P observed 

batches 10 to 

Anoxic P Uptake and Aerobic P Uptake 

100 -,---------

90;---------

80;---------

j 70 -+---------
t 
~ e-l------------
Q. -o 50 -1-______________ _ 

& 
~ 40 ;---------

~ 
:. 30 -1---------

20-1----------

10-l--~-------

systems 

below shows 

during sewage 

1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 21 22 23 24 25 26 27 28 29 30 
Se\N8!:le Batch No. 

FIGURE 3.22 - t'erc:em:age bat(~hes 10 to 30. 

shows that the lowest % anoxic P uptake was 26% for batch 10, and the Figure 

highest was sewage batch 28. The ffP"pr!'l1 trend was one of a slow but steady increase 

in the % anoxic P uptake over time. The low percentage corresponds npT"H"/"1 of poor 

nitrate denitrification performance of the ""n,,,r,,,,",, toxic batch (batch 9). As the 
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'''''''r''' ..... and the derlltnl1iclEl.tlOln pt~rt()rm.an(:erecovered, the anClXlC P uptake gradually 

indicates ""'V', ... l ... '''"'''.' .... to the denitrification pel:tolml,mc:e of the anoxic 

reactor. Since the anoxic P uptake ---'---J .",,, .. P,,,,,, ... rI throughout sewage batches 1 0 to it is 

difficult to state how much was due to the recovery of the system, and ~oy.r much was due to the 

natural development of the anoxic P uptake while the was moving towards a steady state 

scenario. it is reasonable to assume that the former reason dominated over sewage 

batches 10 to 15, while latter was more dominant in sewage batches 16 to 30. 

below shows a plot of% anoxic P uptake versus total P 

system. 

noticeable impact on 

helps to establish whether an 

P removal by system. 

and TP removed in 

% anoxic P uptake has a 

100 40 

90 36 

II.Il 
80 32 m 

III 
.!! 

70 28 I. -a. 60 24 i u c ·w E c 50 20 I. c « .... 
&40 16 ; 
JlI :::I = c 

12 .5 II.Il 30 
f f II.Il 
a. 20 8 Ol 

E 

10 4 

o -4-!--I-+-+--1f-+-+-+- ~ii;j:iJ-0 
1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 21 22 23 24 25 26 27 28 29 30' 

Sewage Batch No. 

% Anoxic P Uptake ___ P Removal --'iiI- P Release 

FIGURE 3.23 - Percentage au\)'""", P uptake, P H.'I"'''''''''' and P removal for se'i\la,,~e batches 10 
to 30. 

From Figure it can seen that the P removal remained relatively constant while the % 

anoxic P gradually increased with time. Using the two extremes for illustration, the P 

removal sewage batch 10 with an anoxic P uptake of26% was about 9.6 mgPIl influent, and 
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that for sewage batch 28 with an anoxic P uptake of 75% was about 10.3 mgP/1 influent. The P 

removal in fact follows the P release trend much more closely than the percentage anoxic P uptake 

trend. However, the increase in P release between sewage batches 10 and 30 did not result in a 

concomitant significant increase in P removal as would be expected. This indicates that the system 

P removal was more dependant on the P release (viz. influent RBCOD concentration and nitrate 

recycled to the anaerobic reactor) than on the % anoxic P uptake. If the anoxic P uptake BEPR 

is about 30% less efficient than aerobic P uptake BEPR, the P removal in sewage batch] 0 should 

have been larger than that in sewage batch 28. It seems that the two processes together 

compensated each other in the period between sewage batch 10 and 30. Over this period, the % 

anoxic P uptake increased gradually from about 26% to about 75%. At the same time the P 

release showed a similar increase. Since the P removal of the system remained fairly constant at 

around 10.0 mgP/1 over this period, it is reasonable to assume that the expected increase in P 

removal due to the increase in P release was masked by a simultaneous reduction in P removal as 

the P uptake shifted from being predominantly aerobic P uptake in sewage batch 10, to being 

predominantly anoxic P uptake in sewage batch 30. This confirms that as the P uptake shifts from 

aerobic P uptake to anoxic P uptake, a reduction in the P removal performance can be expected. 

It has been hypothesised by Ekama and Wentzel (1997), that the anoxic P uptake is dependant on 

the anoxic/aerobic mass fraction proportions and the nitrate load on the anoxic reactor. The larger 

the anoxic mass fraction compared to the aerobic mass fraction and a nitrate load close to or 

exceeding the anoxic reactors denitrification potential appears to stimulate anoxic P uptake BEPR 

The fact that the anoxic P uptake in this system increased steadily as the denitrification 

performance improved appears to link the emergence of anoxic P uptake to the processes 

involving nitrate in the anoxic reactor. Figure 3.24 compares the % anoxic P uptake to the 

nitrate/nitrite load on the anoxic reactor as well as to the NOx denitrified in the anoxic reactor, 

and Figure 3.25 shows a plot of the denitrification potential of the anoxic reactor and NOx 

concentration exiting the anoxic reactor versus % anoxic P uptake. 

From Figure 3.24 it can be seen that the % anoxic P uptake follows the trends of both the nitrate 

load and NOx denitrified. For sewage batches ]0 and 11, the nitrite load was substantially higher 

than the nitrate load, due to the toxic sewage fed in the sewage batch before. During this period, 

the anoxic P uptake was low and may indicate that the denitrifYing P AOs can only perform a part 

ofthe denitrification process. It seems that possibly they are only able to convert nitrate to nitrite, 

but unable to complete denitrification by converting nitrite to nitrogen gas. This was also found 
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by Lotter e/ al. (1 

was little .. "h·"i'"" 

With the nitrate batch 9, there 

were limited in their activity, hence the 

'Vv"'LU;:<,'I;< .... LLV""" P uptake. cannot be confirmed 

because the % 

low at the 

From both 

degree. The % P 

or exceeded the 

before the toxic sewage batch is not known - it could have been 

investigation like Hu et al. (1999) found. 

3 it can be seen that anoxic P 

increased more significantly 

of the anoxic reactor 

is observed to a varying 

nitrate load was equal to 

nitrate out (> 1 mgN/I)) mOllcatl~a NOx exiting the anoxic reactor. when 

nitrate load is low, 

abundance of nitrate 

P uptake. Due to the 

to the P release, 

",,..,,,.T,,,,,,,,,,,,,,,,, to the available nitr·~t'" there is an 

access to it also, giving higher anoxic 

..,u'-,"" ........ amount ofP uptake can which is linked 

anoxic to aerobic and depending on the 

nitrate load on the 

influent sewage. The 

nitrate load is greater than 

which is ultimately dependant on ratio of the 

IUYl'VU'L'V that anoxic P uptake to a maXUnUlTI when the 

",n',rriTi,#'",t'nn potential, but this will point is 

reached where nitrate flows anaerobic reactor. At that point the P will 

and the P uptake and removal as a 

Also, from Figures 3 3 

.. ""nrprn do contribute to 

to denitrification n,.r,('",'~C! 

mUlcalLe that the P AOs an 

(1",0'"'''''' to which these P AOs r>n,unn • 

n'~"'<>1""'load on the anoxic reactor. When the 

is low, as noted above, the seem to \",\,.",.t"'r'.,.,.,,'.,. for nitrate over the P AOs, ___ ... ,.., to 

a P AO contribution to denitrification. "HI'",,,,,,,.. when the nitrate load 

ification potential of the denitrification activity of the P AOs 

,,,..,. ... U'/5 to higher P AO contribution to aerntrltnc,atlcm and higher percentage anoxic P 

estimate of the percentage 

presentea in Section 3.3.3.5 below. 

to the denitrification n,..""." .. " IS 
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3.3.3.4 Phosphorus 

P release with aerobic uptake is well understood, but there is reason to that the P 

release behaviour is quantitatively with anoxic P uptake P release in 

systems. 

available 

system therefore is TTPr'PT'l1' compared with P release in conventional 

the P AOs is dependent on concentration RBCOD 

the nrn,nro.lrTl of that RBCOD which is utilized by the ordinary heterotrophic 

orgam!;ms (OHO' s) in denitrifYing nitrate that flows into anaerobic reactor. In the ENBNRAS 

system, 57.8% of the total overall P release occurred in the anaerobic reactor, 21.6% in 

the internal A, and 20.6% the external nitrification as mentioned 

3.26 shows the concentration released (mgP/l influent) versus denitrified the 

anaerobic reactor (mgN/I influent) and the measured influent RBCOD concentration averages for 

sewage OatCnl~S 10 to 30. It illustrates the ofRBCOD the reduction RBCODby 

rlltr·~t'" flowing into anaerobic reactor on the P performance 

seen that 

mgCOD/I ofRBCOD are 

of NOx were denitrified 

to denitrifY 1 mgN03NIl), the P 

system. It can 

anaerobic reactor (8.6 

decreased, and when the 

influent RBCOD concentration was the P release also decreased. If the P release decreases, 

the subsequent P and consequently the P removal the system 

P Release VS, NOx Oenitrified in 
Anaerobic Reactor vs, Infl. RBCOD 

decrease. 

250..,..----------------------,-35 

225 +--------------------",----1-31.5 

iii 125+-------".,. 
:I 

'§ 100 +-------
a 75+------
o 
u 
'" 50 +-------
E 

2S+-------fl!-

Sewage Batch No, 

and NOx denitrification in 
oat.cn<~s 10 to 30. 
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Table 3. below lists P /Puptake andP / P ... ",nne",,,, ratios 

calculated from the err",',,,,, uptake (1990). Table3.l4b 

lists P release I P uptake and P release / P removal ratios calculated from measurements 

on the ENBNRAS system investigation. 3.27a compares the theoretical and 

measured P release / P uptake ratios and Figure compares the and P 

release I P removal ratios graphically. For theoretical state model calculations, 

and fXBG,p(unbiodegradable particulate COD fraction and P content ofPAOs) values of 0.13 

0.38 were accepted, COD concentration was for the 

COD in nitrification (lost to BNRAS system). Appendix C 

for further details on the BEPR model of Wentzel et al. (1990). 

calculated by 
v ....... 'u"'''' 10 to 3 O. 

Theoretical 
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FIGURE 3.27a - Theoretical and measured P 
batches 10 to 30. 

sewage 

TABLE 3.14b - P L..,I..,,,,,,,,..,' 
measurements on the 
Sewage 
Batch 

uptake and P releaselP ratios calculated from 
for sewage batches 10 to 

Measured Measured Measured Measured 
PrelllllsJPuptake PreleasJPremoval 
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,. - The measured P release does not the P released in the external nitrification system. 

0.2 +---------------------------1 
O~~+__r_+-~+__r_+~~+_~_+~~+_~_+~~+_~_+-~ 

10 11 12 13 14 15 16 17 18 19 20 21 22 23 24 25 26 27 28 29 30 
5el/\rage Batch No. 

FIGURE - Theoretical measured P release/P removal ratios for 
batches 10 to 30. 

3.14a that the average theoretical P release I P uptake and PIP 

removal over sewage "at.cnc~s 10 to are 0.73 and 2.87 respectively. is assumed that 

the P predicted by aerobic steady state model of et ai. (1990) 

also describes the P under anoxic uptake BEPR, P release I P uptake and P I 

P removal ratios the ENBNRAS of this investigation should be significantly higher by 

virtue lower P removal and P uptake shown in 3 .14b. However, this is clearly 

not case. The overall average P release I P uptake and PIP ratios obtained 

the measurements on the 1.82 respectively (Table 3. - both 

significantly lower than the predicted by steady state This that for 

anOXIC BEPR "'.O .... " ........ , ... J less P is than aerobic uptake and also 

that the P behaviour anOXIC differs from the P 

behaviour under aeI'ODLC 

The P release the ENBNRAS .,,,"',,"',.,... in this investigation was J.AV, .. "''"' ..... during the 
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investigation, and it was thought that some of the P was possibly trapped in the sludge pellet (that 

formed the sample was centrifuged) and therefore in a lower P concentration in 

subsequent P analysis performed on the supernatant. This lower P concentration would have then 

resulted a lower calculated P release value. To establish whether this was in the the 

"'~"""F>",pellets were shaken up a 0.1 molar NaCI solution, the resulting liquid and the P 

content of the filtrate analysed separately. However, these did not reveal any P 

concentrations in the sludge pellets, leading to the conclusion that the low P ~"~''''",,'''''' measured 

were in fact accurate values. 

and 3 .27b confirm that the measured P .......... ,"'" ..... / P uptake and P release / P removal 

ratios, batches shown, are consistently significantly than the theoretical 

values. On the P release I P uptake ratio is 26.0% lower than the corresponding 

theoretical value and the measured P / P removal value is 36.6% lower than the 

corresponding theoretical value. The figures also show that both the theoretical measured P 

/ P uptake and P release I P removal ratios decreased sharply after the toxic sewage batch 

9 and only stabilized after batch 1 when a steady state was established. 

theoretical values decreased because u. ..... t ...... 'u In system deteriorated In 

nitrate ..... "'''-',,,''-' to the anaerobic reactor. This ... " .... "' .... nitrate 

reduced into account the th .. 'n .. ~·t' model 

concentration available for P removaL 

3.3.3.5 Estimation of PAO contribution to denitrification 

on the anaerobic reactor is 

........ """, .... ,; influent RBCOD 

In Section denitrification potential the main anoxic reactor was calculated for an 

sewage batches where the nitrate concentration the anoxic reactor was than 1 

mgN/L batches, the specific denitrification rates can be calculated. In earlier 

research on N P removal systems, the P AOs were not included in the denitrification theory 

because most of the P uptake occurred in the aerobic zones, and there was no reason to believe 

that the PAOs contributed significantly to denitrification. However, with the manifestation of 

significant anoxic P uptake over the past five years in BNRAS systems with large anoxic mass 

...... uvu., and high nitrate loads and the inherent anoxic P uptake in ENBNRAS indicate 

that the PAOs do contribute to denitrification under these circumstances. Sorm et al. (1996) 

,,"' ...... "",., out batch tests on an ENBNRAS system sludge and observed that denitrification occurred 
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simultaneous P 

concentration in the 

3 

They observed 

liquor reached zero. 

this P uptake ceased when nitrate 

concluded that the "n<1pn1Pfl denitrification 

could include a contribution from the P AOs, and nitrate concentration ....... ,"'''' ... zero, the 

internally stored could no longer be utilised resulting in P 

when the n'U'~TP depleted. 

With recognition 

anoxic P uptake 

contribution of the P AOs 

and P AOs contribute to denitrification in where 

the denitrification kinetics were extended to Ul"' ......... ..., the 

...... "'" .... u""" and Wentzel, 1999). However, the exact In 

denitrification is still uncertain. theENBNRAS of this investigation an 

anoxic P uptake over 60%, the nitrate removal rates need to take account 

contribution of the P AOs. 

ai. (1 the spec~lt1c ael1lUOnCauOl 

Dp 

= OforK'2Avss 

all the 

active organism 

endogenous 

= 1 for 

components) 

because some 

XB H is lower than 

with Equations 3. 1 3.2 developed by Moodley et 

rate: 

(Equation 3.1) 

(Equation 3 

potential (mgNIl in anoxic reactor. 

ignores the presence the VSS mass 

COD (RBCOD is obtained by a 

(OHOs) so that the comprises only 

VSS components (3) as (1984). 

recognises the of PAOs (i.e. 5 VSS 

COD obtained by (XB.H) is decreased 

RBCOD is obtained by the (XB,G) and hence 

= 0 alone. 
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COD seauesten::a PAOs influent) anaerobic 

reactor. 

Calculated OHO VSS concentration (mgOHOVSSIl). 

XB G ;:::: Calculated PAO VSS concentration (mgP AOVSS/I). 

;:::: Anoxic "' .... , ... 1".'" mass fraction of the anoxic reactor. 

8.6 Mg COD utilised mgN03-N denitrified. 

denitrification potential is adjusted an amount which is hypothesised to be the contribution 

to the adjustment constitutes the product ofthe observed percentage 

of total P that in the anoxic reactor and the equivalent of 

RBCOD sequestered by the PAOs the anaerobic reactor. The factor of 8.6 which converts the 

COD to a nitrate equivalent is obtained from (I-fev y h)/2.86, where 2.86 is the oxygen equivalent 

of nitrate as electron acceptor. K/OHO is the u"' .... u.'" denitrification rate ofthe without any 

for contribution of the and "''''''''LAo'", denitrification rate 

OHOs with adjustment for PAO contribution. K2"PAois therefore the resulting specific 

denitrification rate ofthe By substituting appropriate batch values into 

Equations 1 and the specific denitrification rates were calculated for 

where more than 1 mgN/l nitrate flowed from main anoxic reactor. active mass 

COIICenUaW)ns and the COD concentration pct,,· ... Pri by the P A Os were taken the VSS 

fractionation in Section 3.3.3.2, i.e. from Tables 3.10a and b. Since the 

were calculated for two scenarios, viz. (i) taking account COD lost the 

system only, and (ii) taking account the COD lost to the system as well as the COD 

unaccounted for, the same is done for the denitrification rates. Tables 15a and b show 

the specific OHO and P AO denitrification rates calculated for scenario (i) and (ii) respectively. 

Table 16 shows a comparison of the denitrification rates of the OHOs this system, 

the of Moodley et a1. (1999) and the BNRAS of Clayton et 

(1991), Musvoto et a1. (1992), et a1. (1995), Mellin et a1. (1998) and et a1. 

(1998). For this system system of Moodley et a1. the K2' value 

denitrification rates without adjustment PAO contribution) can compared directly 

calculated BNRAS ,,'l14;:1rpTn 
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FIGURE 3.15a - Calculated Sr}e:Cl1:tl, .... denitrification rates sewage batches with 
model with COD 

mgNI1 nitrate exiting 
anoxic reactor, using values obtained from the for COD 
EN """H'rn 

D'p· XAOHO I<:i' X"PAO 

P Uptake moCODII moNOrNII infl. moAVSSII l-_m..;;;O:..,.N_Or,,-N_+_m..;;;O:..,.N_Or,,-N_-i 

mgOHOAVSS.d 

10 13.8 0.26 

11 26.4 0.38 

12 15.1 0.34 

0.0992 0.0721 

0.0721 0.0506 

0.0699 0.0446 

0.0988 

0.0850 0.0447 

0.0716 0.0428 
I-----I---------+------+------+---------~--~------~--------I----

TABLE 

Sewage 

Batch P Uptake 

10 13.8 

11 26.4 

12 15.1 

13 

17.8 

mgCODII 

73.9 

49.9 

0.0493 

0.0401 

0.0374 

<.lP,\IV::IC'P batches > 1 mgN/l nitrate exiting 
with COD correCl10n for the COD 

XAOHO I<:i' I<:i" OHO XM'AO I<:i" PAD 

mgAVSS/1 l--_mg-"-N_O.:;..f'_N_I----''--.::..---I mgA VSS/I l-_m..,::9:..,.N..;.O,,-f'N_-I 
mgPAOAVSS.d 

0.0224 

0.0327 

0.0293 
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TABLE 
systems 

Researcher 
I System 

Clayton et a/. (1991) 
Musvoto et (1992) 
Pilson et al. (1 
Mellin et (1 

et 
Moodleyet (1 
(Without adjustment (K2')] 
Moodley et a/. (1999) 
(With adjustment (K{)] 
This investigation 
K2' {Carr. for COD loss in EN system only} 

Ki {Carr. for COD loss in EN system & unacc. 

K{ {Carr. for COO loss in EN system & unacc.for} 

From 3.1 the £u,,,,,,'> II 

denitrification rate of the OHOs 

mgN03-N/mgOHOVSS.d 

N/mgPAOVSS.d based on the 

lost in the 

for both 

'''/'''e .... TTl only_ 

to the 

3 

and 

0.1379 .2739 0.0460 0.115 0.497 

0.1165 0.2647 0.0347 0.115 

0.0743 0.1455 0.0368 0.040 5 
0.0564 0.1164 0.040 0.415 

0.1548 0.0955 0.1 0.218 
0.1239 0.1913 0.8000 0.126 0.218 

unadjusted and " ) OHO 

this system are 0.0743 mgN03-N/mgAVSS.d and 0.0564 

That of PAOs (K2"PAO) IS 0.0374 mgN03-

with COD for the COD 

values BEPRmodel correction 

and the COD unaccounted for, the I is 0.1548 mgN03-

N/mgAVSS.d, the "is 0.1239 mgN03-N/mgOHOVSS.d and the K 2"PAO unchanged at 

0.0374mgN03-N/mgPAOVSS.d. differences in the two sets of values from 3.15aand 

b are expected. Mellin et al. (1998) 

to the lOlClOelua(laOle particulate 

to the active mass fraction. The 

EN system only 

0.415, while model 

the COD "lie'",""j"l'"",,, 

8. and 

denitrification rates (see Table 3.1 

combination result much higher 

that the del1utritlcatiOl proportional 

proportional fraction sewage and rH' ... ·n: ... 

corrected for the COD lost to the model using 

0.040, but a >lTn,'''''' high OHO 

both the COD 

mass fraction of 

to system 

fsup ofO. 

active mass 

U.l"' .... " ... 'a rates 

obtained 

a lower 

combination 

10werOHO 

15b). 

mass fraction 

in low 

mass fraction 

correction COD lost to 

EN system only is substantially lower than those obtained by Musvoto et al., Pilson et al., 
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Mellin et al. and Moodley et aI., but dose to that of 

of 0.1 mgN03-N/mgOHOVSS.d 

COD unaccounted for is 

et al. (see 

correction 

3.l6). 

both the 

than those obtained by 

to 

etal. and the system and 

Moodley et al., but somewhat lower than the 'OHO obtained by Musvoto et al., Pilson et al. 

and Mellin 'OHO value 1 mgN03-N/mgAVSS.d is however much 

to measured by it should noted that only . this 

UJIJ',"",,,",.LJ reduced to account COD mass 

balance; et ai., et al., Pilson et al., Mellin et et . Ru et al. 

Moodley et did not do so their denitrification rates are not comparable to the 

Oi) rates in this investigation. BEPR appears to VSS values 

more realistic to those actually measured the system when influent 

SBCOD is adjusted for lost to system for the unaccounted 

resulting in more consistent values for ORO and PAO mass fractions and hence for the 

soe:Cltlc denitrification rates. 

The denitrification rates of the (see 3.15a and b) is 0.0374 

N/mgP AOVSS.d the COD If the COD is adjusted for COD lost 

to EN system the P AO denitrification rate is 40% of that OROs, but if the COD 

is adjusted the COD to the EN and for unaccounted fraction, the 

denitrification rate is 23% of that of the OROs. 



Univ
ers

ity
 of

 C
ap

e T
ow

n

1 

Sludge Settleability 

3.3.4.1 Filament identification 

the 17 month laboratory investigation 1999 to 2000), 

filament were performed on samples of the main reactor of the laboratory scale 

ENBNRAS at approximately one monthly intervals. This was done to ascertain whether 

laboratory scale system shows similar filamentous organism growths to the full scale BNRAS 

South The most frequently dominant filaments South African BNRAS 

systems are 0092, type 0675, type 0041, Mparvicella, type 0914 and 1851. These are 

followed by 0803, Nocardia, Hhydrossis, N.limicoia, 1863 and Thiothrix which are 

n ........ ' .... n but cause bulking (Blackbeard et al. 1986, 1988). combination of the 

most frequently dominant tllall11e:nts listed above conform to a low FIM filament v ......... u;'Ji'.. sludge 

that is so prevalent in African systems long sludge 

The monthly filament identifications for this can be inAppendixD. Tables 

3.17a and b show a of the identifications. Table 3 .17a lists the filaments 

that were identified and their rank as a percentage. example, Mparvicella was identified 

94% 17 identifications (Le. Mparvicella was identified in 16 17 identifications) 

and in 16 identifications that it was present, it was number 1 in 59% (10) and number 

2in35%(6) 161aent1l1Ca1LlofLS. Table 17b lists the abundance level of the filaments, 

as a percentage. In case of Mparvicella, of the 16 identifications it was present, in 19% of 

them their abundance 38% (6) as 'some', 12% (2) as 

'common' and 25% (4) as 'very common'. 

TABLE 3.17a - The occurrence of filamentous organisms in the laboratory 
ENBNRAS system. 

6 
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TABLE 3.17b - The of filamentous organisms occurring in 
the laboratory scale ENBNRAS 

Filamentous When identl ied, per 

Tables 17a and b show Mparvicella occurred most often 16 out 17 identifications), 

followed by type 1851 (13 out of 17 identifications). other filamentous 6<U·"""U"" occurred 

more seldom, with type 0092 '''''1''11 ..... in 4, H hydrossis in 2 type 1701, Thiothrix , type 

0041 and Norcardia m the 17 .... "" ........ calIOn,s. When occurring, on average, 

Mparvicella's abundance level was ..... ...,lIT"' ..... and 'common', type 1851 type 0092's 

abundance level was and the remaining filaments, when occurring, were only . In 

effect Mparvicella was the most commonly occurring and abundant filament, followed by type 

1851. Type 0092 did not occur as often, but when it did occur, it did so abundantly. 

relIlall1Ung filamentous organisms were only found occasi onally, low abundance levels. 

The most common filaments the laboratory ENBNRAS system are amongst the six 

usually found in low F 1M bulking of full scale BNR in South Africa, and the 

"'.u ....... u6 filamentous identified are also all found with the exc:enl:IOn 

of type 1701. Jenkins et al. (1984) .. ""',-,,,,n .. "' ... type 1701 with low dissolved oxygen (DO), but 

since type 1701 occurred only once at a low abundance, it cannot be seen as an indication oflow 

DO in aerobic reactor. The most is the the marrnc:mt<)Us 

v.l', ..... " ..... " identified in ENBNRAS system are indicative of a low FIM bulking sludge, 

not dissimilar those sludges found in full scale BNRAS system South Africa. 

In the mVeStllgatlon on ENBNRAS ,,,"',,, .......... of Moodley et (1999), Mparvicel/a (81 % 

occurrence), type 1851 (44% occurrence) and type 021N (25% occurrence) were the most 

common filamentous Others present included type 0092, type 1701 

S.natans. With the exception of type 021N S.natans, which were never identified in 

C1vcnrPtn of this investigation, the ...... u .... " .. identifications C!"'nurU ... ", existence of similar filamentous 
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organisms occur most frequently in the two ENBNRAS systems. 

3.3.4.2 Dilute sludge volume index (DSVI) 
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FIGURE 3.28 - Dilute for sewage batches 1 to 30. 

The overall ~v",,.~cr'" dilute sludge volume (DSVI) system was 108 ml/g. 

it can be seen that the highest DSVI value over the 30 sewage batches was 1 mllg 

sew'aQ'e batch 15) the lowest was 86 mllg (sewage batch 19). At the 

investigation the DSVI was high (for a ENBNRAS at 130 after which it 

improved slightly to 1l0ml/gby batch 8. the toxic batch 9 the DSVI 

AU..,,' "' ..... ,,"" .... to a about 155 mllg by "' .... Vlla"'''"' batch 15. By """,."" ...... had 

C!""Ul'<>"",,,,, batch, which appears to also rellectea In DSVL After 

15 the DSVI decreased to between 90 100 mllg .""" ............. '~A of 

investigation. DSVI for sew'aQ'e batches 17 to 30 is about 90 

The average of 90 mllg shows that the sludge was a good settling sludge, considering that full 

scale BNRAS systems produce sludges that settle between 150 and Hu et al. (1999) 
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and Moodley el al. (1999) reported overall average DSVl's of70 ml/g and 94 ml/g respectively 

for their laboratory scale ENBNRAS systems. The overall average DSVI of 108 mllg for this 

system is slightly higher than that of Mood ley et ai., but negligibly so. The DSVI ofHu et al. was 

about 38 mllg lower than that of this investigation, but the DSVI of just over 100 ml/g is no cause 

for concern and is certainly not a bullcing sludge. The results from Hu et aI., Moodley et al. and 

this system indicate that for an ENBNRAS system the DSVI can be expected to be in the range 

of70 to 110 rnlIg, which is a very good result compared with 'conventional' BNRAS systems. 

Casey et al. (1994) proposed a hypothesis for the proliferation of anoxic-aerobic (AA) 

filamentous organisms in nitrification-denitrification BNRAS systems (see Section 2.3.4 for 

details). In short, the hypothesis states that for systems that exhibit an anoxic-aerobic sequence 

of reactors, the floc-forming organisms that facilitate the denitrification process in the anoxic zone 

are inhibited to a certain extent from utilising oxygen in the subsequent aerobic reactor by nitric 

oxide - an intra-cellular enzymatically bound byproduct of the denitrification process from nitrate 

to nitrogen gas. This inhibition places the floc-forming organisms at a disadvantage in the aerobic 

reactor, because the filamentous organisms, which do not reduce nitrate further than nitrite (and 

hence do not suffer from this inhibition of utilising the oxygen) are able to utilise a greater portion 

of the available substrate. With the floc-forming organisms inhibited and the filamentous 

organisms at an advantage, the filamentous organisms increase their relative mass and this leads 

to filamentous organism proliferation and results in bullcing sludges. The extent of the inhibition 

on the floc-forming organisms is related to the concentration of nitrate exiting the anoxic reactor, 

i.e. if complete denitrification occurs in the anoxic reactor there will be no significant inhibition, 

and ifhigh concentrations of nitrate (>1 mgN/I) flow from the anoxic reactor the inhibition will 

be significant. 

Figure 3.29 shows the NOx concentration exiting the .moxic reactor of this system together with 

the DSVI for sewage batches 1 to 30. From Figure 3.29 it can be seen that higher NOx 

concentrations flowing from the anoxic reactor do have a small effect on the DSVI. In sewage 

batches 1 to 15 an average of9.4 mgN/l nitrate flowed from the anoxic reactor, while in sewage 

batches 16 to 30 an average of only 3.0 mgNIl nitrate flowed from the anoxic reactor. The 

average DSVI for the former period was 123 mg/l and for the latter period 96 mllg. The 

difference in these average DSVI's is not large, and while 9.4 mgN/1 nitrate flowed from the 

anoxic reactor in the first 15 sewage batches the average DSVI of 123 mVg is far from the bulking 

sludges of 250mVg or higher experienced in some 'conventional' full scale BNRAS systems. It 
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can further seen from 3.29 that in the NOx concentrations 

batches 1 24 and 28) result in a more dampened peak in corresponding values, but 

with a lag batch. In other words, the NOx peak batch 24 example, "au"""" 

a peak in DSVI value of batch 25, so on. 

16 160 

15 150 

14 140 

13 130 

12 120 

11 

10 

9 

8 

7-1''''1--_ 

6 -iI"\---'jt.-~ 

5 

4 ' 

3 

2 

1 

o .....0.&+'"""1---1'-4.,0 
9 1011 12131415161718192021 222324252627282930 

Se\l\tallle Batch No. 

anoxic reactor batches 1 to 30. 

Casey et (1994) further ""'t'\",rt,:.rI after studying the sludge settleability aerobic mass 

rr'.>'~1'1r,n data for seven full BNRAS Section details), 

with a low mass fraction of between 0 and o and systems with a high 

aerobic mass of between 0.75 1 settle very 

that have an aerobic mass of between 0.30 and 0.75 produce 

contrast, systems 

are prone to 

sludges filament proliferation and therefore do not settle well, 

occurring at an mass fraction between 0.35 and . In terms of this observation, the 

system investigation would expected to produce a sludge with settleability because 

of its low aerobic mass fraction. Configuration 1 had an aerobic mass of 0.33 all 

subsequent ",,,, .. nen, .. '''''',,,,,,, had an aerobic mass fraction of aerobic mass was 
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lowered to 0.20 at end of sewage batch 13 and a marked improvement in 

can be seen from batch 16 onwards Figure 3 With the of the 

mass fraction sewage batch 14 and the recovery system from 

the bad 9 from batch IS onwards, it is to say In 

DSVI because lowering of the mass or because of 

recovering from a bad batch sewage. likelihood it was a combination two factors 

that caused the DSVI to improve at the improved DSVI of 90 and 100 

for the of the investigation. 
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PERFORMANCE AT AGES SHORTER THAN 10 DAYS 

The evaluation of the laboratory scale at lower than 

10 days was not part of the initial scope of U","'"'''-''' However, towards of the 

practical it was 20 lid 

to 30 In to observe the response to this 

flow had been increased to 30 Vd, the system to fail hydraulically that the internal 

settling tanks A and B (see Figure 3.1) showed signs of imminent failure. of allowing 

system to fail completely as a result hydraulic it was decided to reduce the influent 

flow to 25 Vd and that of implementing a gradual In a gradual reduction in 

;)lU\.l~'" age should rather be implemented. At the of sewage batch 31 (18/04/2000) the 

influent was increased from to 30 days on 2010412000, it was reduced to 

25 V d and the age was from 10 to 8 days (Configuration 4, see 3. 1). 

was run at the 8 sludge for batches 31,32 and (49 ages) 

was reduced further to 5 5, see Table 3.1) at 

V .... riUl1J"U~ of batch (08!06/2000).The was run at a 5 day age for a 

further days to the 2110612000 (3 sludge For the 5 day sludge age 4 Vd were 

4 Vd could no be taken from the 41 aerobic reactor in one batch, so a small peristaltic 

pump was installed and calibrated to waste 4 I of mixed liquor the reactor over a 24 

hour period. 

Given the comparatively short that the system was run at sludge it would be 

practical to give as detailed an evaluation for the 8 and 5 system 

configurations as was done in Section for the 10 day sludge configuration. For 

reason only a brief comparison removal performances (COD, and will 

be given this section below. 

sewage batches 31 to 34 (Configurations 4 and 

<,.,,"r,,",n&>., for of all measured parameters for 

are gIven Tables 3 .18a, band c. 
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TABLE 3.18a - Sewage batch averages of measured COD and TKN parameters for sewage batches 31 to 34. _. 
,"",,0011 

s_ COD 

""""'" FIOcFil..lrrlI. Int.Set,A lnt. Set 8 AeroblcM.l Unftt. Eft Fit. Em, IniIu .... 

31 nUl 15&3 15:.tS Tl6 2392.4 61.5 36.1 ".3 
:!2 TlU 191,3 145.$ '22 ,... .. 62.1 4U) 19.9 

:!:I 

34 Jon 186.2 18H5 91,. 1735.2 63,9 :u.s 81.5 

ov .... 7<U 11$,6 15:1.5 81.0 Z13D8 69.4 "'2 71.3 

UF FF UF UF UF UF f IIF 

TABLE 3.18b - Sewage batch averages of measured suspended solids. OUR. DSVI and pH for sewage batches 3110 '34. 

\illS ISS' CODMISftotio' 11(NNSSRotio' OUR 

A,,,.blc Atrobic - AI'- .... - AI'- Anntobie Aerobic W 
1m .• 33Ul 1.45 D.'" 1\1.9 112 •• 7.50 1.91 

1738.4 371.0 1,45 •. 09 255 86.9 7.43 7.85 

1176,$ 233.1 I." 0.11 1-7.7 

1513,5 312 .• 1.45 {HO 21.1 

1 ISS calculated from TSS • VSS. 
2 Calculated lmm unfiltered aerobic reactor COD and TKN conCAlntmlions divided by the VSS. 

TABLE 3.11c - Sewage balch averages for measured nitrate, nilrite and P concentrations for sewage batches 31 to 34 (all concentrations measured on glassfibre filtered samples). 

N_ -- IrItSETA Int 51;TB -0 .• 0.0 c .• C.c 
c., •. 1 •. 1 0,1 

0.0 •. 0 0.0 U 

0.0 0.0 C.l •• 
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3.4.1 Carbonaceous Material Removal 

3.19 shows the COD mass balances (including components) and COD 

removals sewage 31 to 34. 3.20 a comparison ofthe most important 

8 and 5 sludge age configurations. 

TABLE - COD mass balances batches 3 1 to 
Average Influent MOC Denitrification COD used COD in COO In COD "k % 

of COD Recovery Ext. Nit. Waste Effluent out Recovery COO 

Batch mgCOD/d mgO/d mgCOD/d mgCOD/d mgCOD/d Removal 

31 2174 3322 14655 80.4 92.4 

32 19496 2054 2962 2284 6412 1411 15123 78.0 92.8 

TABLE - Comparison average parameters 10,8 and 5 
day -:.llICiop age system configur"'+: ............ 

ENBNRAS System Configurations 

1,2 and 3 4 5 

10 Day Sludge Age 8 Day Sludge Age 5 Day Sludge Age 

% COD Reduction 94% 93% 90% 

lOUR 19.9 mgOIl.h 22.7 mgO/l.h 17.7 mgO/l.h 

COD Balance 79.8% 79.2% 91.8% 

% COD to Oxygen 13.8 10.2 7.5 

% COD to Denitrification 12.7 13.6 18.2 

% COD to EN System 19.7 14.8 16.8 

% COD in Waste 26.7 32.8 39.2 

% COD in Effluent 6.2 7.4 9.9 
% COD Unaccounted 20.8 21.2 8.3 

COD mass v ............ ,..., for the 8 and 5 day 31U\J.J;r,C age """"r",rn configurations overall 

are 79.8%, and 91.8% Table 3.20). The overall V<"<>"'","o.> for 

the 10 8 day sludge configurations are virtually the same, but that for sludge 

is substantially t'unn", ... This is because 

reached a state value 

components the 

except that for the 5 day sludge 

5 day sludge age. 

configurations 

configuration the % COD 

"""n"<.",,1'1""'1'.,,,," had not 

COD mass ..., ...... ,,'v 

unexpected changes, 

wasted is probably 

than would at steady state. The variations in %COD to oxygen and % COD to 
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denitrification can be attributed to 

the different sludge ages. A 

ItIlIsatlon rate (OUR) and a 

w .... ","'''' ..... to to the COD ... '11ll"''"', .... 

3.80 

lUU'VU" In influent sewage l'h!~r!:l,("t."n 

bring about a slight nl'r'p,;u!p 

ratio will cause a 

can be clearly noted for 

to 

5 "1 ........ .,. .... age configurations. age configuration which an 

of735.7 mgCOD/1 with a ratio of 0.106, 13.8% the COD was 

va.:>.:>,",uto oxygen and 12.7% of the COD was utilised for denitrification. For the 5 day ':>lU\ .. IlI"-,", 

configuration the influent COD was with a TKN/COD ratio of O. 

combination of the lower COD in the substantially higher ratio 

in 10.2% of the COD being to and 18.2% of the COD 

denitrification. There is no reason to the EN system to 

the three "'It ..... ""'" of the sludge 

l-h:>~'''''''''+ ... " ...... h,:>r of sewage 

to sludge waste is the only 

","V'''","l''+",,11 to change with the sludge sludge age results in more mixed 

and hence the percentage COD waste will be proportionally more. This can 

seen from Table 3.20: The 10 day configuration has an overall average 

of the influent COD in the waste flow, while 8 day sludge age configuration has 

the 5 sludge age configuration (which is probably somewhat high as noted 

an Int'lrp;;l'~p for each respective reduction in "" .. , ... ""'" The percentage COD 

waste sludge, but is not as a a similar trend to 

The influent flow configurations was 

IS 

this put greater 

<;:nl"r<;:1"'; ,,, .. "v ...... , .. "' ... solids to spill over 

remained essentially unchanged at 

.... "" ... .:>lL'5 a greater fraction of the 

The filtered effluent COD concentration 

overall COD reduction for the three sludge 

(94% for the 1 0 day sludge age configuration, 

configuration), indicating that the COD 

extent by a reduction in sludge 

configurations are all within 4% of each other 

the 8 day and 90% for the 5 day sludge 

ENBNRAS system in not affected to 
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3.4.2 Nitrogenous Material Removal 

. Table 3.21 a lists the results for the nitrite and nitrate mass balances over each reactor and n~"""~_ 

for sewage batches 3 1 to As I'\ .. Tn .... a negative value indicates nitrification and a positive 

value denitrification. Table 3.21b the results for the total N mass balances and all of 

components for sewage batches 31 to 34. 3 .221ists the denitrification potentials for the pre-

and main anoxic reactors for those batches where the nitrate concentration ","'JLLUJl<;;. the respective 

anoxic reactor was> I mgN/L 

TABLE 3.21a - Nitrite and mass balances across reactor and 
:-.o:;vvn.>,o:; batches 31 to 34. 

TABLE 3.21b - N mass balance all components for se\vai!'e batches 31 to 34. 
Average Sum N02 Sum N03 N N loss Sum N 

of denitrilied denitrilied Nitrlfier Out in 

% 

Recovery 

% 

N 
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TABLE 3.22 - Denitrification potential pre- and main anoxic reactors for 
sewage batches the outflow NOx COllcentr.atIcm exceeds 1 
sewage batches 3 1 to 

Mass Fraction 

Batch of 

shows a main N parameters 10, 8 and 5 day ;)lUI..lJ;';'" 

1 8 5 day 
configurations. 

ENBNRAS System Configurations 

3 4 5 

10 Day Sludge Age 8 Day Sludge Age 5 Day Sludge Age 

N Balance 88.1 % 85.3% 94.5% 

% NO a Denit. 2.1 1.0 1.8 

% NO lDenit. 40.7 49.2 50.4 

% NWasted 19.4 21.1 25.6 

9.2 8.3 23.7 

16.7 5.7 0.0 

11.9 14.8 5.4 

Nitrification Occumng Externally 91.1 % 92.9% 94.5% 

TKN in Final Effluent (Unfiltered) 4.8 mgN/1 4.8 mgNIi 6.9 mgNl1 

FSA in Final Effluent 3.6 mgN/1 3.3 mgNlI 2.6 mgN/1 

NOX in Final Effluent 3.2 mgNI1 1.90 mgN/1 17.6mgNIl 

Total N in Final Effluent 8.0 mgN/1 6.7 mgNlI 24.7 mgNIl 

0.107 0.096 0.12 

90.8% 91.8% 76.3% 

94.O"k 93.3% 92.1% 

The overall 

configurations are 

mass balance \..,ollDgUral[lOn 3), 8 5 sludge age 

mass balances, and 94.5% ,.."""",,,,,£'t. for the overall 

the 1 0 and 8 day ;:)l ..... ..lJ;';'" configurations have a .;,»u,n, .. overall average N mass balance, while 
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that the 5 day sludge configuration is higher 1.1 ...... ' ..... , ..... the VSS concentration had not yet 

......... u ....... a steady state value. was the case with the COD mass balance components, the 

variations in the N mass balance components are a result that are independent of the 

lowering of the sludge with the exception of the N in the waste sludge. overall lll" .. • .. lllCII'" 

nitrite denitrification of2.1 % for the 10 day sludge configuration is than the 1.0% and 

1.8% for the 8 and 5 day sludge ages respectively. The percentage the influent N denitrified 

via nitrate denitrification was 40.7% for the 10 day sludge configuration and 49.2 and 50.4% 

for the 8 5 day sludge age configurations respectively. percentage N leaving the system 

m waste sludge increased with decreasing sludge as expected, from 19.4% for the 10 day 

sludge age configuration to 21.1 the 8 day, and 25.6% the 5 day sludge age configuration. 

is the result of a greater volume of mixed liquor wasted, especially for the 5 day 

configuration because the concentration had not yet reached a steady state value. 

percentage N in the final effluent of 9.2%, 8.3% and 23.7% for the 10, 8 and 5 day sludge 

configurations respectively are difficult to compare as they are a function of the nitrate 

concentration in the which depends on the TKN/COD ratio of the influent as wen as the 

nitrification and denitrification performance of the system. 

of the main motives in implementing the system configuration was to uncouple 

the nitrification process from the main system and hence making nitrification mOlep€maem 

sludge Table clearly shows success of this system configuration - nitrification 

remained completely unaffected by lowering sludge For the 8 and 5 day sludge age 

configurations and 94.5% ofthe system nitrification occurred externally. is even higher 

than the 90.8% for the 10 day sludge configuration. From the final effluent FSA 

concentrations given in 3 it can be seen that full nitrification occurred throughout the 

8 and 5 day sludge configurations with only the residual (from the internal settler A 

underflow) appearing the effluent. 

The overall average denitrification potential of the main anoxic reactor was 31.1 mgN/l influent, 

45.7 mgNIl influent and 33.8 mgNIl influent for the 10,8 and 5 day sludge age configurations 

respectively. The overall average removal was 94.0%, 93.9% and 92.1 % the 10, 8 and 

5 day sludge age configurations respectively. The TKN removals are very similar and all above 

90%, which is a very good result. The total N (TN) removal (TKN and NO,J was 90.8%,91.8% 

and 76.3% for the 10,8 and 5 day sludge age configurations respectively. The TN removals show 

more variation, but this is not due to the sludge The criteria that govern the TN 
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are the system nitrification and denitrification as weB as TKt"'\f/COD ratio 

influent an influent for a TKN/COD ratio, full nitrification 

denitrification, concentration of nitrate in effluent will n .. ", ... .."", to a overall 

TN removal. 

overall TKN/COD 

configurations. The 

configuration was 0.107 

and the denitrification potential ,un ... ' '''''' reactor 31.1 mgN/1 influent, an 

overall TN of90.8%. The overall average influent 

"" ........ ,.,., .... age configuration was 0.096, and denitrification potential of the 

8 day 

reactor 

was 45.7 mgN/1 influent, resulting an overall 

lower influent TKN/COD ratio combined with 

TN removal of91.8% - showing 

higher denitrification potential 

anoxic reactor resulted in a better TN removal performance for the 8 day sludge 

configuration. influent of 5 day sludge configuration was a 

0.120 denitrification potential main anoxic reactor was 33.8 influent 

the 

mam 

than the 10 day, but significantly lower the 8 day sludge configuration), which 

average removal of only 76.3%, which is than that of both the 10 

8 day"" ........ "" .... 

Accepting the occumng m removal parameters of influent 

characteristics as well as varying denitrification the lowering of the 

did not have any marked effect on nitrification, denitrification or and TN removaL 

The achieved the 10 (Configuration 8 and 5 day sludge configurations are very 

similar and this shows that ENBNRAS configuration is able to attain removals 

at sludge to as low as 5 days. 

3.4.3 Biological """""'_"''''' Phosphorus Removal (BEPR) 

Table 3 shows the of the P mass balances over each of the reactors and settling 

for batches 31 to 34. A negative result indicates P while a result indicates 

P uptake. Table 3 show a comparison for main P parameters 10,8 and 5 day sludge 

configurations. 
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FIGURE 3.24 - Average P release (-ve) or P uptake (+ve) for each reactorlStmH~r and total P 
removal for sewage batches 31 to 34. 

Balch Pre-ANO Anaerobic int.SET A In!. SET B+Nil Anoxic Aerobic Fin. SET 

Total 

p 

% 

Recovery 

Removal 
.......f ...... _.......f 

TABLE 3.25 - Comparison of average P parameters for the 10, 8 and 5 
day sludge configurations. 

5 

NO , Flowing inlo Anaerobic Rasc. 10.9mgNA 

P Release (exci. reI. in EN sys.) 20.8 mgPA influent 26.6 mgPA influent 9.61 mgPA influent 

P Uptake 36.4 mgPn influent 45.1 mgPA influent 22.4 mgPA inHuent 

AnoxiC P Uptake 63.3% 47.1% 57.9% 

PRemoval 10.5 mgPA inHuent 14.0 mgPA influent IU; mgPA influent 

A reduction in P removal per mass of organic load (Wentzel et ,1990), 

provided that it is not reduced below a lower limit 3 days) to prevent the PAOs from being 

'washed' out of the system completely. It would therefore be expected that the 8 and 5 day.., .... , ... """" 

configurations should show improved P removal compared to 10 day sludge age system 

configuration., From Table 3.25 it can be seen that the overall P removal was 10.5 

influent, 14.0 mgP/I influent and 8.6 mgP/l influent for the 10, 8 and 5 day sludge 

configurations respectively. The low P removal for the 5 day """""6"" configuration occurred 

because the influent TKN/COD ratio was very high and this led to a high concentration of nitrate 

(10.9 mg/I, see 3.25) being to the anaerobic reactor and limiting the P release, 

resulting in a low overall P removal performance of8.6 mgP/l influent. This is however not linked 

to short sludge but rather to the main anoxic reactor overloaded by the nitrate 

load that resulted from the high TKN/COD ratio of the influent. The 8 day sludge 

configuration showed the highest P removal (14.0 mgP II influent), butthere 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 10.5 

mgP/I influent with an ",,,,,·r,,, ... ,.., of 0.95 mgN/I flowing into anaerobic reactor from the pre-
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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 II 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 of63.3% of the P uptake occurred 

in the anoxic reactor. For the 8 and 5 day sludge age configurations, the percentage anoxic P 

uptake was 47.1 and 57.9% respectively. The average NOx load on the main anoxic reactor was 

18.6 mgN/I, 20.7 mgN/I and 34.9 mgN/I for the 10, 8 and 5 day sludge age configurations 

respectively. The higher NOx load on the anoxic reactor for the 5 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 mgNIl higher NOx 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 average 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 ENBNRAS system 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 NOx load on the main anoxic 

reactor. 

3.4.4 Sludge Settleability 

The overall average DSVI was 95.6 mUg, 89.8 ml/g and 92.9 ml/g for the 10 (Configuration 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 ENBNRAS 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 close to those obtained for the 10 day sludge age configuration 

(Configuration 3). Even with a nitrate concentration of 15 mgN/I flowing from the main anoxic 

reactor(Table 3.18c) 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 
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when similarly high nitrate concentrations flowed from the anoxic reactor during the period that 

the system was recovering bad batch 9. 
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COMPARISON OF ENBNRAS SYSTEM WITH BNRAS (UCT) 

A system (VeT configuration) with ,,1>1jl11Ul ..... "''''1511 

167) to 

While the 

operated, 

system 

Appendix 

Inliucm 

In are 

FIGURE 3.30 - Schematic layout 
laboratory scale ENBNRAS system. 

investigation was run 

the system layout of the 

parameters for both the 

of the two systems, they were the same 

"",U}'<>,.,.a. batches 13 to 30) - from the 7 August 1 (day 

40 1 of influent were prepared in the same container, 

from 

was fed to each of the systems respectively. 

and analysed by the writer, the VeT system was 

etal. (2000). All the analytical results of the VeT 

Vermande et al. (2000) report and are listed in 

! \ 
-/ Waslc Qw-::: 

laboratory """,r"'TT1 run in parallel with the 
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operating parameters . 

• Actual volume 11, with sludge at double concentration. 
*'" Actual volume 61. with diluted to half the normal concentration. 

Tables 3.27a, band c 

batches 13 to 30 for the 

numbers used for 

Where the overall 

refer to the 

to the 

se\va~re batch averages for all measured 

",,,,,,,,,,,rn The sewage batch numbers correspond to 

to facilitate a direct comparison 

"''''''T''''",''' are compared in this "",,,,1-,1"'>." 

for sewage batches 

""',,.LA ...... u the overall 'nt< ... ".·~""" 

13 to 30 calculated from 3 sewage batch 

Therefore the overall from those mentioned in Sections 3. 1 to 3 

overall averages include """,,,va,,.',,, V'"L'''U,,",''' 1 to 30. 

batch 

band c. 

the 
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TABLE 3.27a - Batch COD and TKN parameters for the UCT system for 
sewage batches 13 to 30 (UF 0.45j.tm membrane filtered). 

28 

29 

30 

Overall 

71.3 

55.3 43.7 89.2 

61.5 47.8 83.0 

43.8 31.1 63.8 

49.7 38.6 

77.2 

56.9 39.7 79.9 

42.6 35.5 86.7 

42.0 35.8 

2294.6 46.4 38.5 

2775.3 53.9 38.6 

716.2 2850.3 52.9 33.0 

748.9 2784.8 56.5 41.2 

799.1 

TABLE 3.27b - Sewage batch averages 
DSVI and pH for the UCT system for 

19 1444.5 1.42 

20 1988.3 1609.3 1.42 

21 2207.3 1780.7 1.40 

22 2137.5 1696.5 1.40 

23 1931.3 1580.4 1.48 

24 1972.7 1642.4 1.33 

25 2208.4 1813.6 1.36 

26 2058.3 1672.5 1.35 

27 2480.0 1923.1 1.42 

28 2499.2 2006.7 1.40 

29 2409.0 878.0 1.46 

30 2492.8 900.3 1.43 

Overall 2146.3 1.43 

mgNIi 

101.7 2.7 52.7 

160.5 5.4 1.9 69.8 

168.0 3.2 1.6 62.3 

171.3 3.2 1.8 47.8 

1.6 52.0 

2.3 68.2 

2.8 50.3 

3.3 49.9 

4.7 60.9 

3.8 61.4 

68.3 

measured suspended solids, OUR, 
batches 13 to 30. 

0.100 29.3 112.! 

0.103 31.8 112.1 

0.096 35.5 145.1 

0.095 34.5 186.8 

0.089 35.3 197.1 7.68 

0.089 30.3 183.1 7.56 

0.090 33.3 201.0 7.61 

0.088 27.6 154.9 7.53 

0.094 28.0 157.2 7.51 

0.096 26.5 144.1 7.35 

0.091 28.0 141.8 6.89 

0.095 31.! 138.1 7.4 

, Calculated from unfilterad aerobic reactor COD and TKN eoncentratlons divided by the VSS. 

1.4 

2.0 

1.1 

1.1 

0.6 

0.6 

1.1 

7.77 

7.81 

7.87 

7.91 

7.82 

7.83 

7.80 

7.91 

7.14 

7.78 



University of Cape Town

3.27c * ;:,elNaCle '::I\I<~r""""'''' for nitrite and P concentrations the system se~vacle batches 13 to 30. 

Sewage mgPII 

Balch Nilrite Nitrate Phosphates 

Anaerobic Anoxic Aerobic Fill. Em. Anaerobic Anoxic Aerobic Fill. Effl. Influent Anaerobic Anoxic Aerobic Unlilt Em. Fill. Em. 

13 0.1 0.5 1.8 1.5 0.5 1.2 13.1 13.4 2S.2 31.1 21.2 14.7 - 14.3 

14 0.0 0.1 O.S 0.4 0.3 2.4 15.5 13.4 2S.2 31.3 17.4 8.3 . 7.3 

15 0.0 0.2 0.7 0.4 0.3 5.3 20.0 22.2 30.8 30.2 19.4 14.6 - 13.9 

16 0.0 0.1 1.1 1.0 0.1 1.2 13.4 13.6 25.0 33.4 22.6 13.6 - 14.0 

17 0.' 0.2 0.3 0.2 0.1 0.3 8.3 8.6 25.4 34.5 21.3 12.6 - 13.0 

18 0.0 0.1 0.2 0.2 0.1 0.3 8.4 7.8 26.9 35.9 23.5 14.1 . 14.7 

19 0.0 0.3 0.5 0.2 0.1 0.9 11.2 12.2 21.0 30.9 21.3 13.0 12.6 

20 0.1 0.1 0.2 0.1 0.1 0.3 8.3 8.6 25.8 32.9 21.8 13.5 - 13.5 

21 0.1 0.1 0.1 0.1 0.2 0.3 7.0 7.9 25.2 33.6 22.2 14.9 15.1 15.1 

22 0.1 0.9 0.5 0.2 0.2 1.0 10.5 11.5 24.6 28.7 19.5 14.6 15.1 14.9 ...... 
23 0.1 0.8 0.7 0.5 0.2 1.7 12.5 13.4 23.0 25.8 18.9 15.8 15.5 15.7 

24 0.1 0.5 0.4 0.6 0.2 1.0 12.5 13.3 25.2 29.2 19.0 15.0 14.9 14.6 

25 0.0 0.1 0.2 0.1 0.1 0.2 8.0 8.2 28.7 33.3 23.3 18.0 18.0 17.7 

26 0.0 0.5 0.8 0.4 0.1 2.4 15.1 17.2 29.1 35.0 23.8 17.5 16.8 16.6 
• 

27 0.0 0.4 0.3 0.2 0.2 2.9 15.7 16.9 25.6 35.8 19.5 11.9 11.8 11.1 

28 0.0 0.4 0.4 0.3 0.2 1.6 15.0 16.1 25.3 38.6 22.9 13.1 12.6 12.0 

29 0.1 0.1 0.3 0.1 0.1 0.1 8.1 8.3 24.9 41.9 20.0 8.4 9.0 8.2 

30 0.0 0.' 0.1 0.2 0.1 0.6 9.8 10.0 26.8 41.7 21.3 9.5 8.8 8.5 

<:)v~ I).~ 0.3 0.5 0.4 0.2 1.3 11.8 12.4 25.9 33.5 21.0 13~ 
~ 1~.~ 13.2 
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It should further be noted that because nermcal tests were performed by two 

the influent sewage 

originated from 

some minor differences, even though the 

This is as a result 

and associated analytical not impact much on 

characteristics over 18 because the overall 

"'<>Ti'''''L~''' are almost identical. 

ratio of 1.43 and 

independent 

lover 

arrived at the same 

18 sewage batches. 

......... v ... ..,. Material Removal 

the overall COD mass balances C""UJ'<;:IC<<> batches 13 to 30 for the 

UCT systems. 

and ENBNRAS Systems 

100 
95 
90 

85 
so 
75 
70 

C':'65 
~ 

is 60 
u 55 
~ 
a: 50 
c 45 
0 40 (.) 

~ co 35 
30 
25 
20 
15 
10 
5 
0 

13 14 15 16 17 18 19 20 21 22 23 24 25 26 27 28 29 30 
Sewage Batch No. 

~ ENBNRAS System 

FIGURE 3.31 - COD mass v ..... , .. u'"'·,," 
batches 13 to 30. 

the UCT and ENBNRAS 

The overall average COD mass UQ.1Q.ll\,1;; 

ENBNRAS system is 76.8%. 

for the UCT system is 78.3% 

are within 2 percent, indicating that 
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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 yet 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 ofBNRAS systems in general. From Figure 3.31 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 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). 

On average over sewage batches 13 to 30, the UCT system influent COD was 735 mgCOD/1 and 

the ENBNRAS system influent COD was 731 mgCOD/1. The overall average influent COD 

values are within 1% of each other, confirming that the two systems did indeed receive the same 

feed even though there are minor variations in the influent COD values for each of the separate 

sewage batches. Figure 3.32 shows the COD removal performance for each of the two systems, 

as a percentage of the influent COD concentration fed to each system. From Figure 3.32 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 

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. 

Figure 3.33 shows the daily oxygen demand of the main aerobic reactors for the UCT and the 

ENBNRAS systems. The oxygen demand is given in units ofmgO/d because, being independent 

of the reactor volume, it gives a more accurate reflection of the oxygen demand in the respective 

systems. 

Figure 3.33 shows the advantage of the ENBNRAS system in terms of oxygen demand. The UCT 

system had an average daily oxygen demand of 7625 mgO/d over the 18 sewage batches, while 

the ENBNRAS had an average daily oxygen demand of only 1798 mgO/d. By nitrifying 
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and ENBNRAS Systems 

I 

I 

13 14 15 16 11 18 19 20 21 22 23 24 25 26 27 28 29 30 
Sewage Batch No. 

FIGURE Per'cerlta,!e COD removal by and ENBNRAS systems for 
sewage batches 13 to 30. 

10000-,----------------------------,-0.13 

9000 -+--A+~=-----------_}.~-_4::::::~=...;I,_--_I_O.111 

1000 +-------------------------+0.013 

13 14 15 16 11 18 19 20 21 22 23 24 26 2& 27 28 29 30 
Sewage Batch No. 

FIGURE 3.33 - Daily oxygen "'''''''CU,I'''' for the UeT 
sewage batches 13 to 30. 

for 
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ENBNRAS system about 76% less than the UCT system requires 

J.!UJlU. .... "tJ,vutaking place UU'''''UkW''J influent TKN/CO D is included in Figure 3.33 

to the variation of the demand of the "u",rpTT1 with the variati.on 

influent ratio. As the influent TKN/COD rati.o H .... '. ", •• .,,,,,;>. m.ore nitrate is pr.oduced 

the daily oxygen demand of the system rises, and vice versa. daily.oxygen .... "'., ...... J, ... 

the system d.oes not sh.ow the same variation with influent TKN/COD 

bec:aU~ie nitrificati.on .occurs and is n.ot c.oupled t.o demand .of the """" ........ 

a more demand f.or the system, which can 

seen 3.33. 

A TIl ... '" .... interesting comparison can be made regarding c.oncentrations tw.o 

the UCT system had an average VSS concentration.of 1727 mgVSS/l 

systems .overall ,,,," .. ',,,, .. VSS concentrati.on was 1437 mgVSS .over "''''''''''t' ... LI .... ""''' .... " 

13 16.8% l.ower c.oncentrati.on f.or the system alm.ost c.oITesp.oltld.S t.o 

influent to system. 

that that is 'l.ost' t.o the EN system is n.ot .organisms 

"""lrp'I"n and this will result in system lower VSS c.oltlCe:ntl'atlOns. 

in proportion to the fraction of the influent COD that is removed in the 

'l.ost' t.o the main 

Nitrogenous Material Removal 

3.34 sh.ows the N mass balances f.or r.::eW'3ue batches 13 t.o 30 f.or the 

DatCnc~s f.or the 

the COD 

systems. The average N mass .over the 18 

ENBNRAS systems was 86.1 % and 87.0% respectively. As was the case 

}J ...... n."''', the results are 

}J ..... ' ........ "''', which is 

it can be seen 

H."' ........... differences 

together, albeit considerably higher than the respective COD 

case for NDBEPR Water Research Laborat.ory. From 

N mass balances Datcn(~s are similar 

N mass balances .only occ:urrmgfor sewage Daicn~~s 14, 1 17 and 

3.35 shows the TKN reduction >lP<1''''''''''' by the UCT and systems, 

as a percentage reducti.on influent TKN. The reducti.on achieved by two systems 

1S similar. The UCT achieved an .overall TKN reducti.on 94.7% and the 

system achieved a slightly l.ower reducti.on .of 93.8%. The reas.on f.or the 

system a value is c.oncentrati.on in the effluent. The 
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Overall N Mass Balances for the UCT 
and ENBNRAS Systems 

System ENBNRAS System 

FIGURE 3.34 - N mass balances for the 
batches 13 to 30. 
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effluent of the ENBNRAS system was on over 18 sewage Da[Cm~S 3.5 mgN/I 

while that of the system final was 1.8 mgN/I The source effluent 

in the system is the that bypasses system in sludge bypass, 

the FSA that is not nitrified 

concentration ofFSA in 

the mam reactor flows out in the effluent. The 

system outflow the ENBNRAS system, on over the 

18 ""'VVCL""'" batches, was 3.3 mgN/L This is similar to 3.5 mgN/I the final effluent 

FSA that was not indicates that FSA effluent is approximately equal to 

nitrified the EN ,,,,,;,,rpTn sludge 

bypass is nitrified in the aerobic reactor and "'1 ",a"", .... in the main reactor is 

nitrified in 

system outflow, 

aerobic reactor. nitrifiers are set~oeo into the activated sludge with the 

is how the '''f",r",rn is intended to operate to HA .... UU •• UH a low final 

FSA. 

3.36 shows total N concentrations in of the and the ENBNRAS 

systems for batches 13 to 30. 

30..,.-----------------------------r-0.15 

+-----illIIt----------------------+O.14 

-1----++_---------------------+0.13 

-I----+-~----..,_.:.,:__---__::.-=___,-----~---+0.12 

+-:?..:.--t---"!:~:__-........,.:..-~--__;_i_-----_;P_~~~---+0.11 0 

-I--...........,f---\--->.-~--------_,..-+_--_+_';_....,...::-+0.1 ~ 
-I-1E--+~It_ ....... --~---=-'--~-_\,.......:.~~--~r__--+0.09 8 
-I--\~~_+_~---_=_---_F_~--_\__+----_\_-.......... 0.08 !:( 

O.07~ 
I-

0.06 C 
-I------= ..... r__---1~+_---r_--.....;..._----fl:_---+O.05 ~ 

-= -I--------'T--+---\---+-----\------r......J~-.......... O.04 .5 

-I----------~t""____;:-----<..--~~--"---+0.03 

+--------------------------+0.02 

2 -1--------------------------+0.01 

o 0 
13 14 15 16 17 18 19 20 21 22 23 24 25 26 27 28 29 30 

Sewage Batch No. 

FIGURE 3.36 ~ N concentrations in the effluent of the UCT and 
,aH'TP"'" and influent TKN/COD sewage 13 to 30. 



Univ
ers

ity
 of

 C
ap

e T
ow

n

3.98 

From 3 in the N removal performance of the 

systems can While the TKN measurements take account 

and total N ,."'n.f"Pc",n" organic N, FSA, nitrite and nitrate. 

efficiently, but from Figure 3.36 it can be seen 

more total N than the UCT system. This means 

vU""'''''''' with a lower nitrate concentration than the 

systems remove TKN 

system removes ."F,J.uu"' ....... u 

system 

it is the V!.IT-V,nIU 1',r.nt'·"'n1~f"~t1nn of nitrate in the effluent that leads to 

the batches 13 to 30, the 

C\lC1r",TYI was only 

nOltentlal of producing effluents COlltallrurlg 

,,,,,;,,,p", is not "eLL/au:,,,, similar can 

3.36: a total N (TN) concentration in the ..,~.uu,,' .. 

for 10 of the 18 ""<:;""4'1"'<:; .... ""'''''', while the UCT system did not once 

of<lOmgN/I The influent TKN/COD ratio has also included on 

organic N 

that both 

10 

while 

3.36 

to illustrate how variations in the effluent TN concentrations mirror variations in the 

influent On average over the 18 sewage batches, the 

concentration was 1 while that for the ENBNRAS system was 9.8 maIO 

reason iT""~'''''nr''''' is the potential of the ENBNRAS system to with 

its low nitrification in the 

cannot ""n.1~ .... fi cornpletely u'""a'u;:,,,, all nitrification takes reactor. 

removals for the 

"""UJ'",n"" oat(mes 13 to 3 it can seen that the 

wastewater than the UCT system for all 18 C"'''''~(:rP 

batches. On 

influent N and the 

concentrations 
settleability and (ii) au,,'.!Uv 

below. 

batches, the UCT system removed 78.2% of 

8% of the total influent 

system was due to the smaller anoxic mass 
vUI.!I.".r,;;;U somewhat by increasing the a-recycle ratio, but 

outflow of the anoxic reactor leads to (i) 
and lower P removal 

total 
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FIGURE 3.37 - 1-I'''''''''~Ant''''''A 

"""""<lO'" batches 

3.5.3 Biological Excess l"h'OSlllho Removal 

The ENBNRAS system favours anoxic/aerobic P BEPR, while system 

aerobic P uj,naA<J BEPR. .... "u' .. " .. r when the "",,,,,,,,,.. is fed a high influent 

which nitrate load on the main ...... v"~'"' ""'!li("U"-

does occur. sewage batches to 27 in both the influent ratio was 

consistently (>0.100) by "'UUiUll"> FSA to the influent to induce anoxic P uptake in the 

system, so that the BEPR oertormance of the VCT """,c .. rn with anoxic P uptake as well as with 

predominantly aerobic P uptake could compared to the BEPR 

3 peI'ceIlta~te ""''-''''"1''' P uptake and the systems 

for sewage 13 to 30, 
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[ ........ UCT System ___ ENBNRAS System ) 

FIGURE 3.38 - Percentage anoxic P uptake 
batches 13 to 30. 

3.38 it can be seen that considerable anoxic P u"'''''''''''''' (40 to 70%) occurred the 

"V""PTTl throughout the 18 sewage batches, with an overall over the 18 

-60%. In the UCT system negligible anoxic P occurred for sewage 

13 to 21, with the exception of sewage batch 1 influent 

of about 0.123. During sewage batches 21 to 27, TKN/COD 

consistently above 0.100 (by dosing FSA to the influent), anoxic P 

took place in the system (10 to 30%). However, the ..... v,"'.'" the 

,,,,.,rPTTl never ",,,,,n,,,y the same magnitude observed in the on overall 

""'" .... "' ...... over 6 sewage batches (22 to 27) only 20% ...... V'LU'"' 

that the BEPR in the UCT system was essentially aerobic P batches 

dosing to the influent was stopped which lowered ratio 

mUlenOa(leU the anoxic reactor with nitrate, and the "'''<'1''''"'' relurrlea to prt~aomlruult1} aer'OD]lC 

show P release and P y",,,,,,,,,,-,,, ..... "'·n .. I'·T1 

O;:V"lTl"'rrl"l over 18 sewage batches. 
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P Release for the UCT and ENBNRAS 
Systems 

13 14 15 16 17 18 19 20 21 22 23 24 25 26 27 28 29 30 

FIGURE 3.39 - P release 
batches 13 to 30. 

Sewage Batch No. 

for sewage 

104-------------------------------------------------~ 

54-------------------------------------------------~ 

13 14 15 16 17 18 19 20 21 22 23 24 25 28 27 28 29 30 

FIGURE 3.40 - P uptake 
batc:hes 13 to 

Sew'aae Batch No. 

the VCT and ENBNRAS O;:VO;:'TPrrlO;: for sewage 
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On "" .. ·r"' .... over all 18 sewage batches, the UCT system released 21. 3 mgP /1 au ... ,,,,u. 

18.3 mgP/1 influent. From Figure 3 it can seen for the 

batches where was negligible anoxic P uptake the UCT system 

1 28 to 30) it released on average -7 mgP/1 influent more P than 

the sewage batches where there was P YI.J.,a, ... ", 

21 to 27) the released on influent 

moreP ,...,"i''''' ...... did. Thus, 

"'."'~ • ..,."'..,. more P than the ENBNRAS ,,,,,:,,,"" ...... 

mass fraction than the ENBNRAS ""T<.'l~"''''' 

the the P release drops to lower 

that with anc~XlC P uptake BEPR in the UCT "u,,,,,,,,,," RBCODthan 

nitrate load on the under aerobic P uptake BEPR and (ii) P release 

anc~XlC reactor and nitrate recycle to the 

the P uptake follows exactly the same trend of the P 

3.40 it can be seen that 

... 1.J.'w:;..'" for the UCT system 

to 21 (aerobic P uptake), 22 to 27 was 33 26.9 and 50.5 mgP/1 influent for "lelNa",1C v .... "'u,,,.., 

(anoxic/aerobic P uptake) and 28 to 30 (aerobic P That of the ENBNRAS 

with anoxic/aerobic P uptake 

<.'''<.'1~''''''' P uptake (predominantly aerobic) was 

system was 28.1, 35.8 and 41.1 mgP/1 influent r .. "n .. r'rn,p,u 

throughout. For sewage batches 13 to 21, 

about 5 mgP/1 influent higher than that of the 

when anoxic/aerobic P uptake occurred in 

was about 9 mgP/1 influent 

sewage batches 28 to 30, 

aerobic P uptake, the P 

On overall average over 

and that of the ENBNRAS """"1''''' ....... 

Figure 3 1 shows the P .... "'.,nr""" 

batches 13 to 30. In essence 

sewage batches 22 to 27, 

(20% anoxic P uptake), the P uptake 

"""","'", (64% anoxic P uptake). For 

"H'''''''''''' had returned to predominantly 

than that of the ENBNRAS system. 

P uptake was 34.0 mgP/1 influent 

and the ENBNRAS systems 

combination of those tendencies 

<i:U<;!l,,,,..., operates with predominantly P the P release and the P uptake. 

uptake, on average it removes 

conditions where the UCT <i:U<i:1rp..., 

uU',u"", .. more P than the ENBNRAS system. 

anoxic P uptake, the ENBNRAS system removes 

~2 mgP/1 moreP than the ""'''r ... .", On overall average over the 18 sewage oat,cnes, 

system removed au ..... "'., .. , while the system removed 9.8 mgP/1 

This shows that under circumstances the UCT system with predominantly aerobic P 
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uptake BEPR removes -23% more P than the with ... .uv"' ... '" P uptake If 

however, the VCT an influent that causes a high load on 

" .. \)''''1'-' P uptake (to a extent than in the system) occurs, 

."'., .... UllU"" in nnr,rpr P r",nnrn'<I the ENBNRAS system can achieve when 

receiving the same influent. 
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~--~r_--------------------------------------~~90 
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~~---4r_----------------------------------~--_r80 ~ 
>. en 

;-~----~--------------------------~~~~--~~70 ~ 
U 
::I 

~~----~~~~~--~------------,6~~----_7~~60 ~ 
5 

~----+_~~--__ ~_+~~~=_--~~----~~E-----_r50 £ 
~ 

.IIC 

~~.r------~--~~------~~~----------------~40 t 
::I 

~--------------~&---------~~r_--------------~30 ~ 
Col 

~----.H._----------------?'----~----~r_------~20 ~ 
.i 

~--~~~--------------7_----------~--~_,~~~10 ~ 

13 14 15 16 17 18 19 20 21 22 23 24 25 26 27 28 29 30 
Sewage Batch No. 

3.41 - P removal achieved 
batches 13 to 30. 

more detailed lTn"!:;!~n:~,,..,_.,.~ .. into the anoxic P uptake BEPR of the system and 

uptake VCT system is given by et al. (2000). 

3.5.4 Sludge Settleability 

Figure 

30. 

shows the DSVI the VCT ENBNRAS systems for "' .. ".,"' ...... batches to 

% anoxic P uptake the VCT system has also been included in the Figure 3.42 to 

illustrate how the DSVI ofthe VCT system fluctuates with an increase in % anoxic P uptake. 

overall average VCT system over the sewage batches was 138 mllg and that for 

the ENBNRAS system was 102 mllg. 
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FIGURE 4.42 - DSVI for 
to 30. 

Sewage Batch No. 

and ENBNRAS systems 

Figure it can be seen that the DSVI UCT system fluctuates wit~ the % anoxic 

P uptake. the % ""V'F~"" P increases, the sludge settleability deteriorates rapidly. This 

can seen in way: As the r .. t .. ,,,,t,,,, load on anoxic reactor 

the % P uptake 

reactor also Int'rp~'l.p'l. causing 

the system it can 

ENBNRAS 

it received the same 

influent TKN/COD 

system increased around 90 

the nitrate concentration T'r'''lJ.nniCT 

Caseyet 1 of 

phenomenon does not occur in the ENBNRAS 

not fluctuate as widely as the 

,,,,,,,rpm During 

of the UCT 

batches 21 to 

to around 105 

around 110 

DSVI of the 

theDSVI UCT 

to over 200 

.. "",,'prn showed a considerably lower 

During se\va,~e 

than that 

ENBNRAS C!"C!1~"',," However, 

from sewage 

ENBNRAS """"t,,,m was at its highest 

ENBNRAS ,,,,,,,r,,,m had not recovered 

9, and this was period where DSVI of the 

the sludge settleability was at its worst). 
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CHAPTER 4 

CONCLUSIONS AND DISCUSSION 

INTRODUCTION 

Biological nutrient removal activated sludge (BNRAS) become the preferred 

treatment ", .. ",1-""""",,, for ",,,,"' ....... "',.. "'''U''\"'IJ';U wastewater treatment They 

can be re-to 

introduced to water bodies without a ;).~ .... Ll,",C:+jlU negative impact on the _U~' __ .J 

scarce surface water of South The ",(,,·.t''''~111 implementation of the BNRAS has 

drawn to some wel:urneSSles of the "'''elf'''..... predominantly (0 the long sludge ages and 

large biological reactor volumes 

bulking sludge the 

for nitrification, (ii) filamentous organism 

(iii) treatment ofthe P rich waste sludge from 

system and (iv) containment of the large mass of P in the during a failure of the 

aeration the system. In to overcome the first two weaknesses the systems, it is 

DfGlDo:sea to separate the process nitrification from the BNRAS mixed liquor and achieve 

nitrification externally to the BNRAS ",,"1''''' ..... 

External nitrification can be achieved in trickling (TFs) by promoting the growth 

bacteria on the fixed which establish a permanent population of nitrifiers in 

the With the slow growing nitrifiers effectively BNRAS system and 

nitrification externally in the trickling filters, requirement to nitrify no longer 

governs selection of the sludge aerobic mass 1?""~~11"'."" main BNRAS "''''<:)1'.,. ...... 

to 8 to 10 days, mClreasang sludge can from the 

capacity of an existing treatment works by about 50% or, the required 

biological reactor volume per wastewater by about 1f3. the unaerated 

mass fraction can to 70% in a higher denitrification car;laclty 

If a fraction additionally available mass fraction is added to the zone. 

the will also improve. Casey et al. (1994) show aerobic mass fractions 

"1""-"\1,'''''1"1 25 75% are a contributing factor for AA (low F 1M) mame:m proliferation. Because 
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the BNRAS system with external nitrification can aerobic mass fractions of 30% less, 

a better sludge settleability can expected is commonly observed 'conventional' BNRAS 

systems with 40 to 60% mass This improvement sludge would 

further increase the wastewater treatment plant V,""",""V1L 

investigations on laboratory scale 

Moodley e tal., 1999) and were r ..... "', ... "" ... ,, 

systems have been completed (Hu et aI., 1999 

The of this third laboratory 

investigation into system performance were to: 

(i) Achieve consistent virtually complete and obtain 

processes the BNRAS system in order to confirm 

state conditions for BNR 

results of the first two 

investigations for an system operating at steady state. 

(ii) anoxic P uptake under steady state conditions. 

(iii) Monitor interaction between and P and to the 

conditions that the shift anoxic aerobic P uptake and 

on overall performance. 

(iv) Compare overall performance the of a 

COlI1Ve:nU.onal BNRAS system (UCT configuration) with equivalent operating 

identical watewaster as influent. 

The laboratory system investigation was operated at 10 days age 

first 421 days of the days During the first 1 days, system was 

operated in Configuration 1 from 1 to day 1 with 0.42 

and 0.33 and mass fraction respectively; Configuration 2 from 1 to day 

with and mass respectively, and Configuration 3 day 

to day 421 with the of2: 1 with respectto influent flow (0: 1). day 

422 to day the ENBNRAS system was operated at 8 days ~._.~ . ...,_ age and a 25% increased 

influent flow of25IJd (Configuration 4), and 1 to day the sludge was 

to 5 days (Configuration The configurations with ofless than 10 days 

were included order to the ENBNRAS response to ages, 

'conventional' BNRAS (UCT configuration) with design operating 

(l0 days sludge age) was run in with ENBNRAS system this 

for days 167 to 421) and both systems were the same sewage 

was prepared together Chapter 3 Section 3 

meaningful comparison performance of the 

This was done in order to obtain a 

system with anoxic P uptake 
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and the 'conventional' BNRAS system with predominantly aerobic P uptake BEPR. The results 

of this investigation are summarised below in Sections 4.2 to 4.4 and followed by a concluding 

discussion in Section 4.5. 

4.2 SYSTEM PERFORMANCE FOR THE 10 DA YS SLUDGE AGE 

CONFIGURA TION 

4.2.1 COD Removal Performance 

1. Over the 421 days the system was operated at a 10 days sludge age (Configurations 1,2 

and 3; sewage batches 1 to 30) the overall average COD balance obtained was 80%. 

Although considerably lower than 100%, the overall average COD balance of 80% is 

similar to those obtained for the investigations on laboratory scale ENBNRAS systems 

by Hu et al. (1999) and Moodley et al. (1999), who obtained COD mass balances of 89 

and 80% respectively. Low COD mass balances have been noted for many years in BNR 

research (McClintock et al., 1988) and it seems that there are biological processes that 

occur in BNRAS and ENBNRAS systems with high unaerated mass fractions, which 

consume a fraction of the influent COD but are not taken into account in the COD mass 

balance. Their existence would explain the consistently lower COD mass balances 

obtained in the BNRAS and ENBNRAS systems (Ekama and Wentzel, 1999). 

2. Of the 100% influent COD, 6.2% flowed from the system with the effluent, 13.8% was 

passed to oxygen, 12.7% was utilised for NOx denitrification, 19.7% was removed in the 

EN system, 26.7% was removed with the waste sludge oftheBNRAS system and 20.8% 

was unaccounted for. 

3. The overall average percentage COD removal in the ENBNRAS system was 94% which 

was slightly higher than the 92 and 91 % obtained by Hu et al. (1999) and Moodley et al. 

(1999) respectively. 

4. The overall average 0.45 !lm membrane filtered and unfiltered effluent COD 

concentrations were 41.8 mgCOD/I and 50.6 mgCOD/1 respectively. Based on the former, 

the unbiodegradable soluble fraction f.,us is 0.057. 
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5. The overall TSS and concentrations ENBNRAS were 1653 

and 1369 mgVSSIl, an VSS/TSS ratio 0.83. 

6. The average utilisation rate (OUR) for Configuration 1 was 18.3 

7. 

8. 

mgO/(l.hr) Configuration 2 18.7 mgO/(l.hr) for Configuration Configuration 

1 shows a higher OUR, the aerobic mass fraction for ",-",",UA.L;='''''L 

the aerobic mass fraction was at 0.2 for both __ .. ~.,...,_r""T1rtT"" 2 3. 

Nitrogenous Material Removal Performance 

overall """,·r""r ... mass balance VUILUll ......... for the system was 88%. This 

is similar to 

et at. (1 

mass balances obtained by Hu et al. (1 Moodley 

systems. 

the 100% UU.l'",",J," N, 13.7% from the system with the effluent, 44.3% was 

denitrified, 11.7% was removed in the EN system, 17.6% was removed with the waste 

sludgeoftheBNRAS and 12.0% was unaccounted for. 11 ofN 

in the EN system is more than reasonably can be expected to incorporated in the sludge 

mass for growth During the investigation, nitrogen gas were 

noted in piping of the and in internal settler B (which to occasional 

sludge in internal B), and that denitrification in the EN "",,'n'''TTl 

in part explains the unexpectedly high N removal in the system. 

9. On 89% of the FSA into the EN was nitrified to nitrate. Of the 

total nitrification the ENBNRAS on average 87% in the EN 

"''''''r''' ...... lee* to the BNRAS system of Mood ley et 

at. (1999), 88% of the FSA was nitrified, and 76% of 

the ENBNRAS system occurred Hu et al. (1999) that for 

ENBNRAS investigation, 88% of the ENBNRAS nitrification 

externally. above that an EN system up to about 90% of 

the FSA is passed through 100% nitrification not occur. Furthermore, 

nitrification canoot be totally excluded from BNRAS and around 10 to 

1 of the nitrification in the aerobic reactor ofthe 

system. 
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10. The overall average denitrification potential of the main anoxic reactor ofthe ENBNRAS 

system was 22.0 mgN/J influent for Configuration 1 (main anoxic reactor mass fraction 

of 0.33), 19.0 mgN/J influent for Configuration 2 (main anoxic reactor mass fraction of 

0.45) and 31.1 mgN/I influent for Configuration 3 (main anoxic reactor mass fraction of 

0.45). The pre-anoxic reactor had an overall average denitrification potential of 4.5 mgN/I 

influent for Configurations 1,2 and 3 (pre-anoxic reactor mass fraction of 0.1 ). Because 

Configuration 2 had a larger main anoxic reactor mass fraction, the denitrification 

potential for Configuration 2 should have been higher than that of Configuration 1. 

However, a toxic sewage batch (sewage batch 9) had an adverse effect on the system 

denitrification perfonnance, and this effect resulted in very low denitrification potentials 

for the main anoxic reactor for sewage batches 9 to 15. Sewage batches 9, 10, 11, 12 and 

13 correspond to Configuration 1, while sewage batches 14 and 15 correspond to 

Configuration 2. Ten denitrification potentials (sewage batches with > 1 mgN/I in the 

outflow of the main anoxic reactor) could be calculated for Configuration 1, but only 5 

for Configuration 2. The. very low denitrification potentials caused by the toxic batch of 

sewage therefore had a pronounced effect on the average denitrification potential of 

Configuration 2, resulting in a denitrification potential lower than that· of Configuration 

1. Configuration 3 (a-recycle ratio of 0: 1 and the same main anoxic mass fraction of 

Configuration 2) showed the highest denitrification potential for the main anoxic reactor, 

indicating that the a-recycle, which causes the sludge to be exposed to more frequent 

alternating anoxic I aerobic conditions, has a detrimental effect on the denitrification 

perfonnance of the main anoxic reactor. 

11. The denitrification of the ENBNRAS system was distributed through the system as 

follows: Of the overall average denitrification that occurred in the ENBNRAS system, 

11.0% occurred in the pre-anoxic reactor, 10.0% in the anaerobic reactor, 77.4% in the 

main anoxic reactor and 1.6% in the final settling tank. The 10.0% denitrification in the 

anaerobic reactor was largely due to the low denitrification in the main anoxic reactor 

during sewage batches 9 to 15 caused by the toxic sewage fed in sewage batch 9. With 

the low denitrification in the main anoxic reactor during this time, high concentrations of 

nitrate were recycled to the pre-anoxic reactor, overloading it and causing the nitrate to 

flow into the anaerobic reactor. This also had a negative impact on the P release in the 

anaerobic reactor, and hence on BEPR, which is discussed in Section 4.2.3 below. 
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12. 

13. 

4.6 

The overall removal of the ENBNRAS was 94%, and 

average total N (TN) r""T1mn", was about 86%. system effluent 

11.9 mgN/l of (unfiltered 

5.8 mgN/1 nitrate nitrite (both samples). Of the 5.2 mgN/I TKN, 

3.6 mgN/1 was samples). The filtered was 4.3 mgN/I, and 0.7 

mgN/I was soluble nrC'''''1"I'1f' N; accepting this to be unbiodegradable organic N an 

unbiodegradable 

concentration of 

performance caused by 

batches having a 

produced the 

effluent TN was 8.0 

FSA (unfiltered sample), 

TKN fraction (fnu) of 0.01. 

in the effluent is a 

sewage batch 9 

influent 

overall average 

the poor derutnltic.:.tlcln 

Configuration which 

P removal performance 10 days sludge age system, the 

of which 4.8 mgN/I was (unfiltered sample), 3 mgN/l 

mgNIl nitrate and 0.4 mgN/I (both unfiltered samples). 

TheENBNRAS thp'1"ptnr"" shows that it is (i) producing effluents 

a TN content of <10 

(not zero effluent 

Comparatively, et 

ENBNRAS 

Biological Excess 

The overall P 

of total P release) 

A and 4.5 mgP/I 

unlikely to 

m main BNRAS 

endogenous decay 

and Oi) complete 

for influent 

(l999) and Moodleyet (1 

and 72% respectively. 

Removal Performance 

for the ENBNRAS 

mam UU'-"<U'" reactor 

up to about 0.13. 

r""1".nrr""" TN removals in 

was 12.6 mgP/l ULL" .... ""'" (58% 

internal settler 

P the EN system is 

uptake by the P AOs and benefit to the BEPR 

,,,,,,, .. ,Tl is questionable. It is more a P release through 

do not settle in the A and enter the EN 

system, or a breakdown in system of filterable P does not reflect 

the filtered P of the supernatant) but non (because it does not 

settle out in internal containing P. is less likely 

because P AOs are and settle well, mgPll influent release 

from non settleable organics does not seem either. The P release 

occurred in (:"(:1r""fYI is not included in any calculations but it does 

represent P that to taken up again in the main and aerobic reactors. 
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14. overall 

uptake 

uptake 

P uptake the BNRAS system was 33.1 influent. P 

with negligible exclusively in the main anoxic and aerobic 

final P uptake did occur in the pre-anoxic reactor when 

""U'''T<> load on it was high, P release occurred when near zero concentrations of 

nitrate flowed into the pre-anoxic but both were negligible mgP/l influent) 

concentrations. On average, 62 and 38% 

anoxic and aerobic reactors respectively. 

Throughout investigation, the % <l.li\.;''' ..... P 

aot)ears to be to the nitrate 

the 

anoxic 

reactor was overloaded with nitrate (> 1 

up to the total P 

total P uptake occurred the main 

varied "''''''T'nro"u. 26 and The 

on anoxic reactor. When 

of the 

reactor. When the anoxic reactor was underloaded with .... h·"t"" 

anoXIC 

mgN/1 in 

increased. its outflow), the % ""11"'''"'''' P uptake decreased and the 

% anoxic P uptake and aerobic P increased, the P removal 

appeared to increase. indicates that as the % P uptake shifts anoxic to aerobic 

with a decrease in nitrate load on the main anoxic reactor, improved P removal occurs, 

However, it is to this improvement in P the periods of 

maximum % anoxic P uptake·and minimum aerobic P uptake (showing low P removal) 

were same periods the highest nitrate load on reactor leading to 

nitrate into reactor. It is therefore to what 

extent the nitf·"t"" leaking into anaerobic reactor the P ... ""nnrn,OI 

affecting by what extent the high anoxic P affected the P 

removal. can stimulated in ENBNRAS to large 

but extent to which it occurs is dependent on 

the ..... I-r·",+"" anoxic reactor. steady state % anoxic P .... V"a. .... "" IS 

difficult to the % anoxic P uptake or decrease as the .... h·",+"" load on 

the anoxic reactor is above or below the • .ll"",a.U\.IH DI01:enUilU of the anoxic 

reactor. Moreover, the aerobic reactor is small and anoxic reactor large 

significantly underloaded nitrate, will be am~cu~a because P 

nitrate load on the anoxic reactor and <tPT'nn,p reactor is too .... Ut,a. .... "" is limited by 

to complete P uotak:e .... 'r"' .. '''''' .tmeCllve exploitation of anoxic P uptake for 
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16, 

17. 

4,8 

a sufficiently high nitrate load on 

overall average P removal of the ENBNRAS system was 

well with the values obtained for the 

au"",,,,,,,,, reactor, I 

mgP/I influent. This 

Hu et al. (1999) 

and Moodley et al. (1999) who reported 8,8 mgP/1 influent and 10.4 mgP/l influent 

for the same influent COD concentration (-750 lU"",",'I.,ILJI wastewater 

source. On average, the three ENBNRAS systems 

a similar 'conventional' 

Pthan would 

system with no anOiXlC P uptake. 

system P releas./P removal, P remov.,/Influent and 

0.013 and 0.069. Ekama and (1 

P the 

ratios are lower at 1.5 - 2.0, 

l't'\lmn~r",.rl with predominantly aerobic P 

"""",n....... of this investigation fall within 

Q.ll",,'h.l" P uptake BEPR. 

- 0.08 

The unt)lOlae,rra(lalJlle particulate fraction of the influent sewage (t:,up) was "' ......... u"'."' ... by 

the outlined by Ekama and Wentzel (1999) and applied in all 

in the Water Research Laboratory at the University 

Clayton et al., 1991; Musvoto et al., 1992; .. "' .... " ..... ,,' 

Sneyders et al., 1998; Mellin et al., 1998; 

The method 'fractionates' theoretically 

PAO, endogenous OHO and PAO and 

~"1'''''''''J;<. by trial and error 

the BEPR model 

<;!'u<;!,rptn For this investigation was "' .. ,"''''''', .. , ... 

to 

two 

I It aOt)ealrS , .. ,1'""'",,,1' in anoxic P uptake arose in an effort to 'recapture' the n ... l' ... "' .. 

for aerntnlnC;atl()fl With aerobic P uptake, the influent is 
which have taken up this COD in the anaerobic reactor utilise 

reactor. With anoxic P uptake, the P AOs utilise this COD 
RBCOD for denitrification, it appears this is at a cost of 

argued later when presenting P AO denitrification rates and ,",VillA"",,,,, 

the ENBNRAS system with the aerobic P uptake 
is not advantageous - it contributes little to 
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4.9 

(i) reducing the influent COD by the 'lost' in and 

",,,,,,l'A", as well as the COD ...... ~ .... u .•. "" the influent COD by the COD 

unaccounted for in the COD mass balances, but the influent RBCOD 

lost to the BNRAS concentration unchanged at that measured. This 11UI""\.'''' 

part of the system is all from the slowly OlOclegra 

(i) of 0.040 and for (ii) of 0.126 was found. 

fraction. An average t:.uP 
the t:,up values obtained from ND 

which yield good (>95%) COD values (Mellin et al., 

1998 - Section 4.3.1), the t:,up calculated Oi) is a more realistic value for the Mitchells 

wastewater. It seems that unaccounted in the COD mass balances is 

indeed utilised by other lJIVIV;;:""',U orolces:ses occur in BNRAS and ENBNRAS 

systems with high 

COD. TheP content of the 

for (i) of 0.20 and for (ii) 

The overall average OHO 

calculated for the scenarios (i) 

calculation, the concentration 

the balance of the influent 

determine the contribution of 

assumed that the total P uptake 

all the RBCOD l'\n"!un~>rI by 

zones reflects the % 

consume a fraction of the influent 

was vWvUI(U""U a "'AU'LU"" method, and an average 

were 

(ii) in 17 above. From the VSS 

HHU"vlU RBCOD obtained by the PAOs is Il'n,..,.um with 

and the influent SBCOD available to the OHOs. 

to the denitrification in the anoxic reactor, it is 

anoxic and aerobic zones result in the utilisation 

that the % P uptake in the anoxic and 

","'LA"",., ... in these respective zones. Thus, with say 40% 

anoxic P 

zone and 60% 

influent RBCOD obtained by P AOs is utilised 

zone. The % anoxic P uptake is """"' ....... L .... 

in the ""u",.r""" 

growth n.-".,....,.',." 

accepted 

""",.A ... ,,, With the COD concentration 

n,,..'<>f'A denitrified with 

'"''''".''' .... , .... ", .... via the anoxic growth 

86 mgO/mgN rI.,.,..,"t ...... 1f1ArI 

IS equal to the aerobic value 

utilized.2 With the nitrate COlnc<::ntlratl 

PAOs 

the 

"' .... "' ..... "'u'", .. it was 

0.45 

rlp1'l,1t ...... 1hpri by 

2 Strictly should lower than the equivalent aerobic value lJv ... ,au.,,,, 
conditions ideally only 2 moles are formed per pair of electrons tr!:llnc;:h"'rr~'rI 
aerobic conditions 3 of ATP are 'formed per pair of electrons 
calculations, = 0.45 to Y Ganoxic = 0.38 
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P AOs calculated, mtJ~ate concentration aeJ1ltrmC~Q the OHOs is 

between the observed nitrate concentration in the anoxic reactor and nitrate 

concentration denitrified by the PAOs. specific denitrification rate of the PAOs 

OHOs, "PAO K2"OHO' is obtained by dividing calculated nnY'Q1"p 

denitrification rate of PAOs and OHOs by the active PAO OHO VSS 

concentrations determined from the VSS fractionation calculation. In this way the 

observed denitrification rate is apportioned expressed in terms of specific 

organism mediating denitrification. This model can be applied to 

anoxic reactors overloaded with nitrate, having nitrate corlcelltraLU 

their outflow to ensure that the biological OHO PAO denitrification potential 

K 2"OHO K2"PAO rates were found to be 0.0564 mgN/(mgOHOA VSS.d) 

0.0374 mgN/(mgP AOA VSS.d) respectively (i) and 0.1239 

mgN/(mgOHOA VSS.d) 0.0374 mgN/(mgP AOAVSS.d) scenario (ii). 

Accepting ""''''.U ...... 1V (ii) as the more realistic of the the contribution of the PAOs to 

denitrification is not only about 23% to the total denitrification process. If the . 

denitrification in ENBNRAS system were attributed to the OHOs alone the 

measured VSS theoretically fractionated into OHO, endogenous OHO and 

unbiodegradable particulate concentrations in Clayton et 1991), then 

unadjusted ' is 0.1548 mgN/(mgA VSS.d) scenario (ii). K 2' rate cannot be 

compared with rates listed by Ekama and Wentzel (1999) because in calculating 

listed influent COD concentration was not reduced by the unaccounted for 

as in 

(fs.up) was 

investigation, and the influent unbiodegradable particulate COD fraction 

constant (at 12). 

Filament Identification and Sludge Settleability Throughout the Investigation 

1 The main filamentous organisms identified the system were Microthrix 

parvicella (with an average abundance level between' some' , common'), type 1851 

(with an abundance level of' some '), type 0092 (with an average abundance level 

of 'some') and Hhydrossis (with an average abundance level of 

20. The overall average DSVI ofthe system was about 108 This is higher 

than the DSVI's of60 mllg and 94 mllg ofthe ENBNRAS ofHu et al. (1999) 
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Moodley et al. (1999) respectively. overall ,.."P'C,..<TP DSVI 108 mllg for 

ENBNRAS system investigation was a result sludge settleability the 

period the system was affected by the toxic fed during batch 9. After the 

C!'\1C!1rpTn recovered from the sewage sewage batch 15 the DSVI 

stabilised to around 90 which is than the overall average 

The appears not to produce bulking sludges even when 

concentrations from the anoxic reactor, is stated as one of causes of 

bulking in 'conventional' systems as described AA filament sludge bulking 

hypothesis Caseyet (1994) the aerobic mass fraction is between and 

60%. 

to about mllg. 

system does seem to reS'DOrtO 

main anoxic reactor by an increase in 

FOR THE 8 AND 5 

CONFIGURA TIONS (CONFIGURATIONS 4 AND 

nitrate concentrations 

but this "1"''''''''''<'''' is limited 

AGE 

The ENBNRAS system configuration was changed to sludge and increased influent 

Configuration 4 (8 days flow towards the end The was operated 

age and influent flow) for 49 days """Ui'",n,,, batches 31 to 33) In 

Configuration 5 (5 days influent flow) a further 13 days (sewage batch 

34). configuration was \,;ni:llllg~~u to the shorter sludge to evaluate response 

to performance shorter 

21. The overall for the 8 configurations (4 

5 respectively) of the were 79 respectively and the 

overall COD (based on unfiltered 93 and 90% 

Although lower than overall COD removal of94% by 

the 10 days configuration, the COD removal performances of the sludge 

configurations are still good. The lower values are most due to the 

hydraulic impact settler caused by the in influent rather than 

to ""<'1''''' ...... removing less COD. 

22. overall average N mass balances attained 8 and 5 sludge 

configurations were and 95% respectively. the 8 and 5 day age 
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au,,-, .. .,. 88 and 96% the 

and 95% 

flowing into the EN system was nitrified. 

,"";"' .. TTl nitrification was effected ,,"vi",,"","" 

5 day "1 .... ' .. """" This demonstrates one 

h""n."ht" of the ENBNRAS ,,,,,,,, .. rn - virtually complete at 8 and 

at 5 days sludge age with only 

temperatures lower than 

mass and this 

The overall average denitrification potential of the main anoxic reactor was about 46 and 

mgN/1 influent for the 8 

higher than observed at ten 

configurations respectively. are 

was even when the system delutrlt1c;atlol 

greatest (i.e. 

The overall ENBNRAS system 

sludge age and respectively. The 

76% respectively. In TN removals 

configurations are influent TKN/COD 

to the two the 8 day sludge age configuration 

the 5 day sludge it was much higher at O. 

TKN/COD ratio denitrification potential of the 5 day 

led to more and therefore to a lower TN 

The P removal for the 8 day sludge age 

configuration this was 

removed 

configuration, on''''''"l" that there is u ....... "''"' .... an ImlJrovernerlt in 

is ""l"r'",,,,,,,,,rI as rellectea in the BEPR model ,,,,,:,,..T'7"'" et ( 

at 8 and 5 day 

was 92 and 

influent 

configuration 

was 14.0 mgP/l 

influent. The 8 day 

the 10 days sludge 

as the sludge 

It would H ... , .... f:" .. ", 

be that the 5 day sludge age would show a improved BEPR performance; 

however, 5 day sludge age configuration, ,."i''''",i'"" concentrations were 

to the nr"'_~rlnYI"" reactor, which was consequently overloaded, causing nitrate to enter the 

P n"nn,u'<I 

which in turn caused a 1'l""1"' .... '" 

The nitrate recycle was due to 

au,-,I\.',", reactor performance. 

in P release and hence a decrease 

influent TKN/COD ratio (0.12) 
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The average % anoxic P UUL''''''-''' for the 8 day sludge age configuration was 4 7% 

(with a nitrate load of20.7 anoxic reactor), and the overall % 

anoxic P uptake age configuration was 58% (with a nitrate load 

34.9 on the This clearly that as nitrate load on the 

main anoxic reactor the % anoxic P uptake increases. 

The 8 5 day 

ml/g and 93 mllg H'""",,.,,,,,,,,,,nr For 8 day 31 .... ').-"'''' 

out of the main anoxic reactor, but for the 5 day sludge 

age configurations were about 

configuration < 1 mgN/I flowed 

configuration about 15 

flowed out of the main anoxic reactor. Good sludge settleability at sludge 

10 days (8, 6 and 5 sludge has been observed in intermittently ND 

systems Warburton et (1991) and Phoredox, 3 Bardenpho, UCT JHB 

systems (Burke et al., 1986). (low filament hypothesis 

et al., 1994) is not to be applicable at 3 to 8 days sludge because 

the AA filaments are slow growers that tend to proliferate in sludge (>8d) 

detailed analysis of the of the 8 and 5 day.;J, .... , .. P, ..... is not intended, as 

days. However, the evaluation at these sludge for 

the results show that ENBNRAS BNR performance no way deteriorated at 

shorter sludge in fact a reduction in sludge age tends to increase Nand P removal per mass 

5 days 

4.4 

load (Wentzel et ai., 1990), provided that it is not reduced below a lower of about 

operational reasons 

COMPARISON OF 

BNRAS SYSTEM 

flocculation, effluent turbidity). 

ENBNRAS SYSTEM WITH 'CONVENTIONAL' 

CONFIGURA TION) 

laboratory 'conventional' BNRAS system configuration) with design and 

operating parameters to the 10 days sludge ENBNRAS system of this investigation was run 

in parallel with the laboratory scale ENBNRAS To compare the performance two 

systems, both were fed identical influent sewage for days spanning 18 sewage batches (from 

13 to 30). For purpose of directly comparing the BNR performance of the two systems, the 

overall averages for the ENBNRAS system are the overall batches 13 to 30, 

not the overall averages of sewage batches 1 to 30. overall presented in this section 
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therefore differ from those calculated the entire 10 days sludge age configuration as discussed 

under Section above. A of this comparison is given by Vermande et at. 

(2000). 

28. 

30. 

31. 

The overall 

were 

8 7% resoe<mvelV 

effluent TN 

sample) 

was 

of which 

sample). 

any 

mass Ua.la. .. ~_'" for the UeT and ENBNRAS 

eOD removal was 93 and 94% respectively. In terms 

two performed identically. 

(including nitrification) '"f''''''''''''''' was 

"u,,,,"'....... was 1798 

7 6% less oxygen IS a ..,.p,UU.'""' .... '" .. 

mass UQ.IQ.U\"" for the UeT and ENBNRAS '''f"r"".,., ... " were 

overall average TKN removal 95 and 94% reSDeC~tl\re 

system was 16.8 mgNIl, of which 12.8 mgN/I was NOx 

was TKN (unfiltered sample), Of the 4.0 mgN/I 1 

sample). For the ENBNRAS system the effluent 

was nitrate (filtered sample) and 5.2 mgN/I was 

mgN/I TKN 3.5 mgNIl was FSA (unfiltered sample). 

"'Ull .... ""'.. TN concentrations < 1 0 mgNIl in 10 out 

system did not achieve effluent TN concentrations 

batches. The overall average TN removal 

m 

and 

"""TO ...... " were 78 88% respectively. 

In 

was 

and 

<:lU<:llrpn1 an overall average of 21.3 mgP/I influent P was 

system an overall of 

reactor and internal settler 

the EN system (which also has to 

On overall average, 34.0 mgP/I influent P 

mgP/I influent P uptake occurred in the 

111.1."Y""IH P 

the 
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average P r .. rn£"n, for system was 1 mgP/I influent (34.0 - 21 

and the average P for ENBNRAS was 9.8 mgP/I influent (32.8 

7 - 18.3). UCT showed only on overall 

that predominantly aerobic P uptake BEPR system. the 

ENBNRAS system, of the P uptake occurred in main anoxic reactor. During 

UCT system by feeding sewage batches 21 to 27 anoxic P uptake was induced 

influent sewage with high 

reactor). During this 

P removal decreased to 

ratios to a high load on the anoxic 

the UCT showed about 18% P uptake and the 

same level as measured ENBNRAS ';:V';:lrpm 

33. overall DSVI for UCT and system were 138 ml/g and 103 

mlIg respectively. sewage with a high influent 

TKN/COD ratio were to induce anoxic P uptake in system, DSVI ofthe 

system increased sharply around 110 to over mlIg, while DSVI 

ENBNRAS system increased only slightly around 90 to around 

This that the 'conventional' system reacts much more strongly to 

the outflow of the main reactor 

u,.. .. ,au,)", its mass fraction is higher (0.5) that ofthe (0.2). 

response to 

Moodley et al. (1999) 

(0.30), which ,.."' ..... "' ....... 

(l994)(see 

the outflow of the main .................. " reactor was also observed 

a higher mass fraction 

to filament ;)" .. , .. "",.. bulking hypothesis of et al. 

A). 

terms la. .... 'LVC"., rrHIT'~"'!'!l removal, the and the system almost 

loenUcat results. 

produces an effluent 

system on overall 

nitrogenous material 

quality, witll an effluent 

ENBNRAS 

system 

concentration of nearly half that of the 

o mgN/I for 10 out of the 18 batches, while the 

a TN content 

this for 

any 

removed 

batch. system, exhibited predominantly 

3 mgP/I influent more P than the ENBNRAS ,,,,,,,,· .. rn 

did. P 1""""""1 process where UCT system 

of the ENBNRAS "''''''''TTl is effected by 

system to ... ",,.,+:r...,,,,, the same 

Puptake 

to 

approximately 75% 

The less """'[IU"'" than was 

""""r""rn produced a better sludge than UCT .,,,,,,,,,,rn and the ENBNRAS ''''''''",rn 
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did not produce a bulking high n,h'<1+£> concentrations flowed from anoxic 

as was observed UCT system. 

The investigations on laboratory ENENRAS systems by Hu et (1999), Moodley et al. 

(1999) and this investigation show that intensification by separating the process 

mtlntI,catlon from main BNRAS system and is possible in 

The systems implemented m three laboratory ENBNRAS system 

investigations nitrified between about 90% of the them, indicating that 

they do not nitrifY 100% of the them. In addition, it seems it is not 

possible to 100% of the ENBNRAS total 

system mc:aucm can occur externally, but nitrification (of the FSA not n.n'1TU'" 

EN ,,,,,,,,£>rn and the m sludge bypass) will occur in main reactor. 

laboratory ENBNRAS "HeT""""" removed >90% of the u ..... " ... ",.,a carbonaceous 

utilising on average about than an 'conventional' 

The ENBNRAS excellent TKN very good TN removals (TKN removals 

removals >80%), and it has been shown that the ENBNRAS are capable 

producing effluents with concentrations < 1 0 for influent wastewaters with 

TKN/COD ratios of up to between 0.13 and O. 

occumng the BNRAS systems is undoubtably anoxic/aerobic P uptake with 

the reactor effecting up to 60 - 70% of the total P uptake. The magnitude of the 

anoxic uptake is dependant on the nitrate load on mam reactor. the nitrate 

load is equal to or below the denitrification potential of the main anoxic % anoxic P 

will and % aerobic P will provided the aerobic mass fraction 

is sufficiently to the P uptake Conversely, the load on the 

main reactor is n"'::,,:l1',> .. the I"I""T,,1'nlnf",,1'.r,n potential of the main anoxic reactor, 

...... "' . .ruv P uptake will u,,,,, ,",,,.,,v. % P will As the P shifts 

from predominantly anoxic P uptake to increased aerobic P uptake, total P removal seems to 

It appears that a state terms of anoxic P uptake is not reached, as the P uptake 

from anoxic P uptake to aerobic P uptake and vice versa, as the nitrate load on the main 

«,.."'.""' ... reactor increases or decreases. It would therefore not advisable to implement aerobic 
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mass smaller than 0.20; even though it is theoretically to do so, it would 

be detrimental to the overall BEPR. P removal in the systems is about 1fa less 

than in a similar 'conventional' BNRAS with predominantly uptake BEPR. 

ENBNRAS 1;:.,,1;:.1'1""'1;:. produce sludges that settle well (from about 70 to 110 mUg) and it 

seems that they are not affected to the same extent as 'conventional' are 

filament bulking nitrate £""'1'.,...",.,1'1"" 

hypothesis 

It has further 

BNR for 

to an 

advantage in 

flowing from 

et at. (1994). 

demonstrated that the 

down to 

increased 

and P removals 

the sludge is reduced. 

The comparison laboratory scale 

scale BNRAS system 

material performance 

u."",''''''''' reactor, as 

systems and uncompromised 

Conversely the flow can be doubled 

BNR, does not 

Sludge 10 have an 

mass of organic load (Wentzel et at., 1990) as 

system of this with a laboratory 

configuration) 

was effectively The TN removal 

performance ENBNRAS system was to that system, in that the 

ENBNRAS produced effluents half the TN concentrations UCT system final 

effluent. The of the ENBNRAS further that the is capable of 

producing with TN concentrations mgNIl, while this is not case for the UCT 

system. the ENBNRAS to perform total in the main 

anoXIC was not possible system because limitation imposed 

by the a-recycle. 

The UCT system showed higher BEPR than ENBNRAS system. With predominantly aerobic 

Puptake occurring in the UCT system, it ... "" ..... ,.\1,T&>n on average 3 mgPll influent more P than 

P was removed system. 

The ENBNRAS ,",u,",r .. TTl produced a sludge a DSVI of between 90 and 100 mllg, while the 

DSVI of the system fluctuated ... .,T""""3n 80 and 200 mllg. This ttpT'pn('p becomes 

particularly apparent when very high nitrate concentrations flow from the anoxic reactor of the 
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UCT system. The UCT systems DSVI responded to the high nitrate concentrations flowing from 

the anoxic reactor with a sharp increase in DSVI from about 100 ml/g to about 200 mUg, while 

the ENBNRAS system sludge DSVI increased from around 90 ml/g to just over 100 ml/g at 

significant nitrate concentrations in the outflow of the main anoxic reactor. The UCT system is 

hence much more sensitive to AA filament bulking with significant nitrate concentrations in the 

outflow of the anoxic reactor than the ENBNRAS 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 et al. (1994). 

The investigations on the three laboratory scale ENBNRAS systems provide a comprehensive 

framework for the understanding of the ENBNRAS system operation and performance, and 

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 nitrifYing trickling filter to ascertain its 

perfonnance as a nitrifying trickling filter at full scale. Once it has been proven that existing full 

scale trickling filters can successfully be converted to nitrifYing trickling filters and their capacity 

detennined, the trickling filters can be integrated into a BNRAS 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 ana Detter settling sludge would make th.e 

ENBNRAS system an attractive and viable alternative as a full scale plant. The economic 

evaluation of Little et al. (2000) however 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' BNRAS system, the operating costs in the long run overshadow 

this saving. The operating costs of a sewage treatment works, whether ENB1'ffi.AS or 

'conventional' BNRAS system, account for the bulk of the net present value (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. While the total NPV (capital, operation and 

maintenance) for the ENBNRAS system option is 5 to 10% lower than that of a 'conventional' 

BNRAS 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 Nand P removal for the full wastewater flow without 
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In If the Department Affairs Forestry implement the 

proposed new effluent quality standards promulgated the National Water of 1998, the 

ENBNRAS will provide a and economical plant option. While the ENBNRAS 

does not provide a enough in monetary terms to it an attractive 

alternative, the new effluent quality standards may favour the ENBNRAS system. The ENBNRAS 

system is capable producing "' .... " ... "' ... ., with a quality that are within the new effluent quality 

standards, especially with regards to nitrogen. proposed new effluent standards rather 

than economics may well be the driving force that will see the ENBNRAS system implemented 

at full 
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TABLE - Explanation of abbreviations 
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fiGURE Ai - Daily unfiltered influent, unfiltered and filtered effluent COD concentrations for the 
ENBNRAS system. 
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fiGURE A2 - Daily unfiltered influent, unfiltered and filtered effluent TKN concentrations for the 
ENBNRAS <:;vc::1t.::>m 
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o~--~~--------------------------------------~----~ M ~ m m _ _ m ~ ~ ~ ~ ~ 
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A3 - Daily unfiltered influent, internal settler A, internal settler B and filtered effluent 
FSA concentrations for the ENBNRAS system. 

10 -t-----__t_ 

5-1----

o M ~ m m _ _ m ~ ~ ~ ~ ~ 

No • 

......... ,,"" A4 - Daily pre-anoxic, internal settler main anoxic, main aerobic and filtered 
effluent nitrite concentrations for the ENBNRAS «:V~"AITl 
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and Filtered Effluent Nitrate 
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FIGURE AS - Daily internal settler B, main anoxic, main aerobic and filtered 
effluent nitrate concentrations for the ENBNRAS system. 
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FIGURE A6 - Daily unfiltered influent, anaerobic, internal settler A and internal settler B 
phosphorus concentrations P for the ENBNRAS system. 
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Int. Set. B, Anoxic, Aerobic and Filt. 
Effluent Phosphorus 
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FIGURE At - Daily oxygen utilisation rate for the system. 
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FIGURE A10 - Daily DSVI for the ENBNRAS c:v~rj:>m 
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FIGURE A11 - Daily pH values in the anaerobic reactor of the ENBNRAS system. 
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FIGURE A12 - Daily pH values in the main aerobic reactor of the ENBNRAS system. 
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THE METHOD USED FOR CALCULATING THE MASS BALANCES 

General mass balances for each reactor and settling tank 

The following 0'''''11,'''1''<:1 

reactor or settling 

principle is used to calculate the change for a compound across a 

.6. Reactor or = [Mass the reactor or settler] - [Mass exiting the reactor or 

which is then expressed as: 

.6. [(Flow in) x (Previous reactor concentration)] - [(Flow out) x (Reactor concentration)] 

where the are "'VT\1"",~~",t1 with respectto system influent flow, for example, if the influent 

flow is 20 IIday is 40 lid the a-recycle is ex[)ressed as 

.6. for each reactor and settling tank for ENBNRAS .. ",,,, ... TTl is shown below, and for 

of illustration the ..,cu<,uu,", Configuration 1 3.1) are used: 

• Influent of 20 lid 

• a-Recycle =2 (with to flow, 40 lid) 

• s-Recycle 1 (with respect to influent flow, i.e. 20 lid) 

'" Sludge bypass = 0.12 (with to influent flow, 2.41/d) 

'" Nitrifier sludge return:::: 1 (with respect to influent flow, 20 lid) 

B 1 shows the configuration details 

following abbreviations are used: 

Configuration 1 of the ENBNRAS system. The 

. 
AN 

ExtNit 

Pre-Anoxic Reactor 

Anaerobic Reactor 

= Internal Settling Tank A 

Internal Settling Tank B 

= External Nitrification Reactor 
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1,,--.,.--..... £FftU(Nl 
IlJl 

FIGURE Bl - Configuration 1 for the ENBNRAS system showing all flows in terms of the 
influent flow. 

ANO 

AE 

SETF 

Infl. 

] 

III 

.. 

• 

.. 
.. 
.. 

• 

APreANO 

ASETA 

MNO 

AAE 

= Anoxic Reactor 

Main Aerobic """",u.",,v. 

= Final '-'''',''UjlJ;; Tank 

Influent 

= Effluent 

Concentration ofN I P in Reactor 

- 1 x [PreAno ] 

{ lx[PreAno] + } - 2x[AN] 

::: { 1.88x[SETA] + } - 2.88x[SETB] 

::: { 1.88x[SETB] + O.l2x[SETA] + 2x[AE] } 

=4x[ANO] -

1.9x[AE] - 1.9x[Effl.] 

(B.l) 

(B.2) 

(B.3) 

(B.4) 

4x[ANO] (B.5) 

(B.6) 

(B. 7) 
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Phosphorus mass balances for each reactor and settling 

The method for calculating mass across reactor and settling tank as outlined above 

(Equations B.l - B.7) was calculate P mass balances release or P uptake) for 

reactor and settling an example, ,"PW'~up batch average P concentrations 

batch 11 (from Table 3.4c) are to calculate sewage batch aVf:ra~~e P release Puptake 

• 

each reactor settling 

rlLJLPJUJL:.i HI - P concentrations 

,"",::W'''''''' Batch 

11 

~PreANO 

lnfl. 

mgPIl 

23.4 

(as listed Table 3.8): 

<;1Pu.'l'IUP batch 11, as taken from Table 3 

UE FE 

mgPIl mgP/1 

18.4 3 

1(17.3) - 1(15.3)::::: 2 mgP/1 influent (P uptake) 

.. ~AN ::::: {l(IS.3) + 1(23.4) } - 2(23.7) -8.7 mgP/I infl. (P 

.. = 2(23.7) - 2(28.0) ::::: mgP/I 

.. ::::: { 1.88(28.0) + 1(30.7) } - 2.88(30.7) influent 

.. ~ANO ::::: { 1.88(30.7) + 0.12(28.0) + 2(17.8) } - 4(21 ::::: 9.8 mgPII 

• == 4(21.7) - 4(17.8) = 1 mgP II influent 

.. ~SETF == 1.9(17.8) - 1.9(17.3) = 0.9 mgP/1 influent 

Nitrite and nitrate mass balances for each reactor and settler and total N mass balance 

The nitrite and nitrate mass balances for each reactor settler are calculated by same 

method as for the phosphorus mass balances for reactor settler above (Equations 1-

B.7). Continuing with ,"pw'l'Iupbatch 11 as an example, shows the 

values obtained for the nitrite mass balance across each reactor and settler, and shows 

the sewage batch average values obtained for nitrate mass balance across reactor 

settler. 
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B.4 

TABLE B2 - Nitrite mass balances across each reactor batch 11 with a 

positive HU ••• "' ........ p, denitrification and a ..,<>n,-..i"n,o indicating nitrification. 

Sewage Batch .1 .1 .1 .1 .1 .1 .1 

PreANO AN ExtNit&SETB ANO AE 

mgN/d mgN/d mgN/d mgN/d mgN/d mgN/d mgN/d 

11 78.2 -6.0 -725.5 321.0 1 47.0 

TABLE B3 - Nitrate mass balances across each reactor and settler for . batch 11 with a 

positive value indicating denitrification and a negative value indicating nitrification. 

Sewage Batch .1 .1 .1 .1 .1 .1 

PreANO AN ANO AE 

mgN/d mgN/d mgN/d mgN/d mgN/d mgN/d 

11 74.5 -165.4 207.2 

The total N mass balance is the influent with the N 

system as nitrogen gas (denitrification), N waste sludge, N in andN 

in the EN ,,,,,,'h,,,f'n 

Influent N in the influent] x 

iN ~ 
N exiting the system: , 

N02 

) 

/ 
positive values from Table 

NO) denitrified L positive values from B3 

Nwasted 

.1 

SETF 

mgN/d 

-13.0 

the 

B.B 

B.9 

B.lO 

B.ll 

N in the effluent = ([TKN effluent] x Qe) + ([N02 in effluent] x Qe) + ([N03 in effluent] x Qe) 

B.ll 

N 'loss' EN C'",,,ft:>'I'YI = {([FSA in xl.88Q;) + ([N02 in xl.88Qj) + ([N03 in 

xL88Qi)} - {([FSA SETB] .88Q;) + ([N02 in xl.88Q;) + ([N03 

SETB] x1.88Q;)} B.13 

Where Qi = Influent flow, Qw = Waste flow and Qe = Qi - Qw' 
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B.5 

By substituting the corresponding values into equation B.8 (for influent N) equations B.9 ~ ___ _ 

to N system) a value for N entering the system (in mgN/d) and a 

value for the (the sum of the of equations B.9 to B.l3, mgN/d) is 

calculated. total N mass balance is then expressed as: 

%N recovery ::::: {(N the system) / (N system)} x 100 

COD mass balance 

The COD mass balance is calculated using the same principle as for the total N mass balance. The 

COD entering the is reconciled with the COD leaving the the system effluent 

and the waste e- passed to nv"'",,,,, ... utilised in denitrification of NO) and N02 

the 

Influent ::::: [COD of unfiltered influent] x B.14 

COD system: 

COD in effluent 

COD wasted 

Carbonaceous O2 

util. for denit. 

COD 'loss' EN sys. 

[COD unfiltered effluent] x Qe B.15 

= [COD of mixed liquor] x Qw B.16 

(OUR x volume x 24) - (02 utilised for nitrification 

== OUR (in mgO/d) - x [N02 nitrified AE] x Qi) - (4.57 X [NO) 

nitrified in AE] x Qi) / MtJO",J B.17 

B2) + (2.86 x L positive values 

B.18 

sup<;rnatam X 1.88Qi) - ([COD ofSETB supernatant] 

B.19 

(1.71 x L positive values from 

B3) 

([COD 

x 1.88Qi) 

Qi Influent flow, Qw::::: Waste flow and Qe = Qi - Qw, and 

3 ::::: mass of utilised mg N02 nitrified. 

mass oxygen utilised mg nitrified. 

1.71 equivalent oxygen demand for N02 denitrification. 

2.86 = equivalent demand for N03 denitrification. 
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Equation 8.14 

15 to 19 

then as: 

8.6 

the influent COD (in mgCOD/d) and sum 

the total COD exiting the system (in mgCOD/d). The COD mass uu,,, .... ..,,,, is 

%COD .. po .... ,'"',,"' ...... , = {(COD exiting system) I (COD the system)} x 100 
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B.7 

II II II II & II LA Influent % 

TA SETB(+Nit) ANO AE Fin. SET minus Recovery 

Day No. Date Ud inn. mgPn inn. mgPn inn. mgPn inn mgPllinfl. mgPllinfl. mgPl1 infl. mgPIl inll. effluent 

1 22-Feb-99 0.083 -1.0 -52.4 26.4 -11.3 21.7 25.0 10.4 1B.7 1B.7 100 

2 23-Feb-99 0.083 2.4 -39.9 19.4 -19.3 49.1 -19.4 22.2 14.6 14.6 100 

3 24-Feb-99 0.083 1.0 9.0 -29.B -1B.O 17.3 30.5 -0.7 9.4 9.4 100 

4 2S-Feb-99 0.083 -1.7 18.0 -36.2 -15.3 44.5 -1B.O 30.5 19.B 19.B 100 

5 26-Feb-99 

6 27-Feb-S9 

7 2B-Feb-SS 

B 01-Mar-S9 0.083 -4.2 -42.7 26.4 -12.0 50.B -3B.9 36.B 16.3 16.3 100 

9 02-Mar-99 0.083 -1.0 -41.6 25.7 -5.3 44.9 -37.5 31.9 17.0 17.0 100 

10 03oMar-99 0.083 -12.4 -60.9 B.3 40.4 49.5 -58.1 44.3 '1.1 11.1 100 

11 04-Mar-99 

BA TCH 1 A vefllges: 0.083 ·2.4 -30.1 5.4 -5.S 39.7 -16.6 25.1 15.3 15.3 100 

12 0S-Mor-S9 

13 06-Mar-S9 

14 07-Mar-99 

15 OS-Mor-S9 

BA TCH Averages: Bed Batch 

16 OS-Mor-S9 

17 10-Mar-SS 

1e 11-Mar-SS 

19 12-Mor-9S 

20 13-Mor-9S 

21 14-M.r-9S 0.083 0.3 -15.9 18.7 2.7 25.7 -52.6 26.3 5.2 5.2 100 

22 15oM.r-9S 0.083 -2.4 -13.1 18.0 -2.7 31.0 -59.5 35.3 6.6 6.6 100 

23 16-M.r-99 

24 17-M.r-99 0.OB3 4.1 -9.7 13.1 -4.6 23.3 -47.0 15.2 -5.5 -5.5 100 

25 18-Mor-99 0.OB3 2.1 -57,4 63.6 -5.3 42.6 -83.0 36.7 -0.7 -0.7 100 

BATCH 3 Averages: 0.083 1.0 ·24.0 28.4- -2.5 3iJ.7 -60.5 28.4 1.4 1.4 100 

26 19-Mar-99 

27 20-Mar-99 

28 21-M.r-99 

29 22-Mar-99 0.083 3.3 -39.7 30.6 -2.8 48.4 ·81.1 30.6 7.3 7.3 100 

30 23oMar-99 0.083 0.4 -40.7 2B.4 0.7 32.S --42.2 2B.4 .7.6 7.6 100 

31 24--Mor·99 

32 2S-M.r·SS 0.083 -1.S -32.7 15.3 2.1 27.0 ·20,4 22.6 12.0 12.0 100 

33 26-Mar-9S 

34 27-Mar-99 

35 28-Mor-99 0.083 2.9 -40.7 ~1.1 ·1.4 34.1 -29.1 1B.2 5.1 5.1 100 

36 29-Mor-99 0.OB3 2.5 --44.7 ~4.0 4.2 22.7 ·16.0 14.6 7.3 7.3 100 

37 30-Mor-99 

38 31-M.r-99 

BATCH 4 A ""rages: 0.083 1.5 -39.7 23.9 0.6 32.6 -33.8 22.8 7.9 7.9 100 

39 01-Apr-99 

40 02-Apr-99 

41 03-Apr-99 

42 04-Apr·99 

43 05oApr-99 0.083 0.4 -22.4 -.11.9 -8.6 47.4 ·58.2 36.5 7.1 7.1 100 

44 06-Apr-99 

45 07-A~ 

46 08-Apr-99 

47 OS-Apr-99 0.083 1.1 -6.7 7.5 -10.0 36.9 ·52.2 23.9 0.4 0.4 100 

48 10-Apr-99 

49 11-Apr-99 0.083 0.4 -32.4 30.6 -2.1 38.7 -61.1 30.6 4.5 4.5 100 

50 12-Apr-99 0.083 1.1 -17.5 17.2 0.0 37.3 -65.6 30.6 3.0 3.0 100 

51 13oApr-99 0.083 0.7 -63.0 64 1 -1.4 34.2 -61.1 29.S 3.4 3.4 100 

52 14-Apr-99 

53 1S-Apr-99 0.OB3 -0.7 -20.5 23.1 -5.0 27.4 -40.3 23.1 7.1 7.1 100 

54 l6-Apr-99 0.083 5.8 -29.7 28.1 -11.1 35.0 --44.9 19.6 0.7 0.7 100 

BATCH 6 Averages: 0.083 1.3 -27.5 25.8 .5.5 36.7 -54.8 27.7 3.7 3.7 100 

55 l7-Apr-99 

56 l8-Apr.99 

57 19-Apr-99 0.083 1.8 -14.9 4.3 -6.3 41.8 --44.9 29.7 11.6 11.6 100 

56 20-Apr-99 

59 21-Apr-99 

60 22-Apr-99 0.083 2.9 -12.7 -2.2 ·8.3 18.5 13.0 0.0 11.2 11.2 100 

61 23-Apr-99 

62 24-Apr-99 

63 25-Apr-99 

64 26-Apr-99 

65 27-Apr-99 0.083 -2.9 -8.0 -2.9 -6.9 8.4 ~ 2.2 10.1 10.1 100 
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B.ll 

II II II II II l:lI Influent % 

ETA SETB(+Nit.) ANO AE Fin. SET minus Recovery 

Day No. Date Vd inll. mgPn inll. mgPn inll. mgpn inll. mgPn inll. mgPn inft. mgPn inll. mgpn inti. effluent 

263 1i-Noy-99 0.320 1.4 -4.6 -12.0 -5.3 14.5 12.7 2.1 B.8 B.B 100 

284 12-NoY-99 0.320 0.7 -8.5 -3.5 -4.8 11.8 9.9 2.8 8.5 8.5 100 

265 13-Noy-99 

268 14-Noy-99 0.320 2.1 -10.3 _-4.2 -7.7 11.3 8.5 -0.7 -1.1 -1.1 ..1QQ. 
287 15-Noy-99 0.320 1.1 -9.6 

__ 3.5 
-5.9 13.7 14.1 2.1 12.0 12.0 ..1QQ. 

268 1S-Noy-99 

269 17-Nov-99 0.320 3.1 -10.1 _-6.3 -5.8 ~ ....Q ~ ~ ~ ..1QQ. 
270 18-Nov-S9 0.320 3.5 -7.3 ~ ~ ....1(),! .1Jl.. ...:Ql. ~ 2.4 100 

271 19-Nov-99 0.320 1.4 -3.1 -~ ~ ...112 ~ ~ ~ 8.0 100 

BATCH 19 Averages: 0.320 1.9 -7.6 
__ 5.9 

..-!!... ~ ...!!. ...!:!. ...!! ~ ~ 
272 20-Nov-99 

273 21-Nov-99 0.320 -0.7 -12.5 -4.2 -2.3 19.0 12.5 .Q2 ..R.S. 12.5 100 

274 22-Nov-99 0.320 0.3 -15.0 -4.2 -2.3 18.3 8.4 2.B 8.4 8.4 100 

275 23-Nov-99 0.320 -3.8 -10.0 -4.1 -2.9 19.4 11.0 4.1 13.8 13.8 J.QQ. 
276 24-Nov-99 0.320 -1.0 -18.6 -2.1 -2.3 16.1 15.1 0.7 7.9 7.9 100 

277 25-Nov-99 0.320 -1.0 -15.5 -4.8 -2.9 17.3 15.1 1.4 9.6 9.6 100 

278 26-Nov·99 

279 27-Nov-99 

280 28-Nov-99 0.320 -2.1 -7.6 -2.8 -5.B 12.0 12.4 3.4 ..!leI'. ..!leI'. J.QQ. 
281 29-Nov-99 

282 30-Nov-99 0.320 -1.5 -14.0 -5.1 -4.3 15.3 19.1 ~ ~ ..!leI'. J.QQ. 
283 01-0e0-99 0.320 -1.1 -10.7 -5.1 -5.6 18.1 16.2 ...Cl1. ~ ..R.S. J.QQ. 
284 02-0eo-99 0.320 -0.7 -10.3 -3.7 -6.2 16.5 13.2 0.7 9.6 9.6 J.QQ. 

SA TCH 20 Averages: 0.320 -1.3 -12.7 -4.0 -3.8 16,9 13.7 1.6 10.4 10.4 100 

285 03-0a0-99 

286 04-000-99 

287 05-0ec-99 0.320 -1.8 -11.4 -2.9 -5.6 15.8 16.2 2.9 13.2 13.2 100 

288 Q6.00e-99 0.320 -0.7 -13.2 -2.9 -5.6 17.3 14.7 0.7 10.3 10.3 100 

289 07-000-99 0.320 -1.7 -10.8 -3.5 -4.7 12.4 16.7 0.7 9.1 9.1 100 

290 08-0e0-99 0.320 -1.7 -12.2 -3.5 -4.1 13.9 13.3 ~ ~ .!:i 100 

291 09-0ee-99 0.320 -1.4 -12.8 -0.7 -4.7 11.7 16.7 ~ ~ ~ ...!QQ. 
292 10-0ee-99 

293 11-De0-99 

294 12-000-99 0.320 0.0 -14.0 -2.8 -4.7 11.7 19.5 ~ .IJ.. ..J..2 ..1QQ. 
295 13-0ee-99 0.320 -0.7 -11.0 -3.4 ~ ~ ~ ....Q,Q, ~ ~ ..1QQ. 
296 14-De0-99 

BATCH 'AveraQes: 0.320 -1.2 -12.2 ·2.8 ..-§.! ~ ...JJ..1. -..o-! ....!! ....!! ~ 
297 15-0a0-99 

298 16-0ee-99 

299 17-0ec-99 0.320 -4.8 -7.5 -6.2 ~ ~ 11.7 .J!1. ~ ~ 100 

SOO 18-0eo.99 

301 19-0e0-99 0.320 1.7 -12.7 ...:4J.. ~ ~ ~ ~ ~ Q ...!.Q2. 
302 20-000-99 0.320 0.7 -11.7 -6.2 -1.7 15.5 ....1..Q,! ~ Q ~ ...!.Q2. 
303 21-0ee-99 0.320 1.0 -16.1 -2.1 -5.8 19.5 8.2 2.1 Jlo.!l. ~ ...!.Q2. 
304 22·0e0-99 0.320 2.B -14.5 -6.2 -4.6 21.9 9.0 1.4 9.7 9.7 100 

305 23-000-99 0.320 1.7 -17.0 -S.5 ~ .l.12 ~ .1&. ~ ~ ~ 
S06 24-000-99 

307 25-0eo.99 

30e 26-000.99 0.320 2.1 -11.4 ·5.5 ~ J.L.1. J..1.J.. ...Cl1. ~ J1d. ....!.QQ. 
309 27-000-99 0.320 2.1 -18.3 -4.2 -5.2 19.1 10.4 .1&. ~ ~ 100 

310 28-0e0-99 0.320 1.4 -13.1 -3.5 -7.0 17.4 11.8 .1&. J1l. ...!Z.. 100 

311 29-0e0-99 0.320 1.4 -13.5 -2.8 -5.8 15.5 13.1 2.1 10.0 10.0 100 

SA TCH 22 A "",ages: 0.320 1.0 -13.4 -4.4 -5.1 18.3 10.3 2.6 9.3 9.3 100 

312 30-000-99 

313 31-00e-99 

314 01-Jan-CO 

315 02-Jan-CO 0.320 0.6 -2.2 -3.2 -3.7 8.1 63 25 11,5 85 100 

316 03-Jan-00 0.320 0.6 2.2 -3.2 -6.9 8.2 ?5 2.5 II,!) 60 1()O 

317 04-Jan-CO 0.320 1.3 -12.0 -4.4 -4.8 17.4 7.0 13 57 57 1()O 

318 05-Jan-CO 0.320 0.9 -15.8 -3.2 -1-1 15!! III 13 54 ~ ...!.Q2. 
319 Q6.Jan-{lO 0.320 1.6 -13.6 -3.8 -1.!; 168 44 Q6 44 ~ .J.OO.. 
320 07-Jan-00 0.320 1.6 -16.8 -0.6 -1,1 162 63 0,0 5·7 Ji2. ...!OO. 
321 08-Jan-OO 

322 09-Jan-00 

323 10-Jan-OO 0.320 0.9 -13.7 -3.0 -2.6 16.6 7.9 ~ 61 6.1 100 

324 11-Jan-00 0.320 2.1 -14.0 -2.4 -1.0 15.0 6.7 ...:0 6 58 ~ 100 

325 12-Jan-00 0.320 3.0 -9.7 0.0 -6.1 11.8 7.3 ~ 4,9 ~ 100 

326 13-Jan-OO 0.320 1.8 -4.3 -3.0 -5.1 11.2 6.1 -1.2 55 .JiJi.. 100 

327 14-Jan-OO 0.320 1.8 -11.3 -2.4 -5.1 17.9 12.2 -0.6 125 ..R.S. 100 

BATCH 23 Ave",ae", 0.320 1.6 ·10.1 -2.7 -3.6 14.1 6.8 0.4 ~ ~ 100 
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B.13 

~mgp:inft 
t. t. t. t. t. a It. Influent % 

N SETA SET8(+Nil.) ANO AE Fin. SET minus Recovery 

mgPllinfi. mgPA inn. mgPA inti. mgPA intI. mgPl1 inn. mgPllinfi. effluent 

394 21-Mar-00 0.310 1.9 -17.0 -4.5 -5.9 23.9 9.0 0.6 B.O S.O 100 

395 22-Mar-00 0.310 1.0 -17.9 ,3.8 -7.0 24.9 8.3 3.8 9.3 9.3 100 

396 23oM.r·OO 

397 24-Mar-OO 

BA TCH ; ~8 A ve'SlIes: 0.310 1.4 -19.9 -4-! ~ ~ ~ ~ ~ ~ ~ 
398 25oMar-00 

399 26-Mar·00 0.310 0.0 -lB.9 -2.6 -5.9 24.5 11.5 ~ ~ ~ .J.QQ. 
400 27-Mar-00 0.310 0.3 -21.3 -5.7 -5.4 27.7 14.6 1.3 11.5 11.5 100 

401 28-M.r-00 0.310 -0.3 -26.7 -3.2 -3.2 28.7 13.4 3.2 11.B 11.8 100 

402 29oM.r-00 0.310 O.S -25.1 -3.B -5.4 31.5 14.0 -1.3 10.5 10.5 100 

403 30-M.r-OO 0.310 0.0 -27.1 ,1.9 -3.8 29.2 14.6 ~ ~ ~ ~ 
404 31-M.r·OO 

405 01-Apr-00 

406 02-APr-00 0.310 0.3 -8.7 -1.9 -7.0 20.4 8.3 -0.6 12.7 12.7 100 

407 03-Apr-OO 0.310 -1.6 -17.8 -5.7 -5.9 25.6 17.2 1.3 13.0 13.0 100 

BATCH 29 Averages: 0.310 -0.1 -20.5 -3.5 -5.2 26.8 13.4 0.6 11.4 11.4 100 

408 04-Apr-OO 

409 05oApr-00 

410 06-Apr-OO 0.310 -1.0 -22.9 -2.5 -5.4 27.0 17.2 2.5 ~ ~ .J.QQ. 
411 07-Apr-00 

412 08-Apr-00 

413 OS-Apr-OO 0.310 0.0 -14.3 -3.S -8.4 19.1 14.0 2.5 11.1 11.1 100 

414 l()'Apr-OO 0.310 1.0 -22.6 -4.4 -8.4 24.9 15.9 1.3 9.5 9.5 100 

415 l1-Apr-00 0.270 2.3 -21.5 -2.6 -7.3 26.2 16.3 0.7 14.0 14.0 .J.QQ. 

416 12-Apr-OO 0.270 1.6 -22.5 -2.6 -8.S 26.3 16.3 2.0 14.3 ~ .J.QQ. 

417 13-Apr-OO 0.270 1.6 -19.6 -4.6 -5.1 24.6 17.0 3.9 17.9 ~ .J.QQ. 

418 14-Apr-00 

419 15oApr·OO 

420 lS-Apr-OO 0.270 1.3 -14.7 -3.3 -5.1 20.1 13.0 2.0 13.4 ~ ~ 
421 17-Apr-OO 

BATCH 30 Averages: 0.287 1.0 -19.7 -3.4 -6.1 24.0 15.7 2.1 13.6 13.6 100 

422 16-Apr-00 

423 19-Apr-OO 

424 20-Apr-OO 

425 21-Apr-OO 

426 22-Apr-00 

427 23-Apr-00 

428 24-Apr-00 0.314 1.6 -15.5 -3.2 -2.7 21.5 19.4 -e.5 14.6 14.6 100 

429 25-Apr-OO 0.314 -5.5 -20.1 -2.6 -3.3 25.3 14.9 8.4 17.1 ~ .J.QQ. 

430 28-Apr-00 0.314 -4.9 -12.3 -7.1 -8.5 24.0 22.0 ~ ~ ~ .J.QQ. 

431 27-Apr-00 0.314 -e.5 -11.6 -S.B -S.2 21.S ~ ~ ~ ~ ~ 
432 28-Apr-00 0.314 -8.5 -19.1 -5.2 -5.5 24.2 ~ ~ J!U J!3ol .J.QQ. 

433 29-Apr-00 

434 30-Apr-OO 0.314 -3.9 -12.6 -3.2 -6.0 18.3 ~ ~ JL1 JL1 ...!QQ.. 

435 01-May-00 0.314 -3.1 -23.0 -2.8 -3.3 22.9 20.2 ~ ~ ~ .J.QQ. 

436 02-M.y-00 0.314 -3.1 -23.2 ~ ~ ~ ~ ~ ~ ~ ...!QQ.. 
437 03oMay·00 0.314 -2.8 -21.S ~ ~ ~ ~ .J.J.. ~ ~ 100 

43B 04-May-OO 0.314 -1.7 -20.2 -5.0 -3.8 20.8 21.3 .J.J.. 12.3 12.3 100 

BA TCH II ver.aes: 0.314 -3.6 -17.9 -4.2 -4.6 22.1 21.3 2.5 15.5 15.5 100 

439 05oMav-00 

440 06-Mav-OO 

441 07-Mav·00 

442 08-May-OO 0.314 -2.5 -33.9 :3.9 ~ ~ ~ ~ ~ ~ .J.QQ. 

443 OS-May-CO 0.368 3.4 -25.1 ~ ~ ~ 18.4 ~ ~ ~ 100 

444 10-May-00 0.368 -7.7 -16.9 -2.5 -8.5 26.1 22.1 0.6 15.3 15.3 100 

445 l1-May-00 0.368 -1.2 -27.9 -3.7 -4.5 25.9 22.1 4.3 15.0 15.0 100 

446 12-May-00 0.368 -0.9 -23.9 -3.1 -8.0 26.2 22.1 0.6 15.0 15.0 100 

447 13-May-00 

448 14-May-OO 0.368 -2.1 -28.5 -3.7 -5.5 23.3 23.3 3.1 9.8 9.8 100 

449 15-May-OO 0.368 4.3 -27.3 -4.9 -3.0 23.2 18.4 -0.6 10.1 10.1 100 

450 lS-Mav-OO 0.368 

451 17-May·OO 0.368 3.1 -19.1 -3.1 -3.1 20.0 15.1 -1.3 ~ ~ .J.QQ. 

452 18-May-OO 0.368 1.3 -16.9 -5.0 -4.6 18.4 14.4 3.8 ~ ~ ...!QQ.. 

453 19-May-00 0.368 

454 20-May-OO 0.366 

455 21-May·00 0.38S -0.3 -17.3 0.0 ~ 20.7 14.4 ~ ~ .J2.2.. 100 

456 22-May-00 

BATCH 32 A""rag.": 0.364 -0.3 -23.7 -3.5 -4.4 23.7 19.5 .J.J.. ~ ~ 100 

457 I 23-May-OO 

456 I 24-May-OO 
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B.18 

NITRITE NITRATE 

_o.y No. 0". lid inti moN/d moNl' moN/. moN/. moN/. maN/. moN/. maNI, moNI. maNld maNI. moN/. -"'JlNld moNld 

2'3 22-Oct-99 0.320 -11.6 26.6 ~ -0.7 -129.6 66.6 27.3 66.3 53.3 1.0 -557.9 378.9 -112.9 643 

2" 23-Oct-99 

2'5 2'-Oct-9" 0.320 ·13.3 28.4 0.9 -0 .• -159.6 1063 200 82. 32.5 -1. ·668.8 436 .• .106.3 6.7 

BATCH' 'A.,.,._: 0.320 -1.1 '._2 -0.2 .{J.T -..... 10.3 12.1 6906 '3.' -0.3 -476.' 3".' .a9.1 24.3 

2'6 25.0"-99 

2.7 26-0"-9. 
248 27-Oct-99 

240 211-0ct-S9 0.320 1.1 0.' .{J.7 -2.6 .{JS 0.0 0.0 6.9 6.0 ·S.' -S19.3 560.2 -56 3 ·78 

250 29-Oct .. 9 0.320 --"-'- 0.1 .{J5 -0.6 -59.9 57.6 0.0 46. -1.1 .{J.7 -450.9 436.1 -17. -57.3 

251 30-0ct-99 

252 31-0ct-99 0.320 2.6 -1.1 0.1 -3.9 -33.9 -4.1 35. 4 •. 6 -2.7 -3.5 -3060 341.8 -87 .• -35.4 

253 01-Nav·99 0320 U .{J.5 .{J.6 ·3.8 ",8.4 37.3 5.9 28.5 -1.6 -2.0 -388.7 "2.3 -145.0 33.9 

~ 02-Nov-00 0.320 0.9 -0 .• -0.2 -2.2 -5.6 6.2 -16.7 12. -e.2 -0.2 -444. 481.0 ·74.0 16.7 

255 03-Nov-.9 0.320 '.3 0.3 -'.7 -13.' 0.9 2.1 -1.0 '8.8 -1.1 -5.1 ",,6.4 4".8 -57.9 -14.2 

256 04-Nov·99 0.320 0.1 0.5 -1.0 -11.0 -22.6 26.9 5.9 '.7 ",.3 1.0 -540.2 548.0 -34.9 16.7 

257 0S-Nov-99 

~ 06-Nov-99 

259 07-Nov-99 0.320 1.0 0.0 -2 ... -54.7 37.3 197 7.9 -0 .. -388.0 "8.7 -'31.2 31.5 

BATCH., A.,.,._: •• 32D 2.' "".2 -D.' -'.2 -27.D 20.' s.> 21.' -1.4 -2.1 -432.' "'., -S'" -'.1 

260 DB-Nov-e. 

261 09-Nov-.O 

262 100Nov-O. 

263 I1-Nov-99 0.320 21 15.2 0.8 -1a.1 -71.7 41.5 9 .• 95.5 17.6 -3.' -637.8 353.4 15.4 40.3 

264 12·Nov·90 0.320 I.. 24.8 ·2.2 -24 .• ·79.5 45.7 2.0 100.2 38.5 -5.5 -636.7 384.2 ·5.0 -11. 

265 "'-Nov-99 

266 "-Nov-.' 0.320 3. 12.3 0.3 -0.8 -50.0 12.5 3.9 69.8 68.3 -3.2 -712.8 '07.8 -32.8 57 .• 

267 IS-Nov-" 0.320 -5.2 la.2 09 -144 -1.7 -41.5 31.8 87.7 42.0 -<l07.5 346.5 37.5 -2.6 

268 lS-Nov-99 

269 "·Nov-09 0.320 7.2 5.6 0.2 -2.9 -26.2 0.0 2.0 125.9 65.6 -1.2 -e52.2 4720 -1187 -839 

270 1 &-Nov· .. 0.320 3.1 8.0 0.1 -2.0 -35.8 •. 5 8.1 709 861 -0 .• -e'0.0 309.7 22. 2S.3 

271 19-New-99 0.320 3.7 4.5 0.0 ·2 .• -21 .• '.3 3.0 le7 .• 666 0.8 -761.4 '39.2 -23.e -4a.7 

BATCH • Ay""", .. : '.320 2.' 11.1 D.D -u .." .. ' .. ' 8.6 "'., 61.9 -1.8 ·.a9.8 381.8 ., ... -3.0 

272 ><>-Nov-•• 

273 21-Nov-e. 0.320 3.2 -0.2 -1.8 d .• O. -<le 1.0 36.1 -3.2 -0.9 -<l28.9 6806 -85. -31 9 

274 22-Nov-99 0.320 2.7 -0.1 -0.0 -0.5 ·38.5 29.9 4.1 150 -1.1 -0.7 ·563.7 580.1 -45.2 ·0.' 

275 23-Hov-99 0.320 1.0 -0.7 0.0 -0.9 -20.8 18.0 1.9 4.0 ·2.3 -1.7 -41 •. 7 410.2 -1.9 I .• 

276 24-"ov-99 0.320 0.4 -0.2 I.' -0.2 1.8 1.5 0.3 2.6 -2.0 -1.9 -479.0 483.2 -2.0 -4.0 

277 25-N",,-99 0.320 0.3 -02 -1.9 -0.5 -1.0 A.' 2.1 1.7 -1.1 -2.' ";05.5 817.0 -17.8 5.3 

27S 28-Nov-99 

~ 27-Nov·9. 

280 2I1-Nov-.9 0.320 1.1 -lJ.6 -lJ.l -0.8 -5.2 -2.8 6.5 4.1 -2.' -I.' -51S.9 527.1 -21.5 1.9 

281 29-No.-99 

282 3<>-Nov-S9 0.320 :.2 -0.: :.5 1.6 9.0 -12. 3.5 4.1 :.6 -4.5 -357.3 375.5 -25.8 4.4 

2.3 01-000-99 0.320 1.3 -0.5 -1.3 -0.0 7.1 -11.7 3.3 5.2 -2.2 -1.7 -423.9 '39.' -23.3 I.S 

284 02-000-99 0.320 0.8 -0.3 -1.0 -2.3 9.2 -12.3 '.5 5.2 -2.0 -1.2 -4190 434.9 -269 3.4 

BATCH. 110..,..,..: 0.320 I.' "".4 ...• -0.7 -4.' 0.2 '.0 8.' ·2 .• ·'.S -490.- 606.2 ·21.S .1.3 

285 03-Dee-•• 

200 04-0..,.99 

287 05-00<:-99 0.320 1.0 -0.2 -0.6 -0.8 5.2 -9.9 39 4.2 -1.9 -1.7 -477.9 4916 -23.3 4.4 

288 06-00<:-99 0.320 1.6 -0.3 1.0 -1.' -8.7 -0.9 8.2 4.2 -2. -07 -402. 41' -29.' 11.0 

289 07-Ooc-99 0.320 2.0 -0.3 -1.2 -1.9 5.5 -5.8 -0.7 9.1 -1.7 -3.2 -377.3 3".1 -36.2 -0.0 

290 0S-Dee-99 0.320 0.' 0.0 -1.0 -0.6 0.9 -2.7 2.2 10.2 -1.5 -2.' -425.5 '29.2 -30.' 9.8 

291 011-0 .. -99 0.320 0.6 -1).3 1.2 -02 0.4 -3.3 2.9 9.0 -2.7 ·1.7 -49<0 495.3 -27.3 11.2 

292 IO-Doe-99 

2.3 11-0 ... 99 

294 12-Doe-99 0.320 0.8 -0.7 0.2 ".5 4.1 -2.3 1.2 7.1 ·1.8 ·1.7 ",26.6 428.5 -18.2 4.2 

295 13-o..e-99 0.320 0.5 -0.3 -0.3 -15.' 14.7 -0.5 0.0 11.2 -1.6 -4.2 -393 .• 395.3 -31.0 11.6 

zge 14-0 ..... 

BATCH. '10....-.-: U20 1.0 -0.3 -0.' • :/.5 .. ·'.a M 1 .• ., .. -,., -4,8.2 " •. 0 ., ... 7.4 

297 15-0..:-99 

298 lI1-Doe-9S 

299 17-Dee-99 0.320 0.8 0.1 -0.3 -10.1 -22.2 25.6 4.6 22.8 -2.7 -8.2 -5885 584.5 -48.0 13.8 

300 111-0 .. -99 

301 19-0 .. -99 0.320 ".5 2.3 21 -3.0 -155.: 45.3 1.2 62.' -2 -1). -663.7 582.9 -e3.7 ' •. 7 

302 20-0 ... 99 0.320 33.1 230 1.2 -151. 51.7 4.2 75 .• 2 .• -2.0 -712.2 634.6 -59.9 -20.7 

303 21-Dec-BS 0.320 28.8 0.2 -1).2 -2.7 -107.1 65.0 -13.2 62.9 -1.8 .{J.6 -747.5 697.8 -79.3 3.5 

30< 22-000-" 0.320 15.5 0.' -0.8 -0.4 -113.7 "'.1 16 .• ".9 0.9 -4.0 -540.1 412.3 -.7.1 32.2 

305 23-0"",,99 0.320 13.5 2.1 0.5 -2.9 -101.3 87.3 3 .• 83.0 -1.0 -3.0 -s&!.2 4S9.6 -105.6 16.3 

306 24-Dee-99 

307 2!>-O ... 99 

308 26-000-99 0.320 -1.0 ".5 0.9 -1.3 -109.1 80.3 0.5 77.7 15.6 -9.0 -593.0 477.2 -<l9.3 3.1 

309 27-Deo-99 0.320 2.3 1.2 -1.3 -3.8 -93.9 18.1 12.3 69.0 -19 -2.0 ~35.a 552.3 -<l9.3 15.9 

310 28-000-9. 0.320 1.0 -0.3 0.4 .2.7 -74.9 62.5 \.3 55.7 ·2.6 ";01.1 542.2 -Sa. 1 7.5 

311 29-Ooc-99 0.320 1.3 0.0 -3.6 -71.6 63 .• 8.7 44 .• -0.7 -3.3 ";06.5 525.5 -43.8 38.3 

IIATCHZ2A_: 0.320 14.0 U 0.2 -3.1 -.00.1 66.' ... .... 0.' -3.' -625.1 SlSU -60,2 12 •• 

312 30-Dee-99 

313 31-Dec-99 

314 01.,J.n-OO 

315 02.,Jon-OO 0.320 22.8 0.5 ~2 -35.3 -20.2 1 •. 2 98.' 218.9 -0.3 -'026.0 51ea -99.3 -33.0 

316 03-Jon-OO 0.320 3.2 17.9 0.4 1.7 -243 ·25.8 ' .. ' 93. 2'8.2 -1122.7 681.5 -.448 ·20.8 

311 O4-Jon-OO 0.320 4.3 e.e 0.0 -<l.3 -22.5 5.3 0.0 225.9 18. ~.2 -813.4 724.9 -.53.6 -231.2 

318 O5-Jon-OO 0.320 0.5 3.2 -1.3 -1.8 ",5.0 24.5 14.2 93 .• 4.3 -2.3 -&73.5 814.' -137.3 19.5 

31. O6-Jon-OO 0.320 -3.2 8.4 -0.2 ",.2 -55.2 319 1 •. 2 77.3 11.5 -l.a ·797.1 70U -12o.s 32.2 

320 07.,Jan-Oa 0.320 -3.7 11.0 0.8 ~.8 -24.7 4.3 10.- 40.2 76.0 -2.0 -828.3 620.2 -'09.3 78.2 

321 06-,Jan-OQ 

322 09-Jon-OO 
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EN Sludge NITRITE NITRATE 

Bypass OP,oANO M'" i 0 SETA o SETB'N~ OANO 'AE 'Fin. SET o P,oANO OAN o SETA i 6 SETB'NII OANO OAE Hin SET 

Day No. O.t. Ud I,n. moN/d m,N/d moNid moNid moNid m,N/d moN/d moN/. moNl' ._mgNl' mgN" mgNlO mgN/d mgNld 

323 lO-Jo,.(lO 0.320 2. 0.' -1.5 -20.0 -21.1 2 •. 1 7.2 • 5. ... -2.5 -503.0 485.9 -<>3.6 -135 

32' l1-Jo,.(lO 0.320 0.5 '.1 -1.1 -16.2 "'2.0 34.6 13.3 53.9 '.1 1.1 -557.3 50, a -81.2 1 •. 

325 '2-Jo'.(l0 0320 -4.9 14.5 .(l.9 -3.3 -81. 2' .• 1 •. 5 31.5 33. -D.2 ~D3.2 • 3 •. 9 -29 . 575 

326 '3.Ja,.(lD 0.320 -9.7 23.7 0.9 -76.' 17.3 30 .• 50.1 70.1 -2.6 ~53.1 42 •. 0 -28.' 7.2 

327 14-Jan-OO 0.320 3 .• 0.4 .(l.B -3.4 -83.9 70.2 7.2 .0.7 3.8 -2.0 -<>.4.8 646.1 -7 •. 1 "'9.4 

BATCH • Avo,. ... ' 0.320 -<1.7 '0. -0.3 -7.0 -44.' 17.' 13.1 '0.0 .... -1.' _"9.3 ...... -95.0 -12.7 

32. 15.J.,-<lO 

329 16.Jan-OO 0.320 0 .• 00 .(l.a -51.9 '0.' 7.2 '3 3.3 -2.6 ... 215 3406 -49.2 34.6 

330 17-J.n-OO 0.320 -3.0 5, O. 1.3 -3 •. 0 25 .• 72 54.1 14.0 -2.7 -440.7 3406 -55.5 18.9 

331 '.-Jon-OO 0.320 -110 l7.9 0.2 .(l.7 ~8.6 19.9 32.2 8.3 85.3 -2.0 -753.2 '90 .• ..... 6 116.0 

332 lB-Jon.(lO 0.320 5.9 .(l.6 -1.2 0.2 -388 23.2 4.8 540 1.2 .... 5 -752.2 731.7 -1363 45.5 

333 20-JoO-OO 0.320 -5.1 12 .• 0 .• -<l.0 -89.' 51.2 17 .• <0.3 32 .• .(l .• -549.7 3.79 -<>4.' 63.5 

334 21-Jo'-OO 0.320 -8.5 20.3 i.3 .(l.e -76.7 39.3 6.7 :Ie 2 764 .(l.' -eSl.0 516.0 -105.3 58.1 

335 22-Jon.(lO 

336 23.Jan.(l0 

337 24-Jo'-OO 0.320 18.8 15.5 1.0 -112.5 75. -2 •• 160.1 81.1 -2., -590.' 282.7 -312 -138.8 

338 25-JoO-OO 0.320 -4 .• 13.' 1.7 1.3 -11 79' B.2 98.3 ,o.2 .(l3 -737.7 441.' -145 26.9 

339 26-J .. -oo 0.320 -3 .• 13.0 -<l.6 1 .• -96.2 78.3 -3.1 96.3 55 .• 1.3 -.399 51'.2 58.8 54.7 

340 27-Jon-OO 

341 26-J .. -oo 
BATCH 24Avarog .. , •. 320 -1. 11.0 0.' 0.1 -75.' ".f 5.7 .... ".f -f.' -.51.' 4511.7 .. 9.9 31.0 

342 29-Jon.(l0 

343 3O.Ja,-00 

344 31-Jan.(lO 0.320 0.5 0.' -<l.' 0 .• -3.0 -7.0 6.6 35.9 -1.7 1.0 -438 .• '39.S -527 

345 O'-F.o.oo 0.320 0 .• .(l.7 O.S 0 .• -2.0 0.0 26.8 -2.6 0.2 -597.S 597.3 -55.' 4.2 

346 02-fo~0 

347 03-F"-OO 0.320 05 .(l. .... 5 4.5 -1.3 .(l.5 0.0 14.' -2.0 -3.2 ~5S.8 861. -20.5 -5.8 

341 O4-Fol>-OO 0.320 0.6 O. -0.2 0.8 i.O 1.2 0.0 e.o -I .• -2.7 -220.8 220.3 -2.3 -10.7 

349 05-Foo.oo 

350 OO-l'ol>-OO 0.320 0.6 0.3 -0.2 0.6 -2.2 0.0 -0.5 I.. 12 -2.7 -230. 230.0 -32.0 12.0 

351 07-Fob.()0 0.320 0.6 .(l.1 0.0 0.8 -22 0.0 0.0 16.5 -1.1 -2.2 -2.5.2 244 4 -30.3 6.8 

352 06-Fol>-OO 0.320 1.0 .(l.5 0.2 O.S -1.0 -1.2 .(l.5 12.0 -1.3 -2.1 -28'.5 279.0 -'0.1 -5.2 

353 09-Fol>-00 0.320 0.6 -0.2 0.0 06 -1.0 -1.2 0.0 .3 10 -2 .• -339., 33'.3 -15.3 8.8 

354 1O-F0b.()0 0.320 1.1 -0.3 -0.2 0.8 -1.0 -1.2 -0.5 8.8 -1.0 -2.0 -351.6 342' -14.4 8.8 

355 I1-Fob-OO 

BATCH, 'A .. ",_, 0.320 O.T -0.1 -0.' 1.1 -u -1.5 0.6 1U -1.5 -2.0 -373.0 372.0 -2'" -0.2 

356 12-Foo.oo 

357 13-Fel>-OO 

358 14-F.~0 0.320 1.1 .(l.1 -0.2 0.8 -I .• -1.1 -0.5 38.3 0.1 -2.2 "'78.8 417.8 ~3.6 -11.0 

359 '5-Fol>-OO 0.320 0.6 0.2 -0.5 -1.0 -18.8 17.2 0.5 33 .• -0.8 -3.8 ~92.3 600.2 -96.2 30.2 

300 18-Fo1>-00 0.320 0.9 0.0 .(l.5 -e .• .. 0.0 0.5 41.' -2.8 -2 .• -607.1 612.2 -73.9 -9.2 

3., 11-'00-00 0.320 1.1 -<1.1 -0 .• .(l.7 -1.3 0.0 0.0 33.3 -1.5 -5.3 -802.3 807.9 -e6.8 0.0 

362 lB-Feb-l)O 

383 19-1'.1>-00 

384 20-Fol>-OO 0.320 0.6 0.0 -1.5 -1.2 0.9 ....-M. 0.5 33.3 .(l.5 ".0 -726.3 732.0 -87.5 , ... 
365 21-Fob-OO 0.320 1.7 -1 .• 1.1 -2.7 2.9 -<l.' -3.4 12.9 -2.9 -0.1 "'26.4 42 •. 0 -3'.3 8.2 

386 22-Fo.-00 0.320 0.8 -1.5 -1.7 -23.8 25.8 -1.0 0.0 15.8 -0.9 -1.9 -551.0 553.2 -30.' -1.2 

387 23-'01>-00 0.320 ....-M. 1.3 -1.5 -4.5 5' -3.3 .. 9 ... .(l.B -2.0 -547.6 5SO. -26.8 1.7 

388 24-Fob-OO 0.320 4.2 ..... 3.9 .(l .• -5.5 ..• -ll.' 10.9 -1.1 .(l.7 -558 .• 558.1 -29.3 7 .• 

BATCH, : A..,. ... , •. 320 1 . -0.7 -0. ".7 1.0 1.7 -0.' 25.T -1.2 -2.5 ...... ""1.2 -88.5 4.4 

36. 25-1'00-00 

370 26-Fob.()O 

371 27-'00-00 0.320 0.9 -2.8 18 -22.9 22 .• -1.7 0.1 13.0 -2.2 1.5 -267.' 286.4 -2'.2 -24 

372 28-'0b-OO 0.320 1.6 .(l.' .(l.5 -11.1 1.3 Q.3 -2. 13.2 -05 -2. ~".1 6" .• -20.9 -3' 

...m. 21l-Fob.()O 0.320 2.' -2.9 I.e -e.7 -16.5 21.0 0.2 '0.3 -'.3 -<>.1 -548.' 551.1 -25.0 e.2 

". 01-M.,-OO 0.320 1.2 .(l .• -0.2 .... 0 -10.9 12.7 0.2 ... .(l.2 -10.B -569.6 575.2 -26.' 7.' 

375 02-Mar.(l0 0.320 0.5 0.3 -1.3 -5 .• -1.5 7.7 -I.e B .• -2.1 -7.7 "" •. 9 623.5 -23.' 7.8 

37. 03-M.,-OO 

377 O4-M,,-OO 

37. 05-1.1.,-00 0.320 2.5 -'.9 1.3 -7 .• 1.3 5.3 -3.7 10.1 -3.' -2.3 -631.0 635.7 -21 .• 2.3 

'379 06-M.,-OO 0.320 0 .• .(l3 .(l3 ..... -e.8 10.1 -0.1 13.3 -1.0 -5.7 -588.0 5727 -31.' 5 .• 

380 07-M.,-OO 0.320 .(l: .(l.3 -45 .• 46.0 -1.2 15. -1 .• -3.0 -615.7 . , .. , -38 .• 12.2 

3., OB-M.,.()O 

3.2 09-Mo,-OO 

BATCH Z AI •• "", ... , 0.32. U -1.1 U -u -7.0 13.' -1.1 If.7 -1.6 ... 6 -1163.4 66.0.6 -2U 4.7 

3.3 100M,,-00 

384 I1-M,,-oo 

385 12-Mo,-OO 0.310 21.1 15.8 i.3 1.5 119.1 3 •. 3 ... .... 5 17.1 -2D.5 -1015.1 .... 3 -.32 4. 
398 13-Mo,-OO 0.310 11.8 3.2 0.1 -1.5 -83.' 48.0 5.' 55.1 .(l.0 -10 .• -673.' 883.3 -132.5 1 •. 4 

3.7 .Mo,-OO 0.310 -2.8 15.0 5.' -8.0 -92.2 53.0 10.9 52.' B.2 -3.2 -7B03 776.3 -128.5 15.1 

388 15-Mo'-OO 0.310 35.5 -13 i.O -10.0 -105.' 21.7 21.2 55.3 -2.1 -2.5 -028.' 926.8 -30.9 ~.3 

389 18-Mo'-OO 0.310 46.S 3.2 1.3 -3.2 -115.0 53.0 -36.' 58.2 -2.9 -1.S -919.3 904.9 2'.0 -115.7 

300 I1-Mo,-OO 

391 "Mo,-OO 

392 19-Mo,-OO 0.310 i.9 22.' 0.0 -3.2 -102.2 65.8 -9.7 66.7 28.8 -27 -899.5 836.3 -121.5 -4.0 

393 2O-Mar.()O 0.310 -2.5 1.9 11.3 o.e -SO.7 21.5 5.9 57.2 43.0 1.8 -878.7 731.' -110.3 3 •. 5 

394 21-Ma,.()O 0.310 .(l.3 10.5 O.S 0.1 -32 .• 8.2 3.2 83. ...• -7.S -1011.7 820.' -130.0 20.3 

39S 22-Mar-OO 0.310 0 .• •• -1.0 1 .• -20.S 1.3 1.1 -'llhl.. .5.1 -12.5 -.32.6 198.7 -131.' 10.3 

398 23-Ma,-QO 

397 2.-Ma,.()O 

BATCH2BA_, 0.310 .2.4 U 1,1 -1.7 -Ill.' .5.0 0.1 " .. 12.7 -u ...... • 411.4 -95 .• _11.0 

398 25-M.,-oo 

3.9 26-M.,.()O 0.310 0.8 0.2 .(l.2 1.0 -3.2 0.0 0.0 '2.S 0.5 -3.0 -727.' 725.' ~.3 -15.' 

400 27-Mor.()O 0.310 1.2 .(l.5 0.1 0.5 -1.3 -3.8 -18.9 22.' -3.' -1.1 -523.8 527.1 -53.0 76 

'01 28-M .. -oo 0.310 1.1 -0.1 .(l. 0.7 -1.0 .... S 2.2 22.0 .(l8 -2.1 -533.' 535.8 -85.S 39.' 

402 :29-Mo'-<lO 0.310 0.0 1.0 1.8 1.9 -4.5 0.2 21.5 -1.2 -2.1 -589.3 592.9 -SO.9 5.8 
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THE STEADY BEPR MODEL BY WENTZEL aL (1990) 

.. Readily oae:graaaO'le COD for I'nn\TPr<~lnn to short 

bsi - r(8.6)(N03recycled) - r(5.0)(N02 

.. RBCOD not f'nrlU<>TT<>" 

.. 

SbsN 0 mgCODIl and calculate from 
Q 

Q (1 +b~s) 

the calculated value MXb/t , calculate SbsN 
Q 

Repeat until and are constant, and when this is 
Q 

been found. 

",,,1',,, ... ,,,11 by the P AOs per day: 

[S \si - (l +r)SbsN ]Q 

.. P release by the P AOs per day: 

fatty acids 

NO) in mgN/l) 

the required 
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• ""w,,,",", to per day: 

• PAOs: 

Biological mass 

Endogenous mass 

P removal 

AP G=hbg,p R 
s 

• OROs: 

Biological mass 

Endogenous mass 

P removal for per 
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• Inert mass: 

P removal for inert mass 

/J,.P=j . MXj 
I XI,p R, 

• Total system P removal 

where: 

r 

Q 

Rs 

S' bsi 

MSseq 

MSb,h 

YH 

bH 

YG 

bG 

K 

t:,up 
±:v 

= Recycle to rector with respect to HUl ..... "'l ... 

= System .u .... ,' .... "',." lid. 

= System v ..... ,~,.., .... III 

mass fraction. System 

Influent concentration in mgCOD/l. 

= RBCOD au""" ........ for conversion in mgCOD/L 

= RBCOD not "rUH'''''"T'''' in mgCODIL 

= Total Ull" ..... "'l.U 

COD concentration in mgCOD/L 

concentration in mgCOD/L 

seQuesten~a by PAOs in mgCOD/d. 

available for OHOs in mgCOD/d. 

yield in mgV ASS/mgCOD. 

endogenous mass loss rate constant 

= ~oelcltIc constant PAOs in mgVASS/mgCOD. 

mass loss rate constant for P AOs 

rate constant. 

Unbiodegradable particulate fraction of influent 

ratio of the volatile solids. 

mass in mgV ASS. 

= mass in mgVESS 
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MXbh :::: OHO active mass in mgVASS. 

endogenous mass in 

Inert mass in 

Fraction PAOs that is unbiodegradable particulate in 

mgVSS/mgV ASS. 

:::: Fractional P content ofPAO mass in mgP/mgV ASS. 

= Fractional P content ofPAO endogenous mass in mgP/mgVESS. 

= Fraction OHOs that is unbiodegradable particulate 

mgVSS/mgV ASS. 

= Fractional P content ofOHO active mass in mgP/mgVASS. 

= Fractional P content ofOHO endogenous mass in mgP/mgVESS. 

= Fractional P content of inert mass 

= P .. "" ...... "'nO; by PAOs in mgP/d. 

P removal by m 

= P removal by inert mass in mgP~d. 

= Total P removal. 

METHOD USED TO DETERMINE AND fxbg,p 

approach used to calculate the unbiodegradable particulate COD mass fraction and the 

P content (fxbg,p) the steady state BEPR of Wentzel et (1990). 

formulas the steady state BEPR model are given above, a sctlenlatllc representation is 

given Cl below. model is structured such 
. . 

organIsm mass IS 

the OHOs and the own unique stoichiometric 

P content of the that of the With 

total COD (SIl)' influent RBCOD (Sbs) and influent unbiodegradable COD 

fraction (fs us = filtered COD I influent COD) known, an is made 

then the biodegradable (Sbi) is calculated (Sbi = S'i - [(fs.us + fs.up)StiD. split of the 

biodegradable COD between the PAOs and OHOs and the active and endogenous 

masses for the P A Os as well as the inert mass is calculated the steady state 

model of Wentzel et al. (1990). By adding the values for the active and endogenous 

masses for the and the as well as mass, the calculated is obtained. 
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TABLE Cl - Diagrammatic representation the approach to calculate 
and fxbg,p following utilisation the total influent COD as per the steady state 
BEPR model of Wentzel et af. (1990). 

TOTAL COD (S u) • KNOWN 

PAOActive 
Mass 

PAO 
Endogenous 

Mass 

OHOActive 
Mass 

OHO 
Endogenous 

Mass 

P Content of VSS Constituents 

Inert Mass 

0.03 

COD· KNOWN 

1 Varied until calculated VSS (by steady slate BEPR model) equals the VSS measured in the ENBNRAS system. 

2 Varied until calculated P removal (by steady state BEPR model) equalsP removal measured in ENBNRAS system. 

By an iterative process the fs,up is varied until the calculated equals the VSS in the 

ENBNRAS system. Once the two VSS masses are correct fs,up has obtained. 

Once the fs,up value has been established, an estimation is made for the fxbg,p and the theoretical P 

removal is calculated by the steady state BEPR model of Wentzel et af. (1990). By an iterative 

process the value is varied until the calculated Premoval is equal the P removal measured in 

the ENBNRAS system. Once two P are equal, . correct (bg,p value been 

established. 

calculations in Chapter 3 Section 3.3.3.4 were done for two different (i) taking into 

account the consumed the system only and (ii) taking account of the COD consumed 

In EN system and the COD unaccounted for the mass balances. COD was 

corrected for (i) by reducing the biodegradable particulate COD (leaving the RBCOD and the 

unbiodegradable unchanged) by the concentration of that was utilised in the EN 

system and for (ii) by reducing the biodegradable particulate COD (leaving the and the 

unbiodegradable COD unchanged) by the concentration that was utilised in EN system 

by the COD concentration was unaccounted for in the COD mass balances. 
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Overall Filament Abundance 

Morphology of Floc 

Floc Diameter (Jlm) 

M.parvicella 

type 1851 

Thiothrix 

Comments 

Overall Filament Abundance 

Morphology of Floc 

Floc Diameter (11m) 

type 1851 

M.parvicella 

Comments 

Overall Filament Abundance 

Morphology of Floc 

Floc Diameter (Jlm) 

type 1851 

M.parvicella 

Comments 

D.l 

1 

2 

3 

1 

2 

1 

2 

Common 

Firm, Round and Compact 

150 - 500 

Common 

Few 

Few 

Common 

Weak, Somewhat Rounded 

150 - 500 

Common 

Some 

ASPA DISCA costata, Vorticella 
convulluria, Protozoans. 

Some 

Irregular, Diffuse 

<: 150 

Some 

Few 

Protozoans. 
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Overall Filament Abundance 

Morphology of Floc 

Floc Diameter hJ.m) 

type 1851 

M.parvicella 

1701 

Comments 

Overall Filament Abundance 

Morphology of Floc 

Floc Diameter (IJ.m) 

M. parvicella 

type 0092 

Comments 

Overall Filament Abundance 

Morphology of Floc 

M.parvicella 

type 1 

Thiothrix 

Norcardia 

Comments 

1 

2 

3 

1 

2 

1 

2 

3 

4 

Common 

Irregular, Diffuse 

150 -

Some 

Some 

~fQII<''''t'I Ciliates, Floc tends to string out. 

Some 

Weak, Irregular and Diffuse 

< 150 

Some 

Protozoans, Paramecium, ASPA DISCA 
costata. 

Common 

Common 

Few 

Few 
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L 

Morphology of Floc 

Floc Diameter (I-Lm) 

type 1851 1 Some 

M.parviceUa 2 

type 0041 3 Few 

Comments A Few ASPA DISCA Present. 

Overall Filament Abundance Some 

Morphology of Floc Diffuse 

150 - 500 

M.parvicella 1 

H.hydrossis 2 

Comments Very Little Solids. 

Morphology of Floc Firm, Irregular, Diffuse 

Floc Diameter (I-Lm) 1 

1 Some 

H.hydrossis 2 Few 

Not Much Activity. 
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DA 

Overall Filament Abundance Some 

Morphology of Floc Weak, Irregular and Diffuse 

Floc Diameter blm) 150 - 500 

1 Some 

Comments Solids a Bit Low, Not Much Activity. 

Overall Filament Abundance Common 

Morphology of Floc 

Floc Diameter (J.1m) < 150 

type 1851 1 Common 

M.parvicella 2 

Comments Small Floc Low Activiy. 

Overall Filament Abundance Common 

Morphology of Weak, 

Floc Diameter (J.1m) < 150 

type 1851 1 Common 

M.parvicella 2 Few 

Comments 
Solids Not Much 
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D.S 

I Overall Filament Abundance Very Common 

Morphology of Floc Weak, Irregular and Diffuse 

Floc Diameter (JIm) <: 150 

M.parvicella 1 Very Common 

type 1 2 Common 

Comments Floc Very Weak. 

Overall Filament Abundance Very Common 

Morphology of Floc Weak, 

Floc Diameter (JIm) 

M.parvlcella 1 Common 

type 1851 2 Some 

Comments Weak 

Overall Filament Abundance Very Common 

Morphology of Floc Common 

Floc Diameter (JIm) 150 - 500 

M.parvicella 1 Very Common 

2 Some 

type 0092 3 Some 

Comments ASPA costata. 
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D.6 

Morphology of Floc Weak, Irregular and Diffuse 

Floc Diameter blm) 150 - 500 

M.parvicella 1 Abundant 

type 0092 2 Few 

Comments 

Overall Filament Abundance Abundant 

Morphology of Floc Weak, 

Diameter blm) < 150 

M.parvicella 1 Very Common 

type 0092 2 Some 

Comments A 

Overall Filament Abundance Very Common 

Morphology of Floc Weak, Irregular and Diffuse 

Floc Diameter (Jlm) < 150 

M.parvicella 1 Very Common 

type 1851 2 

Comments Indicates A Sudden Rise In 
Bacterial ... rT,,"nl 



Univ
ers

ity
 of

 C
ap

e T
ow

n
APPENDIXE 



Univ
ers

ity
 of

 C
ap

e T
ow

n

E.l 

r.o.LPJU~ El - Abbreviations used tables. 

I 

ML 

Anaerobic Reactor 

Anoxic Reactor 

Aero Aerobic H."""'''''''''! 

SET or 
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E.3 
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EA 
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E.6 
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E.7 
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E.8 
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E.lO 
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11 
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E.l4 
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15 
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