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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 



Univ
ers

ity
 of

 C
ap

e T
ow

n

3.83 

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 
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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 
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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 



Univ
ers

ity
 of

 C
ap

e T
ow

n

3.93 

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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FIGURE Per'cerlta,!e COD removal by and ENBNRAS systems for 
sewage batches 13 to 30. 
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FIGURE 3.33 - Daily oxygen "'''''''CU,I'''' for the UeT 
sewage batches 13 to 30. 
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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. 
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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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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 
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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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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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15. 

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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4.11 

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 



Univ
ers

ity
 of

 C
ap

e T
ow

n

5.1 

REFERENCES 

Barker P.S., Dold (1996). Sludge production and oxygen demand in systems. Wat. 

Tech, 34(5-6),43-50. 

Barker Dold P.L. (1997). General model for biological nutrient activated sludge 

system presentation. Water Research, 69(5),969-984. 

Blackbeard Ekama G.A., Marais G.v.R (1986). A survey of filamentous bulking and 

foaming in activated sludge plants South Africa. Pollution Control, 85(1), 90-

100. 

Bortone G., Saltarelli 

removal-

Alonso V., Wanner J., THche 

Wat. 

(1996). Biological anoxic phosphorus 

Tech, 34(1-2), 119-1 

Bortone G., Sorm R, Wanner J., Tilche A. (1 Improvement of anoxic phosphate uptake 

Burke 

Casey 

with the process. CR Int. Conference, Jilhlava, Czech 1 8. 

Dold P.L, Marais G.v.R. (1986). Biological excess P removal in sludge age 

activated systems. Research Report W58, Department of Civil Engineering, 

University of Cape Rondebosch, 7701. 

Warburton c., Hulsman A., Lakay 

(1990,1991). Development of specific control strategies 

M., Marais 

ameliorating low FIM 

filament bulking in long sludge and P removal activated "' ..... ,""!'."" SVS1LemlS. Annual 

1'Pc.F>!'It'I'h progress reports to the WRC, POBox Pretoria, 0001. 

T.G., Wentzel M.C., Loewenthal 

the cause oflow F 1M Illame:nt bulking 

Wat. 26(6),867-869. 

Marais G.v.R. (1992). A 

removal activated sludge 



Univ
ers

ity
 of

 C
ap

e T
ow

n

Casey 

Casey 

Wentzel M.e., Ekama Loewenthal Marais G.v.R. (1994). A hypothesis 

for the cause of anoxic-aerobic (AA) u ........ "', ... bulking nutrient removal activated .., .... , ..... ,., 

systems. Sci. , 29(7), 

Wentzel (1999). Filamentous organism bulking in ~,n ... "",..,. 

systems. 10: Metabolic behaviour of heterotrophic removal activated 

facultative aerobic V'l',"""'''''''''' aeratedlunaerated conditions. Water SA, 25(4),425-

ComeauY., Hancock R.E.W., Oldham W.K. (1986). Biochemical model enhanced 

.~"" .. __ . phosphorus removaL Research, 20(12), 1511 

'--'" ..... ", ...... J., Grau Ottova V. (1973). Control activated sludge filamentous II 

Selection of micro-organisms by means ofa selector. Water 7, 1389-1406. 

Clayton J.A., Ekama G.A., Wentzel M.e., Marais G.v.R. (1989). Denitrification kinetics 

biological nitrogen phosphorus removal treating wastewaters. 

.. """""''''''' "'H report of Civil University of Cape Town, Rondebosch, 7701 . 

Clayton lA., ..... a," ........... G,A., Wentzel M.C., G.v.R. (1991), Denitrification Km,em;s 

biological nitrogen and phosphorus .. "'.,,,"',,,,, systems treating municipal wastewaters. Wat. 

Tech.,23(4/6-2),1025-1035 . 

.......... "uu,.. G.A., M.C. Denitrification kinetics biological andP 

activated sludge treating municipal wastewaters. Procs. WW AlIAWQ BNR 

Conference, 30 - 3 Dec., Brisbane, 153 - 160 . 

.LIA ..... ,u .... G.A., M.C. (1999). Difficulties developments biological 

technology and modelling. Wat. Tech., 39(6), 1 . 

...... """ ......... G.A., M.C. (1999), Denitrification kinetics in biological N and P removal 

activated sludge treating municipal Wat. Tech., 39(6), 69-77. 



Univ
ers

ity
 of

 C
ap

e T
ow

n

5.3 

Ekama (2000). Performance ............. '-... of biological activated sludge 

South Africa. Report for the of Environmental Protection 

Hong Kong Government, Dept. of Civil Engineering, University of Town, 

Rondebosch, 7701. 

Gabb D.M.D., Still Ekama G.A., Jenkins D., Marais G.v.R. (1991), The selector effect on 

filamentous bulking in long sludge age activated sludge systems. Wat. Sci. Tech., 23(4-6), 

867-877. 

M., W., Mino Matsuo T., Wentzel M.C., Marais G.v.R (1995). Activated sludge 

model No.2. IAWQ Scientific and Technical Report No.3, IA WQ, London U.K., 32pp. 

Hu Z., Wentzel M.C., Ekama G.A. (1999). External nitrification in biological nutrient removal 

activated systems.Submittedto WaterSA. (Published 2000, WaterSA, 26(2), 

225-238). 

Jenkins D., Richard M.G., Daigger G.T. (1984). Manual on the cases and control activated 

sludge bulking and foaming. Published by Water Research Commission, POBox 

Pretoria, 0001. 

Kashula W.A., ...,n(Ju,~", S.H., M.C., Birch RR (1993). 

alternative detergent builders on the nutrient removal activated sludge ~ew'ap'e treatment 

process. Research report W78, Deptartment of Civil Engineering, University of 

Town, Rondebosch, 7701. 

Kerm-Jespersen J.P., M. (1993). Biological phosphorus uptake under anoxic and oxic 

conditions. Water Research, 27(4),617-624. 

Kuba Smolders G.J.F., van Loosdrecht M.C.M., J.J. (1993). Biological phosphorus 

removal from wastewater by anaerobic-aerobic sequencing batch reactor. Wat. Sci. Tech., 

27(5/6), 



Univ
ers

ity
 of

 C
ap

e T
ow

n

Kuba van Loosdrecht M.C.M., Brandse F.A, Heinen J.J. (1997). Occurrence of denitrifying . 

Lilley 

phosphorus removing bacteria in modified VCT type wastewater treatment plants. Water 

Research, 31(4), 777-786. 

Wentzel Loewenthal Ekama G.A., Marais G.v.R. (1991). Acid 

fermentation of primary sludge at 20°C. at the WISA Conference, 1991. 

also Research W64, Department of Civil University of Cape Town, 

Rondebosch, 7701. 

Little C., Wentzel M.C., Ekama G.A. (2000). External nitrification in biological nutrient removal 

activated sludge systems - economic evaluation. Annexure 3 of annual progress report to 

the WRC on contract WRC K5/970. Department of Civil Engineering, University of Cape 

Town, Rondebosch, 7701. 

Lotter L.H., Wentzel M.C., G.A, G.v.R. (1986). A study of selected 

characteristics of Acinetobacter spp. isolated from activated sludge 

anaerobic/anoxic/aerobic and aerobic systems. Water SA, 12(4), 203-208. 

Lutz Pratt AM., Parker (1990). Full-scale performance of nitrifying 

filters. Presented at 63rd WPFC Conference, Washington DC, USA. 

Mbewe Wentzel M.C., M.T., (1995). Characterisation of the 

carbonaceous materials in municipal wastewaters. Research W84, Department 

Civil Engineering, University of Town, Rondebosch, 7701. 

McClintockS.A, Sherrard J.H.,NovakJ.T., Randall C.W. (1988). Nitratevs. ro"",.,."" ... 

in the activated sludge process. Water Pollution Control Federation, 60, 

Mellin Lakay M.T., Wentzel M.C., EkamaG.A. (1998). effect of high temperatures 

on biological nutrient removal performance and AA (low F 1M) filament bulking in ND and 

NDBEPR systems. Research Report W91, Department of Civil_ ........... __ • University 

of Town, Rondebosch, 7701. 



Univ
ers

ity
 of

 C
ap

e T
ow

n

Moodley R (1999). External biological nutrient removal activated sludge systems. 

MSc Thesis, Department of Civil Engineering, University Cape Rondebosch, 

7701. 

Musvoto Casey Ekama G.A., Wentzel M.e., Marais G.v.R (1992). ofa 

large anoxic mass fraction and concentrations of nitrate and nitrite in primary anoxic 

zone on low F 1M filament bulking in nutrient removal activated systems. Research 

report W77, Department Civil University of Cape Town, Rondebosch, 

7701. 

Lutz M., Dahl R, Bernkopf S. (1989). Enhancing reaction rates in nitrification 

trickling filters through biofilm control. Journal WPCF, 61(5), 618-631. 

Aspegen H. (1995). variables on 1.1", .. 1,,> .. D.S., Lutz M., Andersson 

nitrification rates trickling Water Environment Research, 67(7), 1111-1118. 

Jacobs Stowe D.W., Farmer (1996). Maximising filter 

nitrification rates through biofilm control: Research review and full applications. 

Procs. WQ Specialised Conference on Systems, August 1996, Copenhagen, 

(1973). Reduction nitrogenous oxides by micro-organisms. Bacteriol. Rev., 

409-452. 

Wentzel M.e., Casey T.G. (l The effect of temperature on 

denitrification kinetics and biological excess phosphorus removal in biological nutrient 

removal systems in temperate climates (12°C - 20°C). Research report W86, Departement 

of Civil University Cape Town, Rondebosch, 7701. 

Randall Wilkinson A., Ekama G.A. (1991). instrument determination of 

oxygen utilisation rates. Water SA, 17(1), 11-18. 



Univ
ers

ity
 of

 C
ap

e T
ow

n

Randall C.W., Sen D. (1996). Full evaluation of an integrated fixed film activated sludge 

(IFAS) process for enhanced nitrogen removal. Wat. Tech., 33(12), 1 62. 

Sen Mitta Randall C.W. (1994). Performance of fixed film media integrated in activated 

sludge reactors to enhance nitrogen removal. Wat. Sci. Tech., 30(11), 1 

Sen Randall C. W., Liu (1995). suspended solids MCRT on COD and nitrogen 

removal kinetics ofbiofilm support media integrated in activated sludge ... ".., ........ ,.., 

68th Water Environment annual conference and exhibition, Miami USA, 1, 

603-614. 

Sneyders MJ., Wentzel M.C., Ekama G.A. (199711998). The of unstabilised landfill 

leachate addition on biological nutrient removal in activated sludge systems. Research 

report W95, Department of Civil Engineering, University of Cape 

7701. 

Standard Methods (1985). Standard methods for the examination 

edition, APHA, A WWA, WEF, Alexandria VA, USA. 

and wastewater 16th 

Stewart Scott Consulting Engineers (1998). Design and strategies to minimise bulking 

by filamentous organisms in nutrient removal activated sludge plants. Research report 

K51775 to the WRC, P Box 824, Pretoria, 0001. 

Sorm Bortone G., Saltarelli R., Jenicek Wanner J., (1996). Phosphate uptake 

Ubisi 

under anoxic conditions and fixed film nitrification in nutrient removal activated sludge 

Water Research, 30(7), 1 584. 

(1997). Organic and inorganic components 

of activated sludge mixed liquor. n,,,,,,,,,,,,, .. "report W94, Department ofCivilbn:gmeerm 

Wentzel Lakay M.T., Ekama 

University 7701. 



Univ
ers

ity
 of

 C
ap

e T
ow

n

Vermande Wentzel G.A (2000). Comparison of aerobic and ....... -.u,..'"' P uptake 

In systems (UCT and ENBNRAS). Annexure 2 of the annual report 

to the WRC on contract WRCK5/970, Department of Civil University 

Cape Town, Rondebosch, 7701. 

Wanner J., Kucman K., Grau P. (1988). Activated sludge process with biofilm cultivation. Water 

Research, 22(2), 15. 

Warburton Lakay M.T., Casey Ekama G.A, Wentzel M.C., Marais G.v.R (1991). 

The effect of sludge and aerobic mass fraction on low F 1M filament bulking in 

intermittent aeration nitrogen removal systems. Research report W65, Department of Civil 

University of Cape Town, Rondebosch, 7701. 

Wates, Meiring Barnard Inc. (1999). Development of waste discharge 

technological Report No. 383511 7721l/W prepared for the Department of 

Water and Forestry by WMB, POBox 6001, Halfway 1685. 

Wentzel M.C., Lotter L.H., Loewenthal RE., Marais G.v.R (1986). Metabolic behaviour of 

Acinetobacter spp. in enhanced biological phosphorus removal- a biochemical modeL 

Water SA, 12(4),209-224. 

Wentzel M.C., Ekama G.A, Loewenthal Dold P.L., Marais G.v.R (1989). Enhanced 

polyphosphate organism cultures in activated sludge systems Part II: Experimental 

behaviour. Water SA, 15(2), 71-88. 

Wentzel Dold Ekama G.A, Marais G.v.R (1990). Biological excess phosphorus 

removal - steady state process design. Water SA, 16(1 ),29-48. 

Wentzel M.e., Ekama G.A, Marais G.v.R (1992). Process and modelling nitrification 

denitrification biological excess phosphorus removal systems - a review. Wat. Sci. 

25(6),59 - 82. 



Univ
ers

ity
 of

 C
ap

e T
ow

n

APPENDIX A 



Univ
ers

ity
 of

 C
ap

e T
ow

n

1 

TABLE - Explanation of abbreviations 

UI Influent 

Floc Filtered Influent 

PreANO ""''U.o. ...... Reactor 

AN Anaerobic .n.""""""'VL 

SETA 

SETB 

ANO 

IYHllCeloate:a Mixed Liquo 

UE Unfiltered .L.!LLH"' ... lH 

Filtered Effluent 
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