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F'ig ll rf .1.1 Siage 1 £I1MIS il'l I'('lal ion 10 tile rest of the Mitchel l' s P13lo WWTP. 
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In all the unaerated zones, sludge was mixed by bridge mounted mixers to prevent scttlCJlleIlt. 

ModuleA had no mixed liquor 'a-recycle' whereas Module 8 had an Archimedean screw pump 

to pl.lmp mixed liquor from the ends oflhe aerobic zones to the head of the primary anoxic zore. 

At the end oflhe aeration zooe of each module, waste activated sludge (WAS) was drawn df 

hydraulically to maintain a sludge age. This WAS flow was dischargod to the OOWllstrC[fl] 

dissolved air flotation (OAF) and linear screen sludge handling unit operations orlhe main piaJ1t. 

This sludge wastage facility caused considerable difficulties in the investigation and will he 

discussed [lJnher in this chapter_ 

3.2.3 Secondary SeWing Tanks 

Each module had it's own flat·bottomed secondary settling tank (SST). Activated sludge settled 

to the tank floor was collected and returned (by suc tion lift) with the underflow ('s-recyc!e") to 

the sumpofthereturn activatedsludge(RAS) pumpstation from where it waspumpc:dseparatcly 

by Archimedean screws to the head of the appropriate module. Thus, the mixed liquor in thetY"o 

modules was totally separated which meant that the two modules could be operated 

independently. 

3,3 I NFLUEST W ASTEWATER CHARACTERI STICS 

As the influent wastewater characteristics govern to a large extent both the selection of the 

process and the removals of nitrogen and phosphorus attainable in the process the characteristi;5 

of the wastewater are of prime importaoce for the design oflhe new configurations. 

Two data sources were used to characterise the influent wastewater to the full-scale plants: 

• Weeklyreoords of the Scientific Services Department of the Cape Metropolitan Council 

(CMC), and 

• Two 24 hour composite sample analyses by Laballo and Sibuyi (1992). 

'In tillS inv .. tii,atiou, the ' , -recycle' ref.", to tbe activated sludge re!Um from tbe SST to the bti,illllinJ 
of the .naerobk or anoxic reactor., 
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From !he~e lwo ~ourCe8 of data, projections of future wastewater cOllCenlralion~ and fraGlio115 

were made and used as input to the UCTPllO (Wentzel e/ al., 1992) NDBEPR ~lInulalion 

pmgrammc 

Table 3.1: Summary of the original Stage I plant mfrastructllIe, before modi liGation 

Area 

Reacton 

Total Process Volume 

i Mass Fradion 

1 • l1 

, aeration - Re-aeratioll 

22 

1361 

491 

78.54 

2043 
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3.3.1 Estimated Inllnent Diurnal Concentrations 

The estimated COD. TKN and Total Phosphate di "mal varialiol1s in cOlKcntration for thc set! led 

wastewater elltering .\1odules A and Bare givell in Table 3,2. The data in Table 3.2 is based (11 

24hr observations 0 I"Ihe diumal variati On", infl uent cOllcelltralion by Laballo and Sibuyi ( 1992) 

By means of extrapolation of a1l1mal trends dctcrmined limn the CMC weekly records ard 

applying these 10 Uw di"rnal variatlOn, the expecled concentrations at thc estimated time for 

eonmlissioning of thc uer configured full-scale plants in mid. 1997, ",'ere detennillcd. 

Daily flow ,vcightcd mean valucs of86lmgCODii, 96 mg"N/t, 79 mgNil alld 19.2 mgPi! for tte 

settled sewage were ""ed as steady stale lllpuis to thc UCl'l'110 simulation programme for t!' e 

inllucnt COD, TKN, FSA and Total P "'on"'entration8 re8peclively, .'\n averagc inlluect 

TK'IiCOD ratio of 0.11 WllS estinwted for the scttled wastewater entering 'vfodule8 A and B fWIIl 

these value.s 

Table 3.2; Estimated diumal illflucnt COD. TK~ and Total P "'on"'entrations. 

Time of Day COD TK~ Tot.al P 
, 

14 00 ~ --"'49 ~ 
16 00 1014.73 96,7 )0,50 

lS : 00 10'>8.08 54.32 

-"'00 ~06 -""'"4 --'2""-
22 00 lUI,"", 9~ ~ 
24: 00 1014.S9 87.74 15.13 

02: 00 SJ I.S9 90.73 20.01 

04,00 

~ ~:: ~ ~ 
08: 00 798.61 PIl7 1 i.58 

10: 00 

1200 ~ ~67 ~ 
~ ...1!. 
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3.3.2 Estimated Influent COD, TKN and Total P Fractiom 

As input to the current mathematical models Jor activated sludge systems, it is necessary to 

"Ilmnlilalively characterise the mfluent C, K & P comf"mrnls, Laballo and Sibuyi (1992) 

detemlined various fractions farlhe influent COD, TKN and Total P from sewage sample5 taken 

at the Mitchell's Plain WWTP, Table 3.3 below gives a sllmmary ,,[the iractions which were 

applied to the estimated average inlluent concentratioru; for settled wastewater given III Table J .2. 

Detailed characterisation for the redesign calculations is given m Appenili x A 

Table 3.3; Estimated fractions and predicted influent concentrations. 

COD Settled w::tste\\ater SeWed COD F.stimaled 

fradion fraction concentration concentration 

(, 

f" 0,()<l5 S" 81.62 

f,. ~ S. , "" 
i'., O. -"", ~ 
f. O.5gg ~, 5fXi.OO 

TKN SeWed wastewater Settled TK..~ .btimated 

fradion fraction concentration concentration 

f" ,~ ' " 791 

f,. , 0.037 N", 3.55 

'" 0.024 ' " 213 

i;, , ~ ~ S.56 

J:;. 0.058 N .• 5.56 

Total P Settled wastewater Settled Soluble P Estimated 

fraction fraction concentration concentration 

f, p 1489 
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3.4 STAGE 1 PLA~TREATMENTCAPACITY AND SYSTEM OPERATIONAL PARAMETERS 

The UCT NDBEPR configuration was considered to bethc most appropriate forthis research as 

this configuration allows biological P rcmovallo be relatively independent ofthc cffiuent nitrate 

concentration at high influent 1KN/COD ratios (>0.10). Hence, it was proposed to modify the 

two full-scale plants to the UCT N & P removal configuration, ",.jlh the same anaerobic, anoxic 

and aerobic mass fractions. 

3.4.1 T~ell!m~1l1 Capacity Estimation 

From the exi sting plants, the process vollll1lc of the bioreactor and !he area ofthc S ST were fixed 

as well as the influent wastewater concentrations. This \eft the influent flow rate and reactor 

mixed liquor concentration to be delennined. NOT1Ilallyin design the worst combination of flows 

are used i.e. the peak wet weather flow (PWWF) is used in SST theory and the average dry 

weather flow (ADWF) in the bioreactor theory. However, the PWW FI ADWF ratio is considered 

unity as the flow, appropriately split between the Stage 1 plants and the rest of the WWTP, 

entering the full-scale plants is balanced and equalised by virtue of flow balancing in the 

equalisation basins and the long retention time in the large Stage I PST. 

In order to estimate the treatment capacity of the existing Modules A and B, the aerobic steady 

slale design equations were combined with the SST theory alld design in the following manner: 

For the bioreactor : (3.1 ) 

Vo·x, - {Qi·R,·S,J/(.{[(I-f", -(,,J.Y •. (I+f.b,..RJ]I(I+b .. . R,)+f'1"l f,,} 

which rela\es the mass ofTSS in the reactor to the influent COD load, and 

FortheSST : 

Q,iA - O.80,Vo .e-,xL.(24/1000} 

which rela\es the overflow rate 10 the reactor TSS concentration and the selected sludge 

settleability (Vo and n). 

where: X, = Total Suspended Solids (TSS) concentration of the mixed liquor in kg/m' 

Q, = Influent flow in MVd 

A = Area of the SST in m' 

V. = Process volume in m' 

(3.2) 
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Yo, 11 - Tbcordical IllLX conSlaLll~ 

SO]Vlllg these equations simultaneously, the total suspended solids (X:J and influent flow rate (Q;) 

were determined based on the following assumptions : 

• PWWF=ADWF=1 

• R. = 15 days satisfying the requirement of the minimum sludge age for mtn iicalioll 

• Minimum temperature - 13 O( 

• A typical bulking sludge DSVr of250mi/gis selected (Vo - 2.903 m/h, n - 0.615 m'lkg) 

This gave an influent flow rate of2.04and 2.72 Mild for Modules A and B respectively, and 

reactor TSS concentration of 4.224 and 3.775 kgTSSlm' respectively. Because NDBEPR 

systems produce about 10 % more TSS mass and 10 % less oxygen demand per kg COD load 

compared with ND systems (for which the above capacity analysis is valid), the effiuent flows 

will be reduced to 1.75 and 2.50 Mlld. Subsequent simulations (see Section 3.5 below) indicated 

that the capacity of the full-scal e plants was limited by the air supply or the aeration system, 

rather than the SSTs. Accordingly the influent flow was reduced further to 1.4 and 2.1 M~/d for 

Modules A and B respectively. Table 3.4 gIves a summary of the estimated 110ws and design 

anacrobic, anoxic and aerobic mass and volwne fractions. These fractions are good for NDBEPR 

but were selected not so much for the optimum UCT configuration but more to suit existing 

baffle walls in the modules and minimal reshuffling of acration pipcwork and domes. 

3.4.2 System Operational Parameters: Sludge Ag~ and Mass Fractions 

With a sludge ageof15 days, the full-scale plant needed to bedivided into anaerobic, anoxic and 

aerobic zones. In this division the primary coosidcratiOil is thaI the system must be able to nitrify 

at the lowesl expected temperalure. The link between aerated mass fraction, sludge age, nitrificr 

maximum specific growth rate and temperature is given by (WRC, 1984): 

where: 

R, 

S, 

(3.]) 

sludge age (d) - 15dhere 

safety factor for nitrification - 1.2 here 
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3.11 

aerated slooge mass fraction 

unaerated sludge mass fraction 

nitrifier maximum specific growth rate at temperature T 

11 ,,,,,, nitrifier maximum specific growth rate at temperature 20"C 

o Arrhenius temperature correction factor = 1,123 

o 

Aerobic zone 

nitrifier spccific death ratc at temperature T - b020a<T'NI 

nitrifier specific death rate attempcralure 20 °C = O.04id 

Arrhenius temperature correction factor - I.O~9 

Because the nitrifier maximum sped fic growth rate was not known for the plants, the minimum 

valuc, at the minimum expected temperature of 13 "C and the aerated sloogc mass fraction of 

0.56, was calculated to be 0.45id (at 20 "C). Because this is a relatively low value, nitrification 

will take place all year round. 

Anaerobic zOne 

For module A the cxisting anoxic reactor compartment ("olumc = 227 ml) was considered for 

the anaerobic zone as a mixer and a baffle wall were alrc:ady in place thereby saving on costs. 

For Module B the first t"o existing anoxic reactor compartments (volumc = 171 m' each) were 

considered for the <lllacrobic zonc again as the mixers and baffle wall were already in place. Tn 

both Modules A and B this yielded an anaerobic mass fraction of 0.091 which is somewhat low, 

but acceptable for good BEPR. 

Anoxic zone 

The aerated sludge mass fnlClion of 0.56 gave an uuaerated mass fraction (anaerobic mass 

fraction + anoxic mass fraction) of (1-0,56) = 0.44. Willi the anaerobic mass fraclion set at 

0.091, the balance of the uuaerated mass fraction was accepted to be anoxic which gave an 

anoxic mass fraction ofapproximate1y 0.35. The estimated flows, reactor TSS concentrations 

mId proposed mass and volrune fractions are summarised in Table 3.4 below. 

3.4.3 Recycle Flows and Proposed Layout 

The UCT configuratiou incorporates three recycle flows: 

• 'a-recycle', from aerobic to anoxic rcactor 

• 's-recycle', from SST to anoxic reactor 

• 'r-recycle', from anoxic to anaerobic rcactor 
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Tallie 3.4: E~timakd flows and proposed fractions of the Ii.dl-seale planls. 

rar~rnde .. rnits 'Iodule A 'I ... dule B 

'Estimated Reactor TSS (X,) kgTSS/m' 4.224 3.755 

Estimated Influcnt Flow (OJ MIld 2.037 2,718 

SIL1(\ge Age (R,) d 15 15 

Anaerohic Ma~s Fraction - 0.091 0.091 

Anoxic !l.lass Fraction - 0.350 0,346 

Aerohic 'vIass Fraction - 0,559 0.563 

Anaerobic Volume Fraction - 0.167 0,167 

Anoxlc Volume Fracti01l - 0,321 0,317 

Aerobic Volunw Fraction - 0.512 0.516 

W,lste Flow Rale (WAS) m'ld " no 
SST OverDow Rak ll1'b 0,173 0.231 

DSVI mt/g 250 250 

In the proposed layouTs, the 's-rccycks' and 'r-rccycks" werc cach sct at I: I with rC8pect to the 

influcnt flow, To asseS8 tbc bulking cont\"ol strategy, one module (B) was to he operaled sucb 

th,lt tbc nitrate conccntrationleaving tbe anoxic rcact'Jr ,md entering thc 8uhse<.juent aeroblC 

reactor would be >]: mgN/J\ whereas for the other module (A) II would he <: 1 mgK/J~ By 

monitoring Ihe slL1(\ge seUieahility m lhe two modules and compming lile8e, the e l'ficacy oflhe 

proposed bulking conlrol 8trategy would he evaluated. It W,IS proposed to cOnlrollile lliLnlle 

concenlrati (ms in Ihe anoxic r"aclor tbrough lile 'a-recycle ' ralio: 'vlodule B wOLlld have ,I III gh 

'a-rccycle' rati 0 to overload th~ ano, ic reactor with nitnle, and \.fodLlle A would ha v~ a low' a-

r~cydc' to und~rload theanoxicrcactorwith nitratc. Accordingly, the \lodllkA 'a-rccyck' ratio 

was 8Ct at 2:1 with rC8pCct to influcnt flow and Module B at 5:1, Simulation8 witb (JC1"f'IlO 

(Wentzel el al., 19'12, se~ bdow) indicated that these 'a-r~cyck' ratioswollid achkve the Ucsircd 

cffect at thc higher temperaturcs. but Illay rcqllirc to be Uccrea8Cd at tb~ lower temperaturc5. in 

practice, the 'a-r..,ycle' rati08 were adjust .. J depelldillg 011 the l1leasl.Lred anoxic niLnllc 

concentrations, se~ Scction 4,1. A process Dow diap:am showing the propo8Cd olX'rational 

1,lyout is giVeJl ill Figurc 3.3 below. 

:' 1n Lhi' invc,lig.lion. th< 'r·recycle· ,,:lCT> Lo the inl,,·TC.clor IIlixed liquor rtt)'d~ pUIIlpffi from the 
end of the allOxic "octm ttl the tx;ginni"~ 0 f the 1naoruhic re.do,-
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3.5 STlI-1IlLATIONS or TlIIl PROPOSIW lICT SYSTEM~ 

Swanepoel (19%) did 5teady 8tate and dynamic slml.llations 0 I'the proposed UCT configuration8 

using the [feTFlIV IWe1llze! er al., I ~n) mmpl.lkr pro~,'tamme. His results showed that at a 

~ludge age 0[23 days maximum nitrogen removal could be aUamed provided Ihal sufficient 'a­

recycle' pumping capaclty wa5 availahle_ However, hum a researeh point of view, a 8horler 

8ludge age is desirable, ~o that lil the influent could be higher il11d reactor TSS mnl'enlration 

lower and (ii) ~teady state can he lli:hieved more rapidly lollowing a system modification 

J\l'~ordingly, Ihe sludge age 01'15 days was accepted fC'r the full-scal~ p Iml!>. 

In rearranging the diffused air pipework in Module5 A il11d E, \1 wa~ lilllnd Ihal the aeration 

capacity would limit the influent flows to Modules A il11d 13 at alxllli 1_7 Miid and 2, I Mlid 

re8p""liv~ly at lhe inl1uenl COD and TKN concentration of 861 mgCOTlit alld % mg"lit (~e~ 

SectiOll 3.3_1 alx,ve) FUrlh~r,;t was pmposed 10 operate the two module5 as identically a5 

possible. Thus, the load to the two modules should be proporh(~lal 10 their r~al'lor volumes, so 

that the reactor mixoo liquor concentrations are equal. To facl\itate this, Ihe illl11.1e1\l now to 

Module B was SCI al 2,[ Miid, The iniluenl flow 10 -"lodulc A was calculated from that for 

Module B as being in proportion to the reactor volmlles, to give 1.4 Mtid, Thes~ illl11.1ent 11,)\\ 

rat~~ w~re implement~d fhml March 1999 to hbruary 2oo0 C\.eC Section 4.1). 

ACl'~ptillg \h~ layout for the fiill-5Cale plants above. the expected rer,ponse of Ihe 5ystem s could 

be siml.llakd wllh th~ UCIPHO (V,-'ent7e1 rr al_, 19'12) computer progranmJe, Results are 

summanse,! m Table 3.5 helow, for the higher expected temperature of20 °C, il11d the lower 

expeded temperalure of 13 ac. 

From the simulations the following can be noted: 

• NilrifLcalion i, a~hieved al alltemp"ratllfl's, a~ r"'ll.lired, ill(!i~a(e;! hy the low emu~nt 

ammonia mnl'~nlralions_ 

• At 20 '-'C, Module A anoxil' nilrale C(Jnl'~nlrati()Jl - 0.4 mgl\/i, while Module B - 2.7 

mgNit - the desired difference in nitrate concentration is achieved. 

• At 13 ac, Module A ano~ic nitmte concentration = 4,0 mgl\i f, while Module II = 8.G 

mgN/1 - while the concentration for Modulc 13 is acceptable, the concentratiOll for 
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ModuleA is too high; the 'a-recycle' ralio lor Module A mllyr~quir~ to be reduccd althc 

lower [emP':'ralmes. 

• l1l~ pr~dicted biological P removal is rcasonable (elflu~n( P = aboll( 1 mgPiq, hut is 

reduced in Module A at the lower kmperatures due to the recycling of nitrate Ii-om lhe 

anoxic 10 anl!erobic r~lIctor~, 

• The predicted VSS concentrations in M(l(luies A and B arc ncar iuemical (3062 and 30:9 

mgVSSil r~8pective ly at 20 0Cj; this indicates that lhe r~quired equivalence for the t"o 

/l,Iodulcs has been aehi~ved wilh lhe selecled loading rates. 

• rhe lI\'~rage and peak OUR~ for th~ 1;\"0 modules are virlllally Jd~ntical at about 55 aT;l 

65 mgOil.-'1l respectively. Again the behllviour in th~ 1;\"0 systems is th~ sanle, 'I.~ 

re'lUlr~d. 

Table 3.5; Pr~(hcted perfomJance of the \JeT NDBEPR lidl-o;cllle plants. 

Parameter 

Estimated lnflue_nt 

o Volume Fraction 

I _ Fraction 

'r 1 . ti 

Ratio· 

D~mllnd 

, , 

Units l\lodu1c /\ Module B 
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3.6 :\IOUlI'ICA nONS TO TilE EXlSn,,'c, PI A'iTS TO CO'i\TRT TO ucr Svsn;.\IS 

For the period July 1997 to February 1999 the following physical modifications. additions and 

alterations were made to the plants to upgrade them from}iD to vcr "N'DBEPR systems. 

• Construction of recycle channels. This was achieved by using existing chlUlllcls and 

diverting the recycle 110ws to the appropriate ucr configured reactors. 

• Thercquired recycles were achieved by the installation ofthree submersible pumps (one 

7.5 kW pump for the Module A 'a-recycle' and one 3.0 kW pump each for Modules A 

and B 'r-recycles') together with uPVC pijlC\\'ork, controls and power supply. 

• Variable speed control of the new submersible recycle pUJT1pS was achieved by the 

installation of frequency inverters. 

• Installation of two new Roots type blowers with an air flow capacity of 40 m'/min each. 

• Rearrangement of the diffused air aeration plPC::WOrk in Reactors A and B. The new 

arrangements would provide sufficient air to the aerobic zones of the new lieT 

configurations for maximum influent flows of 1.73 MIld for Module A and 2.1 Mild for 

Module B at the estimated influent COD and TKN concentrations forthe settled sewage. 

• Installation oftwo new structural steel bridges (one in each module) together with mixcr:s 

in the new anoxic compartments ofRcactors A and B. 

• Installation of baffle walls in both reactors to separate the new anoxic and aerobic zones. 

• Installation of a gate valve in the WAS pipc::line This gate had two functions viz .. (i) to 

prevent back-flow of waste sludge from the rest of the treatment plant and (ii) to allow 

a sludge flow from the rest of the works for sludge: seeding during start-up. 

• Installation of a fine-tunc sluice gate control at the main splitter box to control the flow 

to the primary settling tank (PST) ahead of the full-scale plants. 

• Installation of two fine-tune sluice gate controls at the PST splitter box to achieve the 

correct flow split to Modules A and B. 

• Installation ofinlluent andemuent channel screens. The fonner acted as a back up to the 

screens at the main inlet works and the latter prevented possible blockage of the pipes 

leading to the secondary settling tanks by floating objects in the bioreactors. 

• Installation of ultrasonic flow transducers m the influent channels of Modules A and B 

and dataloggers to record any variations in the influent flows. 
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• Installation offlow mcasnringplates (v-notches and rectangular weir plates) to measure 

all inter-reactor m~ed liquor and RAS recycles. 

• Installation of two dissolved oxygen probes with a recording facility. 

• Installation of scum !.raps to aid in containing the scum. 

• Installation of new wastc now meters and measuring plates. 

• Installation of new gnardrails on the full-scale plunts. 

• Installation of new scum ocraper arms on all thc settling tanks. 

• Repairs to broken diffuser pipework and the installation of new condensation lines at 

Vw100S P'1ints al'1ng the diffuser pipework. 

• Repairs t'1 the primary and secondary settling tanks. 

3,7 PKOCESS COt"TROL ",NO Svsn:M CALIBRATIO~ 

in the operation of the full-scale plants, control '1f the influent nows und the varioll.5 recycles is 

cssential, to achieve the required conditions in thc two modules. Also, adequate aeration is 

required to ensure nitrification. Control of these parameters is described below. 

3.7,1 Influent flow control and measu rement 

Thc raw sewage to the Stage 1 PST was controlled at thc main flow splitter of the Mitchell's 

Plain WWTP. Each overnow wcir at the splitter was fitted with an adjustable sluice gate to 

achieve flow eontr'1lto the full-scale plants and the rest of the Mitchell's Plain vrwTP. The 

overnow (settled sewage) from the Stage 1 PST was controlled by meuns of adjll.5tab1c sluice 

gates installed in the distribution box at the end of the PST which allowed appropriate n'1W 

distribution between Modules A and B. The influent to each module was measured by means 

of ultrasonic flow tr!lllSducers located at measuring points upstream of v-notch plates in their 

respective inlet chiUme1s ahead of the anaerobic reactor. rlows to Modules A and B were 

recorded for monthly downloading by means '1f electronic loggers and totalisers located in the 

electrical switcbroom at the Stage I blower house. 

3.7.2 Disso lved o"ygen con trol and measnrement 

Control of the dissolved oxygen (DO) concentrati'1n was achieved by means of valves On the 
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m~in air manifolds and 3 pressure-rch",r\'ah'eoulside the blower house. These \'ahes could be 

adjusted to increase: oc dc:crcasc the aerallO'l in 100 IIt:robic reactors of Modules A and B. The 

DO ,otlCcntratiolls In the aeration basins "'(rl: rooorded by DO mc:ta-s located 11'1 the middle: 

length of the aerotion basin on Ill<: side wal!. The 00 oo!lCectrations were contn'IUally rl:(:orded 

on paper reams kept for record purposes. The DO peones were supposed to be regularly checked 

~nd calihra\ed byCMC maintenance statrwilh portable: YSI DO mcters but this did not happen. 

3.7 .. \ .\li).cd liquor r~'de ('{Introl and nll'UUremeDt 

III both Modules A and B vmable speed control orlhe mi~ed liquor 'r-recycle' 311d 'a· recycle' 

o f Module A wa.s acblC\"c:d by frequency inVerSion. TOOpotcntiomc:tc:rofthe frequency IDI'mer 

3110 ... ed for Ole' selection of any mqut.'fICY In the !'allge ono 10 60 Hz lhc:reby gi\'ing flexi bil ily 

In Ihe chQiceofflows. The Module 13 'a-recyd e' ",:ascontrolkd by II. penslGCk at the ecd of the 

aerobic ~Olle. By manLiaily adjusting the penstock the flow to the Ardlimcdcan screw pump 

couln be adjusted thereby achieving control of the recycle. Boll! Modules A ann B 's-recycle:' 

(RAS) flows did not have flow COlllrol anu t!lClr flows were determined by ll!e rute of sludge 

WIthdrawal from the SST5. Each RAS Archimooean screw pump was independent anJ 

diSl:hargcd the sl udge return illlo separate channels. All the recycle nows were measuroo by 

reclllllgulill" or v-nolch WelT pilltes where lhe height above tnc war was recorded and used ill tht} 

calcullllioll o f the flow 

3.7.4 Wn~tr flow control aod mnnlrt mt nt 

Sluuse age in the modules was mainlamcd byhydraulic nontTol, i.e. Wai!tmS the r""lulrcd iludge 

directly from the aeration basin. at a rntc per day of 1.'15 of the effecli 'oe syst .. 1TI volume. The 

wlISte activated sludge (WAS) flow from each reactor was taken dirc-ctly frool the end of the 

aerobiC reaClOC via a "a!ve and discharged illto a ~ump wncre Ihe flows were measured acr055 

recllUlgular weir plates, befoTl' dl:!Cl~rgc to the WAS plpelme . 

• 1.8 l"O\IMISSIO .... t ' .. ANI) UPtRATlONAI \f))USTMt:NTS TO THt: FUU.-SCAl..£ PLA;\TS 

The full-scale plants were commissioned Oil the I S March [999 Wilh mf1uent flows to Modules 

A and B imtial1y >et at 1.4 M~/d IUld 2 I f.H/n rcspectively which is in proportion to their 
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respective total system volumes and satisfied the limitation imposed by the diffused air system. 

During the commissioning stage (March 1999 to October 1999) various problems were 

encountered which delayed the start ofthe system performance monitoring by a year. The main 

problem was the fragile/poor condition of the diffused air system mainly due to its already 

extended life span. Numerous holes appeared along the PVC pipework at each start-up causing 

poor air distribution in theaerobic reactors ofhoth modules. Both modules had to becomplete1y 

drained before remedial work (fibreglassing) could proceed and the rapid rate ofiufiltration of 

underground water into the drained tanks made repair work difficult Despite these difficulties 

both modules received adequate air supply at their selected influent flows after the rcpain; and 

external surface cleaning had been done. 

Another related problem experienced during commissioning was the considerable electrical 

problems with hoth new blowers. At the desired influent flows with the prcssl.lre-rcliefvalve 

shnt, hoth blower circuits drew high current and consequently tripped on thermal overload as the 

power absorbed at the blower shaft exceeded the rated power of the motor. This led to 

insufficient aeration in the two reactors ultimate1ycausing Module A to be decommissioned. In 

order to rcmedythe problem with the new blowers, the motorpullcy size was redueed which in 

turn reduced the torque and power absorbed by the blower. This resulted in a lower current 

drawn, together with a decrease in air flow. The initial air flow capacity of the blowers was 40 

ml/min each, but tllis was reduced to just over 37 m'/min. lllis slightly lower air flow would 

have little effect on the two full-scale plants because the treatment loads were set lower than tlle 

oxygen supply limit of the system. Howcver, the aeration system continued to give problems in 

the investigation mainly due to a progressive declining oxygen supply due to blocking oftlle 

ceramic domes. This resulted in reduced oxygen supply to tbe aerobic reactors stimulating 

simullaneous nitrification-denitrification in them. 

Another problem was the excessive accumulation of scum in both the lUlaerated and aerated 

zones. On investigation it was discovered that the scum fonned in the aeration zone and reached 

the unaeraled zones mainly with the surface back-flow across the submerged aerobic-anoxic 

transition barnes and also via the 'a-recycle'. During this period the whole Mitchell's Plain 

WWTP experienced problems with scum. It was generally accepted that the high fat content of 

the influent wastewater to the Mitchell's Plain WWTP was the coose of the high level of scum 

on the surface of all the biorcaetors. In order to prcvent the accumulation of scum with its 
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aesthetic and odour nuisances, it was decided to e:<:plore ways in which to encourage forward 

flow of the surface liquid to prevent back-flow from one zone to another. In this regard the 

appropriate bame wall submergence and underflow drainage area based on the total flow passing 

the baffle was calculated and the ano:<:ie-aerobic baffles were modi fled accordingly. In hindsight. 

while this effectively dealt with the foaming problem, the reduction in 'a-recycle' flows in both 

modules (sec Chapter 4) caused an increased back mixing of mixed liquor from the aerobic to 

the ano:<:ie reactors, which adversely affected their denitrification efficiency. 

Remedial measures taken for other minor problems encountered after start-up included: 

• Repairs to the Rotorkpressure-reliefvalve on the main airmanifold ilt the blower house. 

• Overhauling of Module B mixers. 

• Repairs to all Module B penstocks to achieve adjustable control. 

• Electrical repairs to the Module B mIxed liquor screw pump and \toduJe A mixed liquor 

submersible pumps. 
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CHAPTER 4 

EXPERIMENTAL INVESTIGATION 

For th~ po:nod Octobcr 1999 to Junc200 I, sustained operation ofthc UeT contigurcd full-sea c 

plants was achkved with Jl(l significanl s)o;l~m downtime ~xperi~nc~d. This chapt~r deseriks 

the opo:ralional eh<1nges and expcrimental rCoLllto oflhe inv~oli g<1(ion which bSled 5 ~9 days. At 

thc end of (hc chaptcr a brief dcscription ofthc cxpcri mental rcsLllts of a parallelbboratory-scale 

ucr sy,;t~m IS presenkd. 

4.1 SYSTDI OPERATI'iG CO'iDITJO'iS A'iD CHAN(;r.s J)l:Rl'l~ F;1I.1'I~RI~H;.''HAl PERIODS 

(n thc opcration of the full-scale planh, from an eX<1mmation of the influent, operational 

parameters and measured systcm performanc.e, cighl p<.-'riods were identified where thc;;c 

remained approxllnately conotmll during the 5~9 day investigation, sec T<1h1c 4.1 

Table 4.1: 'Steady statc' long (erm p~nodo 0 f the investigation. 

Long Term Period Day No. No. of Ko.ofsampling 

Period Ko. From 1', days days 

I 30i 1 0/99 - 11/()6iOO I 224 224 30 

II 12i06iOO - 27i09iOO 225 332 108 57 

III 2Ri09iOO - 21illiOO 333 387 55 29 

IV 22i lliOO - 14i12iOO 388 410 23 12 

Y 15i12i()(l- 26iOliOI 411 453 43 15 

VI 27iOI/OI - 07/03iOl 454 493 40 23 

vn OSiOJ/OI - 04i05iOl 494 551 58 26 

Vlll 05i05/01 - 11/06/01 552 5~9 38 20 

Thc operating parameters for Modules A and B for these long tcrm periods ar~ hSled in Table 
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4.2. During the investigation ,I number of incidents and ch:mgcs to the operating parameLers 

were made and are recorded in Table 4.3. 

Tallie 4.2; Full-scale plant operating parameters. 

System Mod. Long Term Period No. 

Parameter , 
" '" IV V VI \,11 vru 

Sludge age (d)' " 14." D.' 11.5 14,3 14.2 14. I 14.2 141 

" 14.1 13.1 115 14,4 14 .2 14. I 14,1 14,1 , 
Iniloc"t (MI/d) 

1.49 lAI 1.5" I.I~ I.bl 1~ I 1.70 ',W 

H 2,"4 ".24 ).14 l.57 ),12 2.20 2,20 ".13 

A 3. ){I 
'a-reoycle' (Mr/d) 

ISO {I.I~) ',00 0,00 ',00 000 000 

H 9.1."1 8,76 3,<)() 7, 13 6.51 b,45 5.54 4.bl 

, 
'o_rocycle' ,""0" 

n 
" 

{I.O O.{) {I.O 0.0 00 ',0 

" " 19 H +,9 _U 2,8 2.5 ' , , 
',""ocyok' (_\II/d) 

5,20 4,75 1.77 _'"0 ~.20 344 ".24 ".I R 

n 5.20 4.73 1.93 2.0, 5.m 402 2.5) 2.'" 

A 3.7 
',-recycle'ratio' 

3.2 U n n " u , , 
, 2,5 , , Q,9 U H U U 1.2 

" 1.40 158 UO 1.4 I 1.45 1.41 U) 1.61 
'r_reoyclc' (!.Hid) 

" ".40 ).40 2AI ) AO 2A{I ).15 2.11.; 2.11.; 

A 
" 'r.rocyck· ralio' 

U 
" 

1.2 0,0 0,7 0,9 0,0 

n U U " U , , 
" " '0 

W"le fiGW (niidl 
A 87.30 ~7.5g R7,5~ ~7.5g R7.5~ g7.~R W75~ ~7.~R 

" 13).b7 13267 11267 In.67 112.G7 IV.67 1:1267 In.b' 

A~rubic DO' " 200 '.00 ISO 0,15 0--'5 1.70 1.95 '''' 
(mc>O/() n 210 2.00 ". I() HI() 0.90 2.05 050 1,0 

['cmpcratuIT 01' 'ludgo rC) 17 _ 25 17 - 25 t 7 _ 25 1 7 - 25 17 _ 25 17 - 25 17 - 25 17_ 25 

Il1l1ocl1t TKN / COD ratio o 1 1_ o 10- Q, I 3- , ., Q, I 3- 0,14- 0,14- 0.14-

0.19 0.24 o 19 0.1 R 0.17 {I 20 {I 19 o 1 9 

• All ITcyck rdo", Wirll ""peet to rllC intlu:nt. ,\vo,"~,< oorooio DO con-centrotiotr fOT tbe "teady 'tate' veriGd 

"hum ,""crion_U, Ule pr"p",cd dc,igl1 dudgo age w"' 15 d.y,. Howey<c in tbc \JeT l\DIJEPR 
cunfiguraliun tho 'ILJilgo ag~ 11<Oc(1; a(~u'tm:nt" thc .lutlgc coocc'tltration in thc anacronic roactor i, aboul hall' 
lho.t or die I"x"ic oud acmbic rc,c~or. due to a dilutiGtr elfeet Oftll. influent entering the on,crooio rcactor, 
Tilordoro tllC oIkctiyc onoerobio vol\1'", i," fa-cmr It/( I 'R) mul\irlied by ,he aotual vGlume. where R i, 'be ',­
reeycle' ",io 
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Table 4.3: Record of incidents and system operational changes to the full-scale plants. 

Description oj incidents or [Ia~ ~o. Actlon Taken 

changes From To 

Blower', tlOIl_renrrn valve faully cau,ing l2n I c I "'if switch"" off. Non-rerum valve 

poor aeration. repair.d. 

Influent re-splilto Mexlules A & R. r" ~89 FIo,,~ ",I at 1.6 & 2.4 "\l!/d , 

Module D SST rotatill>! brid£e ,tuck 14\1 '" Oh'truclion removed, 

CAu,mg solids up-flow. 

Exoe .. ivo o<;wn build-up in '''ooie- zone 193 )(: I Sewn ~atc opened to alklw scum Ie 

of R.eac!or A. lea,'. Vl. wa,te !low. 

Local power fatlure. m 213 Elocuicity ,upply rein'bted. 

Blower I no longer in openltion_ '" '" Standby hk"'~r ,,,,,;tobed on. 

R"",-to.- r.. an,cToblO mix . , down. M 27 6 Mot<:>r T. paired. 

1\"0, lo.d ()f] Mexlule A anoxk reoctor too 306 ,\ ~ 9 MOOule A 'a-recycle' .et to 0, , 
!ugh. recycle'reduced. 

Very low flow lJUo S!a£e 1 PST. 320 _,_, I B)o<;\,.ge.1 'plitter de.red 

Mod ule A RAS ,crew pump down 369 .170 Mot<>r repail'ed. 

Module B mixed hqll<Jf ',-",cycle' "',,,w .' 7{) '" .. 0 M<>r<>r replaccd. 'S_Teoycle' 

p~dm¥Il. increased to COll'4'"lliMc. 

La,,· '\.ILSS!Jl '\.Iodule A _ no ',_ rc<yclc' T '· ."1 7 Bl,}(.-hge!Jl SST APlpeWOl'k 

Flow and oir ,topped on doy, 386 & 387 clCaTed. Flow And alI remstal<d. 

nlochge in ~odul. n ' , - ",cycle', 4." m Blockago rem:wod 

flow to Module A 'lopped? 4<{) '" now reinstaLed 

Incre .. cd aeration to Mnd\l l< A. 4 5~ ," C()f]trol nl\'o, gradually xdjLL'lcJ. 

Air leakage at \lodule A air manifold ~ 'J ' ," Silo.ti"" lllOIlilored. 

downpipe, 

Solid, corryover ,j Module n SST 5 I , S 1 (, SAt".,les treoled. 

Blo'"",- No.2 tripping on thermal O"OT_ '.1:: .,~ .. ;. Blower re'tarl<d 000 reset each 

k,ad ca",!Jl~ poor aeratIOn. Ii"" !o pre,-en! tripping. 

~odule n mixed liquor '.-recycle' ,crew I 5~ 1f .<iii Screw pump', lower hcaring 

pump doWIl. "'PIAoed 

Module, A ond n dlffused 'If 'Y'l<m 5~S 'N ~odule. A & B docmnmi .. ioned. 

f,i lllTc. 
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From Tables 4.2 and 4.3: 

• A sludge age of approximately 14 days was achieved in both modules. However, 

difficulties were experienced in maintaining a constant sludge age (see below). 

• From the design daw f"rthe influent (Section 3.3), the design influent flow for Module 

A was 1.4 M~/d and for Module B 2. j Mild. During Period 1, it was found that the 

influent COD concentrationwas much lowcrthan thccxpcctcd 861 mgCOD/~ (sec Table 

3.2), al aboll! 6(}() mgCOD/t Thus, from day 122, Period I the influent flow rates were 

increased to 1.6 and 2.4 Mild for Modules A and 8 respe-clivcly. The recorded influent 

flow rales are reasonably close to these values. Difficultywas experienced in attaining 

the exact flow rales a, conslnlclion work al the inlet works and the equalisation hasins 

caused lillUSUal fluctuations in the influent flow. 

• In the design, (he 'a-recycle' ratios for Modules A and B were set at 2: 1 and 5: 1 

respectively, but it Wall noted that thcscprobably wouldhavc to bedccrcased at the lowcr 

temperatures. In opemtlOn, these recycle ratios were closely achieved for Period I (2.3 

and 4.6:1 for Modulcs A and B rcspcctively). However, from plant pcrfonnance 

monitoring i( was noted that the nitrate concentrations in the anoxic reactors of both 

modliles were excessively high, which caused significant nitnl.te to be recycled to the 

anaerobic reactor, adversely influcncing biological P removal. These high anoxic nitrate 

concentrations were dlle in paT( to the high 's-recycle' naios (see below), and the high 

TKN/COD ratio of the settled wastewater. Accordingly, the 'a-recycle' ratios for both 

modulcs were rcdllecd, as recorded in Table 4.2, 

• hl the design, the 's-recycle' ratio Wall set at I :1. In opcrationofthe modules, due to the 

sllCtion lift draw-olT rrom (he SST" it was found not possible to control the 's-recycles' 

to thepwJXlsed 1: 1 as this was too low to maintain suction lift. The 's-recycle' flowratcs 

were measured in both modules, as recordcd in Tahle 4.2. Thcse flow rates WCJ"C 

accepted fur operation. 

• For Periods I to m. the aerobic DO concentration Wall adequate at about 2 mgO/1. These 

three periods which represcnt the longest experimcntal periods oftllG investigation (up 

to day 387 of 589) with thc most stable plant operation (spanning about 27 sludge ages) 

gave good cmucnt ql)ality results. However, from period TV difficulty in maintaining 

adcquate aerohic DO wa, experienced in both modules dllC to the deteriorating condition 

of the diffllsed air system (see below), 
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During the first half of Ule investigation, difficulty in maintaining the desired sludge age was 

e:>::perienced due to considerable difficulties with activated sludge wastage from the full-scale 

plants_ The underlying Cliuse was Ule sludge handling facilities (DAF, linear screen etc.) 

downstream which had inadequate capacityto deal cffcctivdywith sludge wastage from the full­

scale plants and the rest afthe treatment plant. As the full-scale plants shared a common waste 

activated sll.ldge pipeline with (he reSl oflhe Ircatmc:nt plant, wasle sludge back flows into the 

flJll-.>cale plant were often experienced. The back flow of sludge into the full-scale plants from 

the main plant was substantial and resulted in reactor sludge concentrations at times in excess 

of60 % ofthose that would nonnal1y accumulate in the rcactOT from the influent wastewater (see 

Section 5.5.1.1 for details). The seriousocss and significance of this problem and its potential 

to compromise the objectives of the investigation were communicated to the Cape Metropolitan 

Omncil (CMC). The construction of an independent sll.ldge wastage pipeline and pump was 

requested. However, the CMC did not have funds to installsl.lCh a system and instead put a plant 

operator's sludge wastage protocol in place which if adhered to would have limited sludge 

ingress into the full-scale plants, The results however, indicate that this protocol did not 

sl.lCcessfuilyeliminate the problem, because if it did, Ule fuJI-scale plants would not have 

accumulated so much more sludge than can reasonably be expected. To alleviate UllS problem 

a gate valve was installed in the existing sludge wastage pipeline but this also proved to be 

ineffective as the gate needed to be opened when wasting from the full-scale plants. Often when 

this gate was opened the problem was eneountered due to simultaneous wastage from the full­

scale plants and the rest oftlle plant. Finally, a new waste scheduJe for tlle entire treatment plant 

was set up which allowed wasting from the full-scale plants withol.lt simultaneous wasting from 

the rest ofthe plant. Tllis strategy had a fair amount ofsuccess, but sporadic large flucrnations 

in reaclOT solids concentrations were still nOled in the full-scale plants. This persistent problem 

throughout the investigation compromised the second objective ofUle investigation i.e., checking 

COD balances for possible anaerobic reactor COD losses. TheCODbalancerequires the oxygen 

utilisation rate (OUR) to be measured on both modules. Measurement of OUR is very labour 

intell5ive - it has to be measured hourly at 3 different places in Ule aerobic reactor over 24-30 

hour period in both modules while all the otherparametcrs were also measured. It was planned 

to do this only when reasonable surety of "steady state" conditions in the full-scale plants was 

achieved, which due to the sporadic ingress of sludge did not happen. Nevertheless, 2 x 24 hOllI 

tests were done on the full-scale plants by Modipa and Diale (2000) for their BSc theses. The 

COD and N balances obtained in these two tests were 150 & 44 % and 83 & 74 % respectively, 

too deviant to be useful for the second project objective and simulation. 
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In operation the most serious problem experienced was with the diffused air system. The ceramic 

diffuser domes became iocreasingly blocked as the investigation continued. To attempt 10 

maintain aeration to ensure complete nitrification and avoid simultaneous denitrification in the 

aerobic reactor, the pressure relief valves on the blm\ers were shuL This increased the hack 

pressure in the system to the extent that the blowers often tripped on thermal overload, despite 

adjustment (0 the blower pulleys made earlier in the investigaiioll (see Section 3.8.2). On day 

588 the back pressure III the diffused air system hecame so excessive that the eud caps on the 

PVC piping blew out causing structural damage to the plants, and \he investigation had (0 be 

lenninated. 

4.2 OAT'" ACQIJISlT10N A"O SAMI'LE ANALYSIS 

System performance monitoring commenced on 31 OctoOcr I':N9. Initially the plant was 

monitored once a week on Sundays by tbe Scientific Service8 Department of the CMC. The 

sampling on Sundays was done independently of this project for the CMC's own weekly 

laboratory records. Table 4.4 show8 the 8amples taken and typical analyses which will be teoned 

"CMC" data 

From hme 2000 more extensive sampling and analysis was carned out on the plants every second 

day, exciliding Sundays. These analyses will be tcrmed "site" data. Tahle 4.5 shows the 

sampling and analysis schedule. The influent and effluent &lmples were 24 hour composites, and 

the reactor samples were grab samples. The results from the 2 x 24 hour tests showed that thc 

daily variation inrcactorconcentrations were small due to con8tant flow and long retention time 

~ 8 hr (see Section 5.6) so that the grab samples can he accepted as a composite eqnivalent. All 

grab samples from the varions locations in the reactors were filtered immediately on-site and 

further prepared if necessary (q,. floccnlatiOil and filtration) before being stored in a refrigerator 

for analysis the following day. Chellllcal and physical analyses of these samples were done at 

the Mitchells Plain WWTP laboratory and the Scientific Services laboratory. Table 4.6 below 

shows typical results for the "site" data Filament identifications wcrc dOile once Illonthly. 

Graphs and tables of the hi-daily "site" data and weekly "CMC" data are given in Appendix B 

and C respectively. Table 4.7 below show8 the analytical meth<:x:\s applied to the measured 
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Tobie 4,4: Typicol somple ,heet for ' CMC" ,ompling"ad onaly,j" Sampling do!>e w.ekly, eye,)' SUlldoy. 

MITCHELL'S IlLAIN WWTW -llILOT PLANT • SCIENTIFIC SERVICES WEEKLY LAB. REPORT • 

" , ., ~ 1 - .r '( , , 
. " SAMeH. 1.'~lTS ""','" 

I 
Am_ 

I 
I A"",,, T";,.;~,,. i A,,,,I,,,, I , • , ., , 

, , , 

I'" ,,'¥ , ;;;;;;;-~ . ~ , , , 
, , 

... , . . ... ---_. 
, , 

11 
, , ,,, . 

, . . , , .. 
, , .::.. • , , " . . 

, • . . , - " 
' r, ', 

• , " ... (; : . ---. 
" , , l,() . , 

~ . " ," • •• , . , 'B).'.>: , . . , 
I ' '.: .. .. . · .-

• 

""" 1. 'fl" LnfI.,.." """ .m""" ",,,,,,,1<3 ore 'OOlrO~" '"'''''' -".11 _ ."",,)0. "'~ ~.b ' >JllI'\O< 
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Ta ble 4.5: Sampling procedure and s3mple analysis implemented every second day" "sile" samples 

MITCHELL'S PLAIN WTW PILOT PLANT SAMPLING & LABORATORY TESTING 

SAMPLE 

1. be oompooit< sarupl.. All o.her ' "",plo, 10 be """, , ...,pic •. 
2. All Wb.tm..,', No. ) poper fik.,.;.,g, with the oxcoplioo Of~lO fSA &. ChtboP .ompIe •• to be doDe ot time of ,"""pIing 10 pn:ycnt dcnitrificotioo. 
3. The .. oxic - ,orobic _.ilion ' "",pie to be • oompos~. filtrate of grab .ampIe. ukon ., the ~per. mi<ldle &; lower >«>Iioo. em "",,,hi< ,ide ofbo:ffi • . 
4. The A. R &. S _ "",)'Cit ,_Ie, to be uken in tho ,hlll.d, cklo< to the end ofth< pipewOli<. 
l. Shodod lIe .. ...., CRITICAL ;'(.0. , ampling &. ,"<tinS_ 
6. Filoment ldentifIcation 10 be <lone {>nC' • mooth. 
7. Other me!l!!urcmcnl parameter, (0 be uken or. aU flow,. ",asting. Ittnp"",lut< &. ,..inf.lll. 
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NfTTCHELL'S PLAJN WWTP-STAGE I . LABOR4.TORY REPORT . 
" • 

• • • • • MODULI< 

" '''-~lPU ,,= I ~., . . ,,~, -" I I"~ • 
• " 

, 
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• • 

~ ~ ~ 
, , , 

• 

• 
. , . .. 

• . 
" , -;- -;-::. 

, 
, , , , 

" ' " " • 
,. • .,.." '," , , 

• , ':,'> '" • ." •• :.1 •• ".'- ) 
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• ". , 

.. -
, 

~, ", . • 
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"'. ,,', ... 
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,:) , • 
, , 
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""" 1. Ill, intlu<M an<! dlltlent~ .. '" «"I1)Osi'" .. n",""_ All """" '""1'"" m b""" ,""",,Ie, 
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param~t~rs and th~ eorrespondlllg figllr~ numbers of graphs found in Appendices R & Care 

givcn in Tahlc4.8. 

Table 4.7; Analytical methods applied to test param~t~rs. 

Test Parametrr AnaLytical Method 

COO St,ndard M<t!.:xl, (1985) 

I"K"J Slondord M.thod, (198~) 

Tolal r I..ach.l8000 Flow lnjeeuO<\ Aruoly>i' (F1A) ""klrimelC"f' QuikChcm" 

),t.tM 1O·115·01-1-E 1 0-1 1 5-0 1·1-E (Aeid·Pe,sulphat. Digeotion) 

Ortoo P rIA colorinrt.r - QuikOl<lT.' Method 10·115-0 1-1-A 

1'0,.1'0, fir I.C Auto An,I)~<r 

FSA - Low.lJ1igh rIA cokmmetcr - QuikCh..".! Method 10·107-06-1 Aill 

VSS. Solid, '"1"'T1bon hy ecnlrirLL~.uon. drying in. cweible.t 10~ c·C. 

"ISS incin<ming ,I (j(){)'C 

SVI. OSVI I ... CI ai. (1983) or Ham • .,xI :\f,raL, (I n4) 

,H Schon o.me Digit.l Loh. pH n",t.r CO 825 

Allwhuit)' FlA coklrimcleT - QuikChem' MethoJ 10-303-31 1-A 

Flocculation _ inl1u<nt,oo II ",nv l. ,uhiecteJ to IOml ,,[, IU5 M A1ummi,"n Sulpl"'l< flo"u1aul 

cffiueu! '.~l" co""elllr.tion aud .llow.d k) senl. fill' 1hr. 

Fi11M~)n - ,.,dor ,.n~l" filt",.d through Whatmon~ GFiC gla~, micmfibre tilt", 

FiIiTa!;on - .mLLen! ,.~Ic, FilleTed Ihmugh Millip'''' 0.45~m sl.-rile membr",,,, filter, 

no _ aorohie 7.0"" Zullig :\fooel OO~4 and GU In!. nX>tiel D5J fiXN DO m.l.rs. 

DO - "arioll> Yd.)w Spring' Int.(YSI) Mood 55 poclahle LX) meleT 

For eaeh "steady stale" peliod giVCll in Tahle 4.1, the appropriate data were av erag~ d and are 

presellted below. for Pe!lod I (Ihe first 224 days oflhe im'cstigarionj only the "CMC' data were 

examined to monitor the system performance 0 r the full->eale plants, hecallse the "sit~" data 

monitoring progranmle stalted only ill Long Term Period II. 
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Table 4.8: Measured parameters with corresponding figure flllmbcrs. 

Test Appendices Band C Appendices Band C 

4.3.1 Influeut Data 

The influent data averaged for each of the long term periods in Table 4.1 are given in Table 4.9 

below, for both the weekly "CMC" analysis and the more detailed bi-daily "site" analysis. 

From Table 4,9 : 

• The influent COD concentrations (averages 653 and 614 mg/I) are much lower than the 

expected 861 mg/I (Section 3.3.1) determined forthedesign. Forthis reasoo the innuent 

now rates to the full-ocale plants were increased from 1.4 and 2.1 MIld for Modules A 

and B respectively, to 1,6 and 2.4 MIld respectively from Period IT (Section 4, I above). 

• The average flow rates (1.60 and 2.16 Mild for Modules A and B respectively) indicate 

that the desired flow rates above were closely achieved, 

• The innuent TKN (averages 95.3 and 98.0 mgNII) is V~T)' ~imliar to thal detemlilled fur 

the design (96 mgN/~). 

• The high iniluent TKN concentration together with the reduced COD concentration, 

indicates that the PST removals were better than expected (COD removal in prim~ 

sedimentation is higher than TKN removal, due to the large soluble free and sali::1.e 

ammonia (FSA) fraction in the TKN), This caused the innuent TKN/COD ralio to Joe 

considerably higher than expected, 0.15 to 0.16 mgN/mgCOD compared to 0,11 

mgN/mgCOD (see Section 3,3,1), 

• The inlluellt total phosphorus (P) concentrations (averages 14.4 and 12.7 mgP/I) >:re 

significamly lower than the concCl1tration accepted for the design (19.2 mgP/~). This is 

Wlexpected since a large proportion of the P is soluble and should not be iniluencedJY 

the better than expected primary sedimentation. 
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• JnlJllent nllrate + ninite measurements(not shown here. see Table 4.11) were" O.5mgNii 

indicating these to be present m Ihe In flu ent at negligible concentmtions. as expected. 

Tab1c4.9 ; Averaged influent data [or steady state periods; averages are lor "CMe"" (weekly) 

and ":;lle" (bi-daily) data. 

I.o"~ Flo" RooI< cou TK~ FS~ TOI,I P 

nrlJl ('I~'dJ (m~("{)J)!l) ("'1:1\11) (lII~"Iil) (ongPill 

p"jOO 'Iod. \Iod. ("~1(" SlI< rlo<i OIC Sil' fill CMC Silo (M( Sil, 

'" " " do'o da,o nil ,lat. d,l' dal. d.ta d.t. d.t. 

, 140 2. I I) ~ KiA '</A 90.4 NiA X/A 72.3 :-'/.\ IU :-"/.\ 

" 1.47 2.24 'M 5(,7 254 96,4 ~4.8 0l.6 75.3 60.~ IU D , 
m 1.52 ).14 GJ4 m 26~ n.~ %.11 ~5.9 7~.1 G7.8 U.8 U.O 

IV 1.13 U' W, 653 .11)2 878 92.2 W,' G7.6 6q 140 12.8 

, 1.63 2.12 M" (,76 427 92.Y no ~6.() 75.2 ~7.6 13.4 12.7 

VI 191 2.18 (,30 o~3 m IIHU ~, ;<5.] 772 700 13.9 I 2.4 

Vll 1.70 2.20 031 612 2311 II)H IOU 88.9 81.8 G9.6 13.8 12.2 

VTTl 1.90 2-22 (,48 616 n~ 1Q~3 10·U 9115 ~4.5 M.I 14.1 12-3 

.\w. I .61 2.17 6~3 614 27~ 95 .. 1 9~.(1 83.2 75.4 G8.3 14.4 12.' 

Note: lnf1uent COD, TKN, FSA and Total P ~ unfiltered. FSA -- Iree and saline ammonia. 

CMC liVerages include Pcriod I, whereas site averages do not (N/A). 1-'locculatedifiltered influent 

TKN was not meawred, but 0.451l-m filtered was (s.ce Table 4.ti). 

4.3.2 Reactor Parameter. 

The \ariolls averaged rea<::tor concentrations for the steady stale periods are lisled in Tables 4. I 0 

and 4.1 I bdo\v. In Tablc 4.11 only Ihe "'site" data is listed liS the "C:'1C' data did not include 

these mea>lJrement:;, 

The averaged reactor concentrations will be di>cu>sed in more detail in Section 5. hur 

immedialely apparent from Table:; 4. 10 & 4.11 and Figures 4.1 to 4.14 below, are: 

• '1itrite concentmtions werc negligible throughOld the plan\. 
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• Anoxic nitratc concentrations were high lor \xl!h mlKjllle~, e,,~ep! when nilrificaticn 

f<1iled, MlKluie A Periods IV and V in particular (sec Scction 5.2.2 hclow). 

• An apparent anomaly i n the n; lra!e ,lalu exi~h; [11l<'lXk Teactor nitrate concentrations \vc·c 

high, yet effluent nitratc concemration~ wcre relatl vely low _ H be<:ame e\'ident during tl LC 

inve~(igati l)Jl thal the muin cause for this was inadequatc aeru!ion and significant b;;( k 

mixing 0 (' aerobic Teador mixed liquor mto the anoxic reactol1l re~lllting in q ll<1,i <1nox c 

quasi aerobic conditions in ho!h (he an,-", ic and <1erobic reactors leading to ~i mul(aneo~~ 

nitrification·denitrification in these reactors, particularly in MlKlule A (sec Scction 5 _2 3 

• The TeaCtor P ~on~entrations follow the typical biological P removal pattern, wdl 

anae",bl~ P relea,;e !i.>llowed by subsequent P uptake in the anOX ic and/'-'r aeTobi~ reuctO '8 

(sec Section 5.3,2 hcloVi')_ 

• The overall average TSS and VSS concentration~ in the 2 modules are similar, a~ 

Tequired. 

• The DSVI is consistently low (see Section 5,3.5, j hclow) 

Table 4.10: Averaged reactor mixed liquor data for ,leady ,tate reriod~; averages ure for 

",ite" data which excilldc, Period I (Ni A) and "CMe" datu_ 

L,nng Sito TSS CMCTSS Sito \'SS CMC VSS Sile DS\-'[ CIIIC nsvl 

Term , 
~'''m " 

, 
I ~~ I 

, I 
Porind 111 nd Mnd :\-Jnd :\-Jnd :\10<1 :\lnd :\-10<1 M", ~lnd Mud Moo "od 

:'I'n. A " A " A " A " A " A , 
I ,<iA ,<.fA 42~7 ~4n KiA K/A 3n4 l142 K/'\ N,'l\ 97.4 1 I~, I 

II V;!l4 4!1E2 371>0 4236 2621 3146 ',I.,'A '<,'A "n 89,2 103,0 87.9 

III ,,~ 3P~ J~80 J71~ 2322 U93 KiA KiA 86_~ no no ~9_7 

JV 2q):1 4:121 :1217 4345 2085 3204 1\/,\ " 109,2 93,7 10<;,0 ~1.3 

V 5(~)~ nl9 3240 3374 37X7 2123 1\/,\ '<,',\ 9X_7 1 0 1.7 1262 109," 

VI 3878 3~14 J%4 un 2SUO 2958 '1'\ '1'\ 96.6 98,6 94.3 9l,J 

VII I "" 3330 3 161 3110 2S93 2SHO ',[,',\ '<.i" 8H_~ 92.4 ~9_3 61.5 

VJJJ 3626 ,1012 :1445 2X77 n02 U49 2n<; 2.190 10<;,3 96,8 112,8 ~L8 

~~I ''''''"' I ""' I nw nn' "'" 1m, nl l.:l.v m l2:l. 
Notc: CMC average VSS for Pcriods I and VlII only. 
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Table 4,11: Averaged filtered concentrations for steady state periods: averages are for "site 

data". (Sec als.o Figures 4.1 10 4, 14 below). 

Parameter Module Long Term Period :'>10. 

(rug/f) II III IV V \'I \,11 VIII 

Influent ~O, A&B 0.22 0,17 0.05 0,1 S 0.51 O.O~ 0,24 

1nflll~nt '"0, A&R 0.04 0.' I 0.Q3 0,)) 0.17 0.14 0.13 

hlfhlelll Total P A&B 10.75 11,09 11.09 10,66 10.64 10,26 9,~6 

,\ lAO 0,21 0.11 0.21 OSI OAS 0, IS 
Anaerohic NO, 

B 0.39 0,18 0.13 0.1 0 0.27 0.14 0,)6 

A 0,08 0,14 0,16 O.IJ 0, IS 0.5J 0,19 
Anaerobic NO} 

B 0.()6 0,06 O,OS 0.10 0, II 0.20 0, I 6 

A 
Anaerobic Total P 

1 S.60 29.9L) 13.03 34.10 25.69 23.9) )4.48 

B 21,22 31,49 2H5 2S.25 31.33 20.39 31,02 

A 7.22 3,39 0,07 0.13 6.94 6.73 S.3? 
Anoxic NO, 

B 8,01 5 17 5.0 1 3.29 534 ),67 4.44 

A 
Anoxk 1\0, 

0.13 0,25 0.Q3 0.04 0,18 0.10 0,22 

II 0,20 0,21 0,07 0046 0.42 0.18 0, 24 , 6.04 11.14 9,24 
Alloxic Total P 

12.66 10.26 10'()5 7.25 

B 9.3S 13.33 1505 10.21 13.05 13.03 16.1 9 , 
Aerobic NO, 

IUS 1000 2.00 1.59 11,73 10.09 1 J .51 

B lOS 14.91 10.57 lJ.()7 15,03 9,51 13.58 

A O,O~ o.n 0.15 
ACI1Jbic NO, 

1.~ 1 O. 12 o 15 0()9 

B O,OS 0.04 OJ)6 0.37 O.OL) 1.01 05S 

A 
Aerobic Total P 

210 US 0.44 378 3.61 5,87 2,17 

B 4.45 1.16 7,56 1.74 3.43 2,06 5,06 

A 12,50 ~.6'J 0.28 1,27 [2,61 [1,25 I3,5S 
unumt 1\0, 

B [6,12 16.09 12.42 11.05 15.00 s.n 14.77 

A O,IJ 0,12 0,2 : 1.3~ 0.13 0.23 0,[6 
E(fIuent KO, 

B 0.05 0.08 0.09 0,36 0.12 0.')] 0,70 

A L71 0.45 7.1 S JjO H7 49fJ 2.32 
Effluent Total P 

B 4.67 1,52 7.90 3.34 3.51 2.61 099 

,"otc: lnl1ucnt, anaerobk anoxlc, aerobi~ & effluent T"tal P - filtered Total P concentration. 
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PERIOD II N03. N02 & Total P Profiles 

" " 
~ 

.-~I! --"--,- " t " " g E 11 ---- '" " , 
" -- , 2 , 

- -0 , , " --- - ----- > ] , , 1! ;;: , , 
n -n Jl. 

, 
" , " "" A,,,,,,,,,,,,, ,\,"'~ M""~ ,,', 

Re"ctor 

EI ",00,;,< A N,,'= • ",00,"" A N"I" D Mo.. ... '" A r,~.'. 

Figure 4.1 Long Tenll PeTlO(j Ko. IJ nitrate (\10,), nitrite (NO,) and fillered Total P 

concentrations as mea,med in the VariOllS reactors and SST of 'vfodllie A. 

PERIOD 11 :.'l"03, N02 & Total P Profiles 
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" • c--j , -
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, 
SOl ,~~~"-~c=~--Lt:~-~~"-~~~-" ' )'OT ,""',"" ~ A,,"xl, "",,;~, 

Re,etor 

J<'igurc 4.2; Long Term Pcriod \10. II nitrate (KO,). nltri\C (NO,) and mt~rcd Total P 

concentrations a, mcaslircd in the various reactors and SST of Module ll. 
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PERIOD III N03, 1\"02 & TOlal P Profiles 

" 
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~ -- " t § , 
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Figure 4.3 : Long Tenn Pen()(1 No. ill nitrate (}'O,j, nitrite (NO,) and filtered Total P 
~ . 

~on~"n(ralions as llleasured III the various rcactors and SST of:\1oduk A. 

PERIOD III 1\'03. N02 & Total P Profiles 
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Figllre4.4: Long TCI111 Period 1\0. III nitrate ("<OJ, nitrite (1\0,1 and rtlteredTotalP 

concent.ralions as measured 111 t.he various readors amI SST ol'MOilule B 
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PERIOD IV N03, N02 & Total r Protiles 

" - ~ -0.: ~ ", .S .s l' - -- -- ---- ---- ---- , 
~ 

" E " " -- 0 

" - - " ~ 
, , 

" ~ c<: C 
~ , 

, , 

l ~ \1 """"", N i< '" '' • ",,', .. AN",,, D "'4, ~ ,' ~". I r J 

Figure 4.5; Long Teml Penou 1\"0, TV nitrale (NO,), lllinte C~O,) and filtered Towl P 

~Ol1Ce11tn\lions as mea';\lroo in the VanO\lS n~a<:loTS and SST ofMooule A, 

PERIOD IV '03, N02 & Total P Profiles 
x'-,-----------------, " 

~ 

" 
2. 
" s 
" , 0 z -, ~ 
" f----- -- c- , j 

, , 
-''"'''' SST 

Re.ctor 

Figure 4.6: Long Tenn Period ~o. TV nitrate (1\0,), ni\nle (NO,) anu filleTeU Total P 

COllcenlmtions as mcasunxl ill the various reactors and SST ofMotl\lle B. 
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PERIOD V 2'103. 2'102 & Total P Profiles 

~ ."C C -j--------
ii; •.. +---------.-j 5 ' 

~ 

t 
E 
~ 

Z 
~ 

" " , , 
" 0 

Figure 4.7: Long Teml Period -'"0. V nitrate ('~O,l, nitrite (NO,l and IIltcred Total P 

concentration< as measured 111 the various reactors and SST of Module A. 

PERIOD V N03, N02 & Total P Profiles 
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- .nil ----

Jl -I'Sl M .... --"'t~ A,,",~ '-" -" •. C'C'; 

Reactor 

Figure 4.11 : L(lIlg Tenn Period No. V nitrate (NO,), nitrite (NO,) and filtered Total P 

concentrations as measured in the variou, reactors and SST oI"Module R 
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PERIOD VI :'<rI03, N02 & Total P Profiles 
~ 1 < 

-
~ ------ - ------ • " ~, 

- - - , ~ > --- -- 0 
z 
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~ - ~- -

Jl ~-

Jl 
; a 
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PST -',_ ,h \"-'x~ .","',~ ss ; 

Figure 4.9; Long Tern] Period No. VI nitrate (NO,), nitrit~ (NO,) and filtered Total P 

concentrations as measured in the various reactors and SST of Module A. 
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Figure 4.10: Long Term Period No. V1 nitrate (NO,), nitrite (~O,) and filtered Total 3 

concentrntions as measured in the various reactors and SST of Module B. 
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PERIOD VII :\03, '102 & Total P Proliles 
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Figu~ 4.11 : Long Term Period No, VIT nitrate (NO,), nitrite (NO,) and filtered Total P 

concentrations as measured in the various reactors and SST of Module A. 

PERIOD VII N03, N02 & Total P Profiles 
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Figlue 4.12 : Long Term Period No, Vll nitrate (NO,), nitri te (:-.JO,) and filtered Total P 

concentrations as measured in the various reactors and SST of Module B. 
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PERIOD \'111 :'1103,:\02 & Total P Prolilcs 
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Figure 4.1], l.ong Tenn Period No. VIII nitrate (NO), nitrite (NO,) and filtered Total P 

concentrations as measured in the various reactors and SST of Module A 

PERIOD \'111 N03,:\02 & Total P Profiles 
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Figure 4.14: Long Term Period No, VIII nitrale (NO,), nitrile (K02) and filtered Totat P 

concentrations as measured in the various reactors and SST of Module B. 

4.3.3 Effluent Quality 

The averaged effiuent concentr.ltions forthe steady state periods are listed in Table 4.12 below. 

For the emuent data the averages are weighted averages laking into account the number of days 
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of op<:ration for a particular period and excludCll all outlier,; withm the uata sets. 

Tahle 4.12: Averaged effluent data for steady state pcrio,l~; averages from "~ite data" and 

"C'vIC" d~ta 

I.""~ SIT. COD OlCCOU F10</filt COl) ~itel"K~ Fl""ifilt TK~ SiteT ... 1 t' 

Ton, (m~( OD.'!) (1"O~COU/') (m~COI)/!) ( '"grVI) ("'g~il) ("'gt'lI) 

Prriud 'Iud Mud ""' ,,~ ,,~ ~l<.>d "00 ""' ""' "00 MOll Mod 
~ .. 

" 
, • , • , , , , , , , 

, N/A N/A 43,~ 39.0 n'A NiA N/A N/.'" N/.'" NiA ';'A NiA 

, 37,3 40,4 098 :17-4 32,1 J3.4 3,3 :U ".5 U " 5,1 

'" 461 54,0 46,5 35,S 42,' 47,11 1:I.g 4g I I ,,1 :1.:' 05 '" 
IV 2(,(}.7 54,7 ':18.0 5:1,3 llO~ 4R,7 90 I l,:1 74,7 U 8,5 M 

, 74,6 704 4g,~ 'il!g 64,6 :"8:1 30,6 ,,' 27,:" 7-4 l.7 " 
" " , 6!l4 :160 37,6 47.4 ,7,0 7,0 5,2 " '" 

, , 1.7 

Vll 64,6 102.1 71.2 40,:1 W.I I~,'i 7R :1g.0 7,6 35,3 5,2 3.4 

VIll 70." I I ~,5 ';:1.1 7R,6 65.6 83,5 14, I "1.1 IL9 134 2.5 ~,'i 

,-'n. MA (.6,4 54,0 43,2 5".5 545 15g IU 1.1.:1 9.4 2.9 '" 
L"!I~ Site FSA C1\1C FSA ;,ite NO, {'\If: NO, Sit~ Ortho C\IC Ort1l0 

T..-m (lUgNil l (lUgl'iil) (rr-.:l\il') ("!tNif) r (lUgI'lll P (lU2Pll l 

Pe,-;od '100 \I"d "" Mod :\-too Mud M ,,0) \I"d \lod \10<1 1\1",1 '1",1 

" • , , , , , • , , , • , 
, N'-A N/" 1l.3 o,~ N/A ';/A U.O 14,~ N/,\ NiA , , 6.3 

" " , 0,7 , , , , 12,5 15,& 13.4 154 L2 J,8 U 35 

'" 10.4 ".4 15.8 5.4 100 16,2 "' " 
, I!A U " 0,' 

IV 618 " 54.~ U 0,5 13.6 " 14.1 ",~ 7.5 16 7, I 

, 24,2 5,2 23.1 10,2 " 1:1,2 J.G 10,0 U 3.3 IH 0" 

VI :"2 1" 27 l.~ 14,1 1"'.0 12,1 160 \9 :1.4 5.4 4,0 

\ill "I 28,0 ,," 247 15,3 1,:1 15,8 7 ,9 4,9 " 
, , 3 7 

VllI 5.1! 5 7 U 54 I ~,'i 17.2 1:1.5 164 2.0 ,,' 3,J 15 

A w. 10,5 6.4 6,3 " 107 14,:1 II ,9 13.7 , , J,O 3,~ 4.2 

:\Iote : Effluent COD, TKJ\ & Total T' = unfiltered, l'SA = frec and salinc ammonia: :\I0x -

llItrate'" rutnte. The noellill COD ond TKJ\ v~lllcs orc "sitc" valucs, "CMC" avcrages include 

Period I, wh'-'J"eas "site" averJges uo not (N/A). 
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ThC$l'dal~ will be discussed in moredCfail in Chapter S below. Ho\\·el'er. mlmediatl"lyappan:m 

is lhal: 

• 
• 

• 

With the exception of Module A PITiod IV, effiuenl COOs were consiste\"ltly low. 

NilriflC<llion faIled for Module A Period IV, and partially failed for Module A Period V 

and Module B PCIlod YD. 

With the c~ccption ofModllle A Period Ill, emuetll rut!.. P > 0.5 mgPlf, mdieating P 

removal "I"a! IW)I limi ted by tDe IIlflUetll P concentratloo. However, efflumt P 

coneentratiolUl arc higher than those predIcted with UCTPHO (SOCtiOn 3.5 above), 

indicating lower biological P removal than predicted probably due to nitrate rccycle to 

the anaerobic reaetofi froill too anoxic re~'"tors (sec Se.::tion 5 3.2.J below) 

• Even wlIb the lowcr implemented 'a-recyde' I1Iho5. emucnt nitratc + mtrlle (NO ... ) 

conCt'tltl1ltions an: lower than predicted with UCTPHO (Section ) .S above). indicating 

possibly better dCllltnticalion than predicted, JlOSliible etTors in nitratc measurement or 

simuJtaneom nitnfication-denitrification (sec Sections 5.2.2 and 5.2.3 below). 

• The sum of the "site"' efflllCilt uitrntc (NO.) and "site" efflucnt nitme (NOJ in Table 4.11 

;$ rc:lSOflably close to thc "site" effiurnt nitr-~te + nilnle (NO..) given in Table 4.12. lbe 

No" conccntrations (Table 4.12) \\ ere mcnslIrcd independently lIS ~ cross·chccl( on the 

sum of the separ~tely mcasurc-d NO, and NOj COIlCentral1on$ (Tablc4. 11) 

From the influent, reactor i\Jld emucnt data a reasonable correlation is acbieved between the 

"eMC' and "site" tested dRla. Similar correlatIOns were achieved for the oth<.-r par-druct"s 

duplicated in the ..... 0 seuofrC$tlla. Thi~ ind icated th~t the sampling and analytical proc«JUl"eS 

wcre reasollablc. BccllU5e the "CMe"' data are once wo:ckly. nod tbe '"site" tested data three times 

\\cekly, the "sitc" \t'sled data arc: accepted 10 be morc reliab le. Thu!!., the "site" tested data will 

he cl'alu.ated in greater depth and presented fUMher in tIllS report. However, where possible, the 

"eMC" data will be mod as a cross check 011 the "site" data. 

4.4 LA80IL\TOKY-S(";\U; lief Snifl:M 

From February 2001 (d~y470) aparallellaboralory-$C~le UCT system with the same deSign and 

operatingparamelers as the full-scale plants was set up in the Water Research Laboratory at the 



Univ
ers

ity
 of

  C
ap

e T
ow

n

4.24 

Umver$ilj ofC'ape- T OVoTl. The princ ,p~llIJ.m oflhl5 l:tbor.-ory syslcm was 10 inveslig~le lhe 

cause(s) oflhc poor N mass balmlctcs ach;C"cd Wllh lhe fun-!"oCaie pllud ~ and 10 characterlSC the 

sculed wastcw.1!er feed, in partlcul:lr mcasure lbe unblodcgroldablc p~rtieub\( COD 

cOflCCOlrlllion which affects the VSS OOne.,,1 rlll ;on in Lhe lull-!"oCale plants (seo: Seclion 5.2.3). 

4.4.1 ~: ).:perilllenta1 Sct-up and COnlrol 

The laboratory system ",as set-up and operated in the same way as the Module A lull -scale plant 

I.e. 10 lumt the anoxic nilntlclnitrite concen trations 10 <: I mgNl! Ul (lrder 10 x hiC\'c a good 

senlillg sludge. lienee. the ';rTto::)'C Ie' r:ll ' ''' was &et 10 0: I VI.r .1. ill flum( flow 10 ensure a nitrite 

10:1<1 011 the :mo..1lIC rca:tor below lIS dOllitri fieallon polC"nliai IhIlS COntrollillg lbe Dllrale 

concmtl'llilon in thC" anoxic reactor ;J)Un¢dullel), pnor 10 the :lCf"Ob,c reactor 10 < I mgN/t 

A schema/ie la}Uul oflhe laboratlJry-sc~le ucr S)'5tem is gi~oo in Figure 4.1 5 and the design 

Md optlrating parameters given in Table 4.13. The system consistoo of throe completely mixed 

reuctors (anaerobic, anoxic and a~obk) with a IOtal physical volume of 20A htres (I) and an 

inclined tubular !>ttondary settling tank of l.S 1 in series. These reactor dlmell$IOnS were in 

proportIon to loose of illc M.odule- A full-scale plant The s),Mem had a ·s-recycle' (RAS) ralio 

and ' r-rceytlc' ralio, both al 1:1 w. r.l. mf1\1elu flow. 

TIle tn nuCfll sewage fod 10 the labor.ltol),-scale- ucr !<)<sl"Il1 was settled sev" age eollQCled aner 

1M Stll&C I PST at the Mitchell'5 Plain WastewillerTreauncnt Plant. Thus the laboralOI)'·scale 

sysle]'n reoceived lhe same wastewaler ;IS Infiuau as the full-seale plant~ . During this 

Imestigation which lasted 163 days from day 470 to day 632 (the rull -sc~ le plants were 

dccomnussioned on day 589). the syslem reoceived four batches of sewage. 111csc blllches of 

sClt led sewage collected approximately every four to six weeks. were first mao::erated and thal 

~Iorcd 111 Slam\CSIi steel tanks in the l .. boralory cold room at 4 "C. The system reocelVed a constant 

m[\uent nOli" ofM " dand the$hodge agcwascontrolled hydraulically 31 15 days bywasri ng l.25 

Ud from the aerobic t"e<lI:lor. takmg due al;toun t oflhe vo lumcof the samples taken for a1l31Yliis. 

1be s)"'SIem w.1ll operated al a constant labor:I1Ory controlled am bient tcmpcr:.turc of20 "C. 

4.4.2 SY51em PerformllnCl." Monitoring 

System ptlfonnancc monitoring commenced on 12 February 20(] ( (day 470). To mOllilQr the 

1)Clfonnanee and operation, samples were liiken virtually daily from the n:ac\ors and SST for 
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analysis. A sampling andanaly!Js schedulei~ given in Table 4.14; these analyses will be termed 

"VCT'data. All samples taken from the influent, reactor and effluent were grab samples. All 

mixed liquor grab samples from the various reactors were filtered immooiatelyto prevent funher 

biological activity. A table and graphs of the daily "UCT' data are given in Appendix 1. 

R-RECYCLE A-RECYCLE 

WASTE 

EFFLUENT 

NFLUENT 
SST 

!I I Ie 

S-RECYCLE 

Figure 4.15: Schematic layout of the laboratory-scale vcr system. 

4.4.3 Experimental Results 

For each sewage batch, the appropriate data were averagoo and are pre>entcd below. A detailed 

comparison with the Module A full-scale plant is given in Chapter 5. 

4.4.3.1 Influent data 

The influent data averaged for each batch are given in Table 4.15 belo\\". From Table 4.15 : 

• The influent COD concentrations were low; overall average 522 mgCOD/f compared 

with 62J mgCOD/f fed to the full-scale plants over roughly the same period. 

• The influent TKN concentrations were consistent for each batch at around 85 mgN/l 

compared to 102 mgN/~ fed to the futl-scale plants, giving an average infl uent TKNICOD 

ratio of 0.164 mgN/mgCOD for the settled sewage, the same as for the full-scale plants. 

• The influent Total P concentrations were consistent for each batch at around 13 mgPII 

compared to 12 mgPII fed to the full-scale plants, giving an average influent TP/COD 

ratio of 0.026 mgP/mgCOD for the settled sewage, compared to 0.019 for the full-scale 

plants. 
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• The average mOuenl FSA concentration ofnS mgKil compared 10 tjt) Ill!,""! fud 10 Ihc 

ru ll-scalc plants v~ ... r lh" '>3.",<: penoo. g~vc an J'SAITKN mlio of O. 76 compared to 0.011 

for .h ~ fu.ll·scale plants, 

Table 4.1 ~, Llhorntory-s.calc UCT syslem d<.<~ign and operating p"(,,m~tcrs, 

System S("\\age Sewage Se .. age SewlIge 

rarllmeler HlIlcb I H~lch 2 8at~h 3 Hlltch 4 

? enod(2uGl ) 12,.'01·19,'O~ 20(l.1.19,.'04 2()','().I ().I,06 OHJ<>-24,''07 

Day numh<:n; 470-497 ~~3· 528 S29·~74 575 _6.12 

r...",be, ",[day. (J) ~ ,I " '" 
r.urrh..,- "'[ ",,~bng J.)'> Id) " " " ,'1 

Total 'Y'\cm ,'olumo (') '" "' .. 20. '" 
Tn! •• ~fftt!i,-.;: ."1"",,, ('I' 18.1 18., 187 1S.7 

,\ ",,,0 b to \'" tum<; (() l.4 .1,", ~A .'.4 

,\ ",,,,wic dTe ... 'li,'" ,,,1,,,,.., (!j' " " " 
1.7 

,\""~jC ,'oJ"",,: (I) "' 
., " " 

AerobIC \oJ ... ",: m 105 10.5 UH '" 
AIIllcrOh,c M.~' r 11~,,()n "'" " "" oml OOQI 

A",,,,' M», r ,aclioa 0.1."0 0350 O,HO (l.HO 

Aemhi' \1." r ,',cb<'n USS9 (1.~59 o .«~ 0,~~9 

S]"d<Jo ~~< (d) " 15 " " 
'lcmpcuturc f O " '" " '" 
pH I>f mixtd ilqw>o 7.tP S "'0--7_5 UI'U 7.0-7.~ 

hcmlltc U"actoo 1.10 CIncQ,-q 20.5.0 1.1I-5.(l 2~~0 2.1l-~.0 

Infl .. "ru I KN'COf) 1~110 (1.l2·Q,21 (I.I!.{l,l2 ~ 1 !.02J OH-O,24 

lnfl,,.nt TP,'UlD Tlb<l O,02-11.u) U 02_0()4 0,02·u W 002-0.U 6 

Infllltll1 (t'J) 24,0 XO 2~,O 24,0 

W",,,, (td) ) 25 J2~ 1.2~ ) 25 

~.'ec}"d.· ",too " l:l I: 1 " 
. '.,cc}"d~' tallO " " , "' 0:1 

·R.,e~,d~· ,."" (, I U " l:l 

• Volume adJ u~lc!l to ac,(llmt f()r the dll11l1(ltt of 1he anacro bie reaClO" nmeU liquor in the ITT 
NDBEPR -;ystem 
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4.4.3.2 Reactor mixed liquor data 

The averaged reactor concentrations for each sewage batch are given in Table 4.16 below. 

rable 4.14: DUlly sampling procedure and sample analysis; "VCT" samples. 

SAM!>I Ii: MEASUREMEKT PAROIETER 

con' TKN' FSA' NO' , TP' OUR' 

Inflllent • • ~ • 
Anaerobic ~ <, 

Anoxic <- <. 

Aerobic • • ~ ~ , 
Effiuent .<- .~ ~ <- <. 

MeasUTCIIlenttaken. 

Unfiltered sample . 

/ 

• 
<-
I.'.' 

Filtered through Whatman~ GF/C glass micro fibre filters. 

Method according to Standard Methods (1985). 

OS\'! 

, 

~ 

According to Technicon Auto Analyser Industrial Mcthod No 33.69W. 

\"~s' 

, 

TSS' 

, 

, 
Sulphuric acid/persulphate digestion at 100°C followed by molybdate-vanadate colour. 

With Ycllow Springs DO probe and Randall et aI, (199\) OlJ"R hox. The daily OUR is 

the mean of -150 OlJ"R readings over a 24h period. 

• According to Lee et al. (1983) or Ekama and Marais (1984) . 

By separation with centrifugation, drying in a crucible at 105°C and incineration a( 

600 °C. 
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Table 4.1 5: Averaged inllllent data for sewage hatches; averages are for "UCT" data (daily). 

Sc"agc Influent COD Influt'nt TK.~ lnflucntFSA Influent Total P 

Batch '10. (mgCOD!~) (mgN/t) (meN/f) (mgP/I) 

1 523.3 82,1 61.4 14,2 

2 540.9 86,5 65.7 14,3 

.1 SU3 82.5 63.<) 12,3 

4 520.3 89.3 68.3 14.0 

AYeragt' 522.3 R5.5 65.3 13.7 

Table4.16: Averaged reactor mixed liquor data for sewage batche~; average~ for "tTT" data. 

s,,...~, Aour 400' A, ro An,," Aoo< "ro OIiR 

B.Il'h VSS '" .~O, '0, '0, Totol P Toto] P 1' ... 1 P (m~Oi!l DS\ I 

'I •. (011(/1) (meil) (m~~11) (m:~i!) (m~"i!) ("'gPiO (mgPIt) (",~Pl!) "' (lIlii~1 

1 1930 2312 0.1 0,6 25,} 2],5 17.1 " 39.4 1 Mi 

2 209~ )411 " , .',1 30,4 20,7 14.1 9.4 42.7 2(,(, 

, 
lS52 21M 0.2 2.1 39,5 14,] 10,6 " 19.' 146 

.1 1592 1841 ".2 2.7 3 i .1 15,1 12,0 .1.1 36.0 IK 1 

A,' •. IK 17 , I 1 1 ".2 " 14.0 1],9 1},2 &2 37.' '34 

Note, Anaerobic, ano,j~ & acrobic Total l' = tIltered T ()(al P COllcclllralion, NO, = n ilrate ·1· nitritc, 

immediately apparentlh.lm Table 4.16 : 

• The VSS alHl TSS con~el1lration~ were fairly consistent throllghout the lllvestig,dion 

except for Sewage Batch 4 in which they Were mnsiderably lower. 

• The KO, concentrations in the anaerobIC zone were consistently low at <; I ms-~il. 

• With the exception "rSewage Ilatch I, -"0, coocenlrations in the anOX1C zone were 

> I mgl\iE. 

• The -"0, concentratioll.'> 1n the ael\lhlC ZOlle were consistently high (25 to 40 mgNN). 

• The OS Vis Were consistently high (> 150 mlig:1 throughollllhe in ve~tigation 11llt lllcrea..\.C 

further when anoxi~ KO, illcreased- this conforms to the AA filament b lllking hyp"thesi s, 

• The OUR was anl1llld 37 mgOilih excepl for Sewage Batch 3, f"r whlch it was 

~(lnsiderably l"wer. 
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4.4.3.3 Emuent quality 

The averaged effluent concentrations for each sewage batch is given in Table 4.17. These data 

will be discussed in more detail in Chapter 5. However, mmJediately apparent is that: 

• The efllUCL11 ('00 concenlnuion.s were consistently low. 

• With Ihe exception of Sewage Batch I , the effluentl:SAconcentrations were > I mgN/l . 

• The effluent NO, concentrations were consistently high. 

• The emuent soluble P coocentrations are high throughout (> 5 mgl'· (j. 

Tahle 4.17: .\ veraged effiuent data for sewage batches; averages are for "UCT"' data. 

Sewage EfIlnent Effluent Hlluen[ Efflneut l:: fflll en t 

Batch COD TKI\ FS.\ 'I'D, Soluble I-' 

'10. (m~COJ)l l) (mgl\'l l ) (mg'lil ) (mgNi~) (rogril) 

I Sl.(, 2.'1 (J.H 
~ , ., 
.1 .>'. " , 49.7 I , 0.4 36.3 S.O - , 

3 fil.l 44 1.7 44.') 7. I 

3 5R.S 5. I 2 .5 37.0 R.7 

'\Vl'r~ , 5(,.4 --, 1(, 3g. 1 7.6 

4 .5 FILAMENT I[)EN 'I'I~ICAI"IONS 

Throughout the 589 day investigation mament identifications were done once monthly 011 the 

full-scale plants and the UC'T laboratory-!;cale unit using the microscopic techniques of 

Eike1boom and van Buij sen (1981) and Jenkins et al. (1984). Samples for identification were 

collected at the endoftheaerobic reactor snd examined on the same day. Detai led idcntification 

results are listed in Appendix H. A summary of tile results is given in Table 5.14 where this 

aspect is discussed. The AA (low F/M) filaments M. parvicella, types 0092 and 1851 were 

dominant in both modules as well as in the laboratory-scale system throughout the investigation. 
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CHAPTERS 

DATA ANALYSIS A:\D DlSCllSSION 

Bulking In :-ITlBEPR plants is lllextricably lmked to th~ nutri~nl r~mo\'al p~rfonnancc (Cas~y 

et ill, 1992a, 1994). Henc~, in this chapter the COD, 1\ and P removal p<Crformance is analysed 

and pr<osented. Further, to assess the validity ofth~ measured data, N and P mass balances are 

calculated for Ihe st~ady state periods. COD balances could not b~ done becaU8~ the OUR ",as 

not measu.red ncept On two occasions during the two 24h t~sts, which are discussed later mthis 

chapt~r. The sludge settleability and filamentous organisms arc pres~n(cd and a comparison 

b~tw~en Modul~ A and a laboratory scale system lS ghen at the end of the chapter. '111e modules 

ar~ also simulat~d with two biological N & P removal programm~s, UClT'HO whlch lS COD 

conservative and BlOW!N which includes COD loss in some ofth~ anaerobic process<os. 

5,1 COD RnlOvAL P[RFOR~L\NO: 

5.1.1 Influellt and Emuen! unfiit"Fcd COD Concentrations 

Th~ averag~d unli Itered influent and emuent COD concentrations for Modules A and B are listed 

in Tables 4.9 and 4.12 respectively, and are shown plotted in Figures 5.1 and 5.2 for lh~ "site" 

and "CMC" data r~sP'='ctively. For the eight long tCf'ln p~riods of the investigation, a reasonable 

correlation for the untiHered COD conc~ntratiOllS is achieved for the "site" and "CMC" data. For 

the sit~ data. it can be seen that the influent COD concentration vaned belwe~n 567 and 676 

mgCOD/t. The effluent COD concentration varied su.bstantiaily b<;tw~en 3 7 and 261 mgCOD/'. 

How~vcr, with the exceptions of Period IV Module A and Periods VII and VITI Modu.k S, 

cOllSist~nlly good COD removals were achiev<Xl with unfiltered efllu<Cnt COD concentralions" 

75 mgCODIi. Dmin;; P~riod IV Module A, the 's-recycJe' (Ri\S) failed, and as a result the air 

supply and int1ltent now were switched off!'or two days (see Tabk 4.3). \\-,llt'n the syskm was 

restart~d, th~ sludg~ accumulated in the SST, some of which noat~d (m the surface due to 

denitnlication, lirst had to be rdumed to Ihe bioreactor before the system could function 

ad<x] uatdy. A \'~ry high u.n filter<Xl COD conc~nlration was l11~asured for a few days following 

this event. Because aeration was off during this two day breakdown, it is also refl~cled in the 

nitrification (see below). As mentioned earl ier. towards the end of I he 1l1vesli gation for P~riods 
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Site Long Term Period COD 
",; T-------------=---;;;;C-- ---------- --, 

Hgure 5.1 

,,,,,,,<,, 

" v 
Period "\"0. " Vl[ 

Averaged influent and effluent unfiltered COD conccntrations lor ,leady stale 

periods; "sitc" aycragcs do nOI inchlllc Pcriod '-

CMC Long Term Period COD 

71.< ' 

(m -- .- - -- .-
, -- - - - -

'00 . -- .- . -
- - - - . -- .--- -

"" . - . - . I - .- . - -
, - )L ;a-

. -

y~ ~~ ... ~ ,> 

'" 
, 

'0""'" 

lligure 5.2: A veraged influent and effluent unfiltered COD ~orl<;en\ra\ion, for ~teady state 

periods; averages are Ibr "C\1C" data. 

VII and VIIl and p~rticularly in Module B. considcrable difficultics were cxpericnccd with thc 

aeralion system duc!o blockages orthe ccramic diffilscr domes. TillS resulted in inadcljllate 
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aeration in Module B during these periods. Again this is reflected in (he poor nitrification 

perfonnance during these periods (see below). 

5.1.2 Filtered COD Concentrations 

Flocculated/fillered influent and effluent COD concentrations were also measured in tbe "site" 

data set. These were done to determine (he soluble COD concentration of the influent and 

effluent from which (il the eff1uent value is the unbioocgradah le soluhle (US) COD concentratioo 

(3",,) and (ii) their difference is approximately the inflll<l111 readily biodegradable (RB) COD 

concenlratioo (RBCQD). The influent and effiuent flocculated/filtered COD concentratiClllS are 

given in Chapter4. Tables 4.9 and4. 12 respectively and Figure 5.3 below, Table S.l below gives 

S""" RBCOD, the USCOD fraction with re>peet (othe tolal influent COD (f"",) and (he RBCOD 

fraction with respect lothe total influenl COD (f,J. From Table 5.1 il can be seen that f,.", ranged 

from 0.06 to 0.12 with an overall average of 0.086, which is in the expected range for typICal 

municipal settled wastewaters (i.e. 0.05 - 0.20). From Tallie 5.1 it can also be seen that 

~,ranged from 0.258 10 0.538 with on overall average of 0.354. The influent RBCOD for Lung 

Tenn Period V is very high at 364 mgCOD/1, yielding the high f~ value of 0.538. 

Site Long Term Period Floc/Filt COD 
~,-------------------~ 

Figure 5.3: A verd.ged influent and effiuent flOCCUlated/filtered COD concentrations for 

steady state periods; '·site" averages do not include Peri (J·d T. 



Univ
ers

ity
 of

  C
ap

e T
ow

n

Tahle5.! : 

I.on!: Term 

Period 

I 

li 

III 

IV 

V 

VI 

VI] 

VIII 

= 

SA 

Average unbiodcgradahle soluble ,md readily hiodegradab Ie COD concentration~ 

and fractions for st~ady ~la(e pen()(ls; <lveragcs are lor "~i\e" dala which exc]ud~s 

Period I. 

t:SCOI} f,.", RBcon f" 

KiA NiA l\iA NiA 

34.0 0.060 221.4 0.3'Xl 

42.8 0.070 222.8 0.364 

65.3 0.100 238.0 O.3h4 

60.8 0.090 3MO 0.538 

52.2 0.080 238.7 0.3GG 

73A 0.120 157.7 0.258 

73.9 0.120 162.9 0264 

52.8 2!.73 ~ 

Ko\e' For Long T ertll Period I, the intlucnt and eft1uent flocculatedifilt~red COD conccntrations 

w~r~ not mcasured (-"iA). 

5.1.3 Ertluellt Suspended Solids 

DI.L e to the mosll y v~ry low ~ 111ucnt suspcndtld solids (SS) concentrations, it was not pos~ib Ie to 

measurc it accur<ltdy. hl thi5 investig<lt ion, the efllllenl SS (VSS and ISS) was calcu.ble<J from 

the di ITerence betwc~n the efflucnt unfiltered and filtcroo COD concentration, dividcd by the 

CODiVSS <lnd VSSiISS ratios oJ"ihe ac(ivaloo sludg~ in the biological reactor. Th~ r~sults so 

obtained <Ire listed in Table 5.2 From Tah l~ 5.2, wilh lhe ~xcep(ion 0 1"lI,1odu.l~ A Period IV and 

MO(lule B hriods VII and Vlll, the calculated cfflucnt VSS and TSS concentrmioll& are low « 

SI mgVSSil and <11 mgTSSil). The overall average eJllu~nt SS arc very 5imilar for Modules A 

and B. 
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Table 5.2 ; 

I.un~ 

form 

Pcrioo 

, 
n 

m 

" 
5 

" 
VlI 

VII[ 

A,'ora,. 

55 

Ave.-age effluent VSS and TSS of .\1odllles A and B for steady state periO(k 

averages are for "8ile" <.lata which does 1101 includ e Period L 

lI.COD lUORH)I),'I) COD v~snss unU"n! VSS unllmt TSS 

!\'~S rolin (mt:\'~S.111 (",~'ISSil) 

Mod!\. 110d II ratio Mod A MorlB Mud A Mod B lIIud A "ooB 

}liA ,t ... N/A }ItA N,'A ",-/A \/A ",-,.. ,\ 'S"'." 
~- '{) 6.'15 148 {I.n O~~ . .' .' 3~ I 4.70 4.83 6.10 

4_{)~ 6.91 1.48 () 74 0,,6 2,74 4.67 3.7} 6.18 

139.78 '.00 148 O_gJ 0.74 <:4.44 4.05 113.38 5.47 

10,U 12.14 1,48 IU6 O.I~ 6,76 821 89.1 10. 'lO 

3.33 3.38 148 IU4 {) 7~ 2.}j 2,18 3.!)~ 0.02 

-".'ill 11% J.41i U_,9 (I. ~5 },n 15.24 4.73 2{).4U 

503 28.'11 l.48 O"j n, ,5 3.40 1~,'i4 4_~ 2618 

13 'HI 11.87 '" 0,75 0.:6 9.39 8.0' IUS Hl.1>6 

:'>Iote : lleOD IS the difference between the effluent unfiltered and flcx:c-uJatedifillered COD 

concentTation~_ The COD/VSS ratio of 1.48 l~ a~sumed, as the COD of the sludge mthe 

reactors were not mea>uroo. For LOllg Teml Period I, the erfluentlloc·eulaled/fillered 

COD eonc·entration~ were oot measured C-I/A). 

5.1.4 COD Remo~al 

For the eight ~te ady state periods, the COD removal of the two modules i s shown plotted together 

with the soluble and particulate emu""t COD In Figures 5.4 and 5.5, wheTe the total height of 

the sta.::ked bar represents the unfiltered influent COD concentration. Table 5.3 below lists, for 

each steady state period, the percentage COD remo val (based on unfiltered and filtered e[(1uent 

COD) of the systems_ From Table 5.3, with the exceptio11S of Period TV \-fodule A and Penrxls 

VII and VIII \-frxhlle B, itlS ev1(k"t that gorxl con removal was allamed \yith percentage con 
Temoval based on the unfiltered COD> S'i"lo and an average for the investigation of87 and 89 

% for Modutes A and B respectively. The low 60 %, removal occurred in Period IV Module A. 

which as stated above, was due to the air being switched off for two days. The COD removal 
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based on filtered Cmuen! COD ranged ITorn Rl 10 l)4 % with an 3\Uagc for the investigation of 

~ and ')1 % for Moduie8 A ,111\1 B respectively. 

Tahle5.:l: 

Long Term 

Period 1\0. 

J 

II 

IT! 

N 

V 

VI 

VIT 

VIIT 

~ 

Averagepercentagc COD removal based on unfiltered and filtered effluent COD 

lilr steady Stale penoli8; averages arc for "site" d.'Ha except Period r, which is 

based on "CMe" data. 

Module A COD Module B COD Removal (%) 

UntlHe~ed COD Fillcrcd COD Unfiltered COD 1"i1tcred COD 

93 NlA 94 NiA 

93 94 93 94 

92 93 91 92 

GO SI n l)3 

1\9 911 90 91 

92 93 31 91 

911 " 83 " 
SO " go " 

..!l.. .22. ~ ~ 
Note: For Long Tonn Period r, (he emUClll nocculat<xVfiJt.ered COD COll<;entr'ltion~ were not 

measured (NiA). 

From Figures 5.4 and 5.5 below which show~ the COD removal and effluent soluble and 

particulate COD as a stacked har equal to the innucnt unfiltered COD cOllccntration, it can he 

seen that the COD remov,11 performance for lhe two modLlie8, with the exception ofLol1g Tern' 

Period TV, was very similar. Also, with the exception of Module A Period IV, the eflluent 

p,1l1icLiiate COD concentrations were very small (< 15 mgCODil). 
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MODULE A COD RDIO\'AL & EFHUENT COD 

""'-,---------
~ 

Pel'iod NQ_ 

Figure 5.4; Module A average COD removal (ba8ed on unfillered emueni COD) and efllllcnt 

soluble and particulate COD IDr Slcady slate periods; avcragcs arc for "site" data. 

MODULE B COD REMOVAL & EFFITE!'\T COD 

Figure 5.S; Mooule B avcragc COD rcmoval (ba8ooon unfiltered effluent COD) and dIlucnt 

SOlllh le and particulale con for steady state perioos; averages arc IDr "SilO" !lala_ 
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5.2 Nn II.()(;U" RfMOVAL PI[RFOR\IANCE 

5.2.1 Unfiltered & Filtered (unuellt and Effluent Nitrogen Concentratious 

The averaged unfiltered & filtered influent and effiuent TKN and FSA concentrations f01 

Modnles A and B are listed in Tables 4.9 and 4.12 respectively, and are shown plotted in Figure~ 

5.6 to 5.8 and Figure 5.9 for the "site" and ··CMe" data respectively. From Tables 4.9 & 4.1 2 

and Figures 5.6 to 5.9 for the eight long lenn periods of the investigation. a reasonable 

corrc1ationfor theunfiilered TKN and FSAconc~ntrations is achieved forthe"site" and ·'CMC" 

data. For the "site" data. the unfiltered mfluent TKN concentration varied between 92 and 104 

mgN/t the filtered innuentTKNbetween 80 and91 mgNll and theinfluent FSA between 65 and 

70 mgN# . This yielded an average influent TKNICQD ratio of about 0.16 and an average 

influent FSAlTKN ratio of about 0.70. Dctailed characterisation of the influent TKN is givcn 

in Appendix A. Excluding Period TV for Module A during which time the aeration system was 

off. the unfiltered effiuent TKN concentration varied betwecn2 and 38 mgNlI. Similarly, the 

effiuent FSA concentration varied between I and 28 mgNlt The penods identified above with 

reduced COD removal and Period V Module A, also exhibited partial nitrification pcrfonnance 

(effiucot TKN > 10mgN/0 . for the same reason. 

Site Long Term Period TKN 
"" -r-------------------------------------------------------. 

~ 100 +---=--
5'"1----
i2 e l ~ +-------
o '" -1--------

, 
Period 1\0. 

Figure 5.6: Averaged influent and emuent unfiltered TKN concentrations for steady state 

periods; "site" averages do not include Period I. 
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Site Long Term Period Filtered TKN 

~' 
'- '" ~ 
" '" ~ 
~ 

'" -g 

" " j 
~crjoo "10. 

Figure 5.7: Averaged filtered influent and flocculated/filtered emuent TKN concentrations 

ror steady state periods; "sile" averages do not mcill(le Peri()d I 

The problem hinged around the limited capacityorthe aeration system, even wilh both blowers 

in operation. This problem became worse as the investigation proceeded due to increasing 

blockage of the ceramic dilTuser tlome<>. Also it was difficult to share the available air supply 

equitably between Modules A antl B. In the firsl part of the invesligation it became clear that 

Module B received ITI()re air than Module A. hence Its better nitrification performance. From 

Period V. the air supply to ModulcA was increased at the expenseorModule Fl. which improved 

the nitrification performance in Module A for Period VI bm led to poor nitrification performance 

in Module B in Period VU. So clearly the effluent TKN and FSA concentrations were tlirectly 

related to the limited air supply of the aeration system. 
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Table 5.4: Average el1lllent TKN eoncenlnnions of Modules A and H for steady slale 

periods; averages are for "site" data whi~h exdlldes Period L 

LOUIl "CnfiUered FI"<ifiH ... ,,d Filtered "SoJubl~ TK'< of lITK~I\'SS 

Term TKI\ T"~ F'S.\ Organic N efl1~.nt SS or emueHI SS 

Period (m~~/I) (nl\:'1il) (m:~i!) ( m)(I\/I) (mg/'-i!) (mg~i') 

1\0. 
M"d .~Jod )',,01 Mod Mool y!oxl Moo Mod Mod M"d Mod Moo , , , , ., , A • , , , B , l'iA NiA ?:</A NiA l'i/\ "-i.l/\ "-i.iA K/A N,/A ?:<fA l'/A I'A 

" ),3 " 2,~ " " O~ IU o.~ IU (),G 0.' o. , 

m 13.8 4,8 1U 3,) 104 H OY O.Y 2.l U 00 0.:1 

IV 9(), I 2.3 74.7 '" Gig '" 12,9 0.' 1 l ,4 0,7 0.' 0,:2 

V .'().~ " 
,. , - ,.- 7.4 14.2 52 3.3 2.1 3.1 ()~ 0.5 " 

VI 7.() l2 4,3 3Y 0.' 1.:1 37 2,7 :2.7 1.:2 U 0.5 

VII 7.8 3f,0 7.6 3~.) 3,1 :20.0 H 7,) 1.(; H 0.' 0.:2 

VIII 14.1 21.1 11 ,9 13.4 SO S.' ~.9 H 2.:l ~7 0.7 0' 

An. 159 11 ,., IB " 10.0 "' 3.3 H ' . L __ ' I.Y " 0.2 
. * ThIS soluble TKN lS soluble lUlblodegradablc organic N, 1\",;. it CalculatC<l trom effluent VSS 

concentration from Tahle 5.2 

Tn T<tble 5Alhe unllhered and 0.45 f.l-mmembrane filtered effluent TK.!'\ and FSAconcentrations 

tor Modules A and H for the eight long ternl peTl(xis are given. Fr()lllthese values, the soluhle 

and particulate organic l\ concentrations are calculated, as well as the TKK/VSS of the 

paniCillate orgam~. N l'rom Table 5.2. i'rom these results: 

• With the exception of Module APeriod IV, the average soluhle Ilnbiodegradable organic 

K (1\",.-;) ami the rKN orthe 55 lor .\lodules A & B were similar i.e. 3,3 & 2,9 mg~'m 

and 2.7 & 1.9 mgNi~ respectively. 

• TIle efflilelll TKNiVS5 ratios ol'Modulcii A and B vary considerably mainly due to the 

unlilteM cft1uent COD variation (Tahle 5.2). 
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Site Long Term Period FSA 

Etl"". t 

Figure 5.K : Averaged influent and eilluent FSA concentrations for steady state periods; "site" 

averages do not include Period L 

E' '20 
" • £ • < 
" " 
~ • 
" 
~ • 
~ 0 

CMC Long Term Period FSA 

, 
Permd'lo. 

Figure 5.9 : Averaged inil"enlunfiitered TKN and iniluent and efiluent FSA concenlration5 

for steady state periods; avcrage5 are for "CMC" data. 



Univ
ers

ity
 of

  C
ap

e T
ow

n

5.12 

5.2.2 Nitrogen Removal 

Nitrogen removal is effected by N incorporation mlo sludge mass and the sequence of 

nitrification and denitrification. 

5.2.2.1 Nitrification 

For Periods I and II, nitrification was good, with effluent FSA concentrations at abOlLl ] rngl\/t. 

For all the other periods nitrification was partial only, indicated by the relatively high effluent 

TKN and FSA concentrations (see Figures 5.6 and 5.8). From Period III to midway Period VI, 

nitrification was particularly poor in Module A (effluent FSA > 10 mgNII), which indicated 

inadequate aeration. In lin attempt to improve the aeration to Module A, rrom day 458 the 

aeration was gradually increased which improved the nitrification perfonmUlce. However, the 

improved nitrification in :'vfodule A resulted in a concomitant decrease in nitrification 

perfonnance in Module B Period VII (see Table 4.12) due to the difficulty in sharing me limited 

oxygen supply between the two modules. Ao mentioned in Section 4.1, !he blocked ceramic 

diffuser domes made it difficulttomaintain aeration in Modules A and B and eventually resulted 

in irreparable system failure. 

5.2.2.2 Denitrification 

Figures 5.1 0 and 5.11 below, show the effluent nitrate + mlrite (NOJ Conccl\lratiotlS ](lr the 

""site" and "CMC" analysis respectively. For the eight long term periods of the investigation, a 

reasonable correlation for the effluent NOx of the two sets of data was obtained. The various 

reactor and effluent nitrate (NO,) and nitrite (NO,) concentrations are listed in Table 4.11 and 

shown in Figures 4.1 to 4.14. From these it is evident that the nitrite concentrations were 

negligible throughout the investigation « 0.3 mgNm. For most periods anoxic nitrate 

concentrations tended to be relatively high in both Modules A and B (overall average of about 

5 mgNR), except for Periods IV and V in Module A when nitrification was partial, as described 

~bove. The high nitrate concentration in the anoxic zone of Module B was intended, but for 

Module A it was not intended - a low « 1 mgNO,-NR) was aimed for. This indicated that for 

Module A, the proposed control of nitrate in the anoxic zone to low concentrations had not been 

achieved in practice, even though the '~-recycle' ratio was set to zero rrom Period ill onwards 

(see Tables 4.2 and 4.3). Thus, it was not possible to demonstrate the effect of complete anoxic 
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denitrification on ,Iudge settleability, though the effed of incomplete anoxic denitri fication could 

bc demonstrated, From the AA filament bulking h)1>othesis, too expectation from the high 

nitrate concentrations 0 I' the anoxic to aerobic tran" tion is that hoth modules should develop AA 

fihlment bulkmg sludgcs but this did not happen. The dominant filaments were indeed AA 

filaments (AJ, parv;rella, types 0092 and I SSI) but tfle 7 day movmg average DSVT was below 

II ° ml/g throughout the investigation (sec Section S.4 below). 

The high nitrate COllcentrations in the anoxic zone s or Modules A and B indicated an apparent 

low denitri Jication perfolTIJance m tf>ese Ames, ,ee below. In seeking an e'pl an ation for the high 

reactor nitrate concentrations. it was noted (in Section 4.3.1 and Table 4.2) that the iniluent 

TKNiCOD ratio varied between 0.10 and 0,24 for the mvestigation WJth an average or ahout 0.16 

mgN/mgCOD. As the mfluent TKKlCOD ratio is a measure orthe potential mass of nitrate that 

can be gencrated in the system through nitrification relative to the potential mass of nitrate that 

can he removed through denillification, the mfluent TKN/COD ratio es>enlially defines too 

degree of denillification possible. At such high TKJ\iCOD ratios, high eJ1luenl nitrate 

concentrations are expecled even if denitrification is the best it can be (sec below). Howevcr, 

it was abo nOled that in Modu le A there was considerable back mixing across the submerged 

baft1e wall between the anoxic and aerobic zones, and thattflcrecycles (RAS ror :vrodule A,Ri\S 

& 'a·recyele· for Module R) to the anoxic zones ofholh module, had high dissolved oxygen 

(OO)concentralions from thc Archimedean screwretum pumps, 'Nhile thi s ingressofOOtothe 

anoxic zones would reduce the denitrification performancc, it w,I> initi ally thought that this wa, 

unlikcly to be significant. Even though the anox ic nitrate concentrations tended to be re]atJ veIl' 

hIgh 1Jl both modules, it seemed strange the eft1u em nitrate concentration' were nevertheless low 

(see Figures 5.10 and 5,11), A100 for Module A, the efflu ent nill'ate conccntrations were 

significantly lower (9 to 14 mg"/I) th<ln expected (18 to 20 mgNit, Table -'.5). To calculate the 

nitrate concentration, denitrifi ed and generated in the unaeraled and aerated reactors, 

nilrate/nllri te mass balances were done 011 each reaclor, 
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Site Long Term I'eriod ~itrate+!\itrite 

~ i1 

g 
~ '" +-- ----1 

~ 
~~" 

Period Ko. 

Figurr 5.10; Averaged eftluent nitrate + nitrite (NOx) concentrations for steady state periods; 

"site" avemges do not include Period L 

C-:\IC Long Term Period Nitrate + l\itrite 

[~ '" ",' . \hl,' ~ ' 1 

I'igurc 5.11 : Averaged emuentnitrate + nitrite (NO,) concentrations for steady state periods; 

averages are rOT "eMe" data. 
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5.2.2.3 Nitrate/ni trite mas, balances across rextors and SS1 

To better understand the nitrification and denitrification perfomlance, nitrate and nitrite mass 

balances were calculated aro\lnd each reactor and the SST. Taking due consideration orthe flows 

entering and exiting each reactor and the SST, the change in concentration per litre influent m 

the reactor and SST is calculated. Fi~ures 5 .12 to 5 .18 below give the nitrate/nitrite mass halance 

results (where +ve values indicate nHri ficalion, and -ve denitri Ii cation) for Long T er1l1 Periods 

TTto VIII. These fi~ures show thai the changes in nitrite are negligible as the concentrations were 

very low. Some nillilicalion o<;curs in the SST, but this IS smalL \\1" ith the exception of Module 

A Periods Vll and VIIl, nitrification o<;curs mainly in the aerobic reactors, as expected. 

However, for Periods VTT and vm in Module A, exeessil'e ingress of DO (due to the increa\.Cd 

aeration hy distrih\lting more airto Module A and less ModuleB) was probahly the cause of the 

nitrification in the anox ic reactor. In the anOll:ic reactors, denitrification was low hut reasonahle 

in Module B at 23 111gN/t influent hut e,xtremeiy low al 1.5 mgNiI mfl\letlt for Module A, 

compared to the influent TKN of 95 to 98 mgNil. This conlinns the poor anoxic reactor 

denitrification performance described above. Due to the recycling 0 r nitrate (via the' r- rec yde') 

to the anaerohic reactor, some demtrification « 3 mgNIt influent) oceufl'ed in this reactor lor 

both modules. 

Figure 5.19 helow giyes a comparison orthe total (i.e. the .sum of each of the reactors and SST) 

nitrification and denitri licalion as measured in Modules A and B; nitri licali on is plotted as +ve 

and denitri lication as -yeo from Figure 5.19 it is evident thai both total nitrification and total 

denitrification IS mllch smaller in Module A compared with Module B. Hence, the mtrifieation 

and denitrification perfommnce appears generally better in Module B. This was mainly due to 

(i) greater air supply to Module B than Modlile A due to (in hmdsight) inaccurate DO meters in 

the modules; and (ii) Inadeqllate total air supply to h<Jth modules. An observation that indicates 

that Modlile A received less air than Module B is from nitrification-dcnitrilication hehaviour­

the eJll\lent FSA was higher (Jess nitrification) and the efi1uent NO~ lower (more simultaneous 

denitrification) compared with Mod\lle B. Initially it was thought that the anoxic P uptake P 

removal hehaviour in Modlile A compared with the predominantly aerobic P uptake P removal 

hehaviour III Module B was also a sign that indicated greater alr supply to Module B than to 

Module A However, this could not be accepted hecause anoxic P \lptake BEPRresuJts in lower 

P removal which was llQI observed. This led to the condusiQ\l (descnbed below) that Module 

A's anoxic reactor was in fact partially aerobic so the P \lptake was in fact aerobic P uptake, 
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PERIOD" N03, N02 MASS BALANCE 
~ ~. 1---------------------------------000-----------

~, 

S 20 +-----------
z 

" _'U_' D Mowk A ~m 

Figure 5.12: r>.lass changes in nitrate and nitrile across lh ~ various r~aclors and SST for 

'v1odulcs A and B, Pcriod II. 

PERIOD III N03, N02 MASS BALANCE 

c ·,--------------------------------------, 
" 

s "t- -----
z 

2 
/ 

Reactor 

Fi!!ure 5.13: Mm,~ changes in nilrale and nilril~ across Ihe various r~aclors and SST for 

r>.lodulcs A and B, Period III. 
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PERIOD IV N03, N02 MASS BALANCE 

" .,,--------------------------------------------------------, , 
~ "+---§ 

~ , 
! 

N "-----,c,cwc.c,c. ----------,c"c,c,---------··,c"c, , -
%1 

M..!_ BNO) 

Figure 5.14 : Mass changes in nitrate and nitrite across the various reactors and SST for 

Modnles A 3lld 8, Period IV. 

PERIOD V 1\03, N02 MASS BALANCE 
" .~~~~~~~­, 
~ · 4----------------------­

§ " -t----------

Reaclor 

",.I.~ ., NO' MoJ,Io D ...01 

Figue 5.15: Mass changes in nitrate and nitrite acro.s the various reacto rs and SST for 

Modules A 3lld B, Period V. 
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PERIOD VI N03, N02 MASS BALANCE 

c , 
s 
'; 
S 
N 
0 

" c 
C 0 Z , 

ReanD< 

Figure 5.16; MHss changes in nitmte and nitrite across the various reactors and S~iT lo r 

Modules A and B, Period V1. 

PERIOD VII N03, N02 l\'IASS BALANCE 
~ 4(' ,-______________________________________________________ -, 
S 

-----I 
0 
0 z , s 
1t , 
D 

.~ 

MoJ,," A NO) 

Figure 5.17: Mas<; change, in nitrate allli nitrile across thc various reactor~ and SST lOT 

Modules A Hnd 13, Period vn. 
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PERIOD YIU N03, 1\"02 'lASS BALANCE 

~ ,,~-------------------, 

" 
~ ,, +----------

ReoctDr 

"""olo _~ NOl MowloAN02 

Figul"c5.J8; l\fa,s ~hangcs in nitrate ruxl nitrite across the variOlls reactors and SST for 

Modules A and B. Period Vill" 

COMPARATIVE TOTAL NITRIFICATION 
& TOTAL DENITRIFICATION 

~" l--------~~--~----' 

O!l _111 +---1 , 
J:- -4" -

5 
7. "" -'-;- "' ;"; 

Figure 5.19; Comparative total nitrification and total denitrification as mea"ured in Modules 

A and B, "site" data docs not include Period I. 
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which explains also its extremely low deDitrification (1.5 mg.~II). 

5.2.2.4 ~ Removal 

Based on the measured TKN, FSA and NOx concentrations on the influent and emuent' over the 

eight steady state periods, the N removals for Modules A and B are shown plotted together witb. 

the effluent N in Figures 5.20 and 5.21 respectively, where the total height of the stacked ba: 

represents the inJluent TKN concentration. Table 5.5 below also lists, for each steady state 

period, the percentage N removal of the systems. The N removal is via the N in the wastesludge 

and the NO, denitrified, and theeilluent N is given by the efnuent TKN and effluent NO, . FrOIT. 

Figures 5.20 and 5.21 and Table 5.5 it is evident that, with the exceptions of the periods where 

difficulties were experienced (M:odule A, Period IV and V to some extent - more air to Module 

B and less to Module A; Module B, Period vrr and vrn to some extent - more air to Module A 

and less to Module B), the total N concentration removed (via denitrification + N in the waste 

sludge) was very high, on average at about 74 mgNl~ influent for both modules i.e. 77 %. Ofthio 

N, about 21 and 25 mgNj~ influent for Modules A and B respectively was removed with the 

waste sludge !caving about 53 and 49 mgN/r influent for Modules A and 8 respectively as nitrate 

denitrified. Of this nitrate, as noted above only about 3 and 24 mgN/f influent for Modules A 

and B respectively was denitrified in the anoxic zone, i. e. on average about 6 and 49 % 

respectively. It must therefore be accepted that a large part of the balance of nitrate was 

denitnfied in the aerobic reactor (see Section 5.2.3 below). Such denitrification via thi s 

mechanism holds potenti al for signi ficant N removal which will be increasingly required in terms 

of the proposed OW AF effiu ent nitrate limits. However, it would appear that this denitri flcation 

does carry a considerable risk to nitri rlCation, indicated by the relatively incomplete nitrification 

(effluent FSA > 5 mgNII). Clearly this is an aspect that warrants further investigation. 

From Table 5.5, with the exceptions of Period IV and V Module A and Periods VII and vrrr 
Module 8 , for which the N removal perfonnancc was poor for reasons largely related to poor 

aeration and therefore partial nitrification, it is e~ident that, although the total N concentration 

removed in both modules is large, only moderately efficient N removal was attained with 

percentageN removal between 74and 85 % and an average fortheinvestigation of77 % for both 

modules. 

1"hl. in "tfee! aSSUlllr, a 100 % N balance whore m. N difl","oce brtw"en influent N and "'In of the N 
In !he offiorn! and "",Ie flow; is the N denitnfiod 
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"lOm~LE A:\ REMOVAL & EFFLUENT N 

'",--------------------------------------------------------, 

N ~LC,--'~-'-.Cnc"~" ... ,:, "-"-';,C"C, l' 
P.,ioJ :-10 

fii~urp 5.20 : Module A avemge)l removal and effiuent N for steady state periods; averages 

are for "site" data, exeept Period I which is for "CMC" data. 

'lOnllLI<: n N RE,'IOVAL & EFFLUENT N 

[ I=:::J N en W .. ", 

Jii~urp 5.21: ModulcB average N removal andeffiuenl)l for sleadystate periods; avemges are 

for "site" data. except Pellod I which is for "CMC" data. 
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Table 5.S : Avel'<lge percentage N rcmovlli for steady statc pcriod,; llv ~rages are for "site" 

data, exc~pl P~l1od I which is Jilr "C:vIC" dllta, 

Module A 

L"n~ Tot.1 Anoxic aolonco l'''l~l N in Totol" N in , 
Term 

influent "0, of ~O, 1\0, w.,t. romoYCd ~mu~1l1 rom"val 
hriod 

1'1(.\ delli!. deRit. denit. , 
'0. 

( m~'1il) (m~'1/I) (~NII) (nlgNII) (lU&"il) (II'lll\/I ) ("'~:\II) ('Y. ) 

I _'lOA k' k' ~S 26.2 770 , 3.4 85 

II 94.S 6. , 54,9 61.0 (8.3 79.3 15.5 83 

~ -""" OA ~O ~4 -'!' --"'c' Jl.5 75 

TV 92.2 o 5 -.!'} ...!le8 1.0 1.6 2 

V 97.6 4.0 39.4 43.4 22.3 65,7 31.9 67 

VI 999 38 --".C5 -"!} "A 79.7 -"'.2 " 
VII' 101.2 0.0 55.5 55,5 21.6 77.1 24.1 76 

~ 
, 00 64,1 1'>4, 1 13.7 77.8 21'>.4 74 

95.1 2.8 50,2 53.0 20.7 73.7 21.4 77 

Module B 

Long 
TotoJ Annk a.I,nce rot.,1 N in r"t.,1 N 1\ in N 

'br'" 
influolll NO) of NO, "-0, ,.emoy.d effluent remov.l ", •• Ie 

Pe";o,J 
Ik'uit. doni!. <lui{. TKN 

1\0. 
(lI\I':Ni!) (m~l\!I) (lUg"il) (lI\I':NII) (lUgI'.-il) (m~l\lI) (lUgNII) ( '!o ) 

I _'lOA WA NiA -""I 355 ..2'c6 ...!.!e.8 

~ 1I 94.8 180 22c' 55.3 ", n2 1'.6 

III n.o 26,9 26.4 53.3 24.0 77.3 20,7 79 

IV -"Y 16.3 -"'2 47.5 28.9 76.4 15 8 83 

V 97.0 377 247 62A ".4 768 -;-: 78 

VI 99,9 31.1 28.8 5<),9 18 " ~7 78 

VII 101.2 19,0 28.3 47,3 8.9 56,2 45.0 55 

~ 
2!!:!.,2 --"," -'!.cO 51.6 14.0 ..!!!2c.2 38.0 63 

95.1 23.7 .,!!." ~j 25.0 735 216 77 

, For :Vlodllie A PGTlods Vll and Vll!, Ilct llItnficatlOll occUlTed; anoxIc NO., dentt. set to zero. 
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The prima!y settling ahead of the biological nutrient removal a.:;tivated sludge (Bl';""R AS) process 

has a dellimental clTcd on the the influent TKNiCOD ratio. The TK'I/COD ratio increases due 

to a h1gher COD removal compared with TKt-; (Ekama e/ al., 1993). Wastewaters w1th high 

TKN/COD ratios do not producc hi gh denitrification [llr most B~R..A..S process conligurations, 

and If insufficient, can compronllse HErR (Siebritz fl (d., 19S3, Pitman, I'Y)I). Thc hIgh 

TK'I/COD ratio and incomplete nitrilication due to inadeqllale air sllpply are the main rcasons 

for the moderate N removal allaincd. The very low 2 % N rcmoval that oc~ulTed in Period IV 

~10du!e A, as 8talcd in Section 5.1. I above, was due to the aIr bemg 8"itched off for two days. 

In Table 5.5, the total nitrate denitrified, 1\ in the effluent and total N removal ofthe two modules 

are virtually identical, despite the di [fercnt air distributioll Iwtween Module A (which received 

less than y\odule B for periods I to VI) and Module R (which received less than Modlile A [or 

periods VlI and V ill). This demon8tra!e8 the capacity of the activated 81udge to accolIllllodate 

Imperfect operation - the lower the air input the greater the simultaneou8 denit1;iication in the 

aerobic reactor, yielding similar 1\ removal ~s the higher air mput system. Of course thi8 

accommodating capacity lasts only as long as nitrifica tion is sustained in the system. 

TnlCre8tingly, the BE PR showed a 8imi 1m acc<Jmlllodating capaci ty (see Sectioll 5.3.2.2 below) 

and seems to be able to cope better than nitriiJ.:;ation w1th redu~ed air 8upply. 

5.2.3 ~itrogen 'la,s Bal~ncc 

To as8e8s the data, for the steady state periods nitrogen ma8S balances were calculated For the 

N mass balance, the N exiting the system - with (i) tht efllllent, as TKl\ and nitrate/nitrit e (both 

avaIlable from direct measurement), (ii) with the waste sludge, as N bOlllld in the sludge mass 

(the ,,-as1e 81udge VSS concentration and waste flow rate were available Ii-om diTC d 

measurem ent; the l\/VSS r~tio w~s ~ssumed to be 0.1 mgN/mgVSS, \VRC, 1984), and (iii) as 

1\ denitrified, calculated from nitrate/nitrile mass b~lmces around each reactor (8ee Section 

5.2.2.3 aoove) was Teconclled with the N entering the sY8tem as inlluent TKN (ayail~bl e from 

direc!lll easurelllent). For the mass balafl<;e8, the doser the ma8S b~lanc e is to lOO ~" ;, , the more 

reliable the data prov1ded the designated aerobic processes (8uch as ni tllii ~ali on) tak e place only 

in the acrob1c reador <JJ1d the designated anoxic processes (such as denitrification) take place 

only in the anoxic reactor When this is not the caoe, as in this investigation, the N measurement 

can be reh~ble and poor N balances achieved dlLe to 8imuUaneOliS ni trification-deni trification in 

the aerobic re~ctor. A table of the bi-daily ("81le") N m~S8 balances is given in Appendix D. N 

mass balances for the di [ferCt1t pcriO(18 are hsted in Tobie 5.6 and shown in Figure 5.22 below. 
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h IS evident that for all the steady state periods, the N mass balance for Module B, although not 

good, was considerably heUerthan Module A. On average over the 589 day investigation the N 

mass balances for both modules were poor - 57 and 76 % lor Modules A and B respectively. 

This clearly demonstrates simultaneous nitrification-denitrification in the aerobic reactor and 

probably also in the anoxic reactors, but to assess the extent Oflhis, nitrate analysis accuracy was 

also checked. 

In seeking the cause for the low N mass balances, two possibilities were identified: 

(1) Simultaneous nitrificationldenitrific{l/.ion: 

The aeration in the modules may have been inadequate for long periods of time, resulting in 

simultaneous nitrification/ denitrification in the anoxic and aerobic reactors. This possibility was 

supported by: 

(a) In the aeration set up, Module B was the first in line to roceive air, therebynxeiving air 

in preferern;e to Module A. and had the better N mass balances. 

(b) Poor aeration is manifest in thc observed incomplete nitrification (effluent FSA > 5 

mgNI!). 

(c) Equal BEPR in Modules A and B but with awarcn1 anoxic/aerobic P uptake in Module 

A and preoominantly aerobic P uptake in Module B. 

(d) When the air supply to Module A ",as increased in Perie.:! V, the anoxic reactor s"'itched 

from an extremely low denitrification (2mgN/l) to nitrification of5 mgNI~ (Figure 5.17). 

This confirmed that air ingress to the Me.:!ule A anoxic reactor was high· from leaks in 

the air distribution system and back mixing across the anoxic-aerobic dividing wall. 

(2) Error in nitrate (lnafy.~ls: 

To assess the reliability of the measured nitrate concentrations: 

(a) nitrate standards were made up and sent to the "CMC" Scientific Scrviccs for analysis, 

(b) the same effluent samples were analysed independcntly by "CMC" Scientific Services 

and the VCT laboratory on 3 separate occasions, 

The results OIl the standards were mixed, with some analyses correctly reflecting the kno\vn 

standard concentrations and others giving cOileentrations that were lower than the known For 

the efflucnt samples, on all 3 occasions the vcr labonltory gave effluent nitrate concentrations 

that ",ere about 65 to 70 % highcr than those measured by "CMC" Scientific Services (e.g. 25 

versus 15 mgN/~). These results indicated that thcre were some problems with the effluentnitrate 

analysis but not sufficiently large to explain the 10'" N balance results ol"the full-scale plants. 
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Table 5.6: Ayerage nitrogenll1>lS, bahm~e dala for stcady state pcriods: average, are for 

" ,ite" data willch does nol incilidc Period L 

LongTenn Total lila" N in (lq,::\"/d) '1 otal malS N (luI (kgNld) Nitrol(cn Recovery (0/0) 

I"'riod "0. Mudule A M(ldllle B Module A Module B )I(ldllie A Modulc B 

I j\'/A ~/A ~/A NiA j\'/A N/A 

II 133.8 2 I 1.7 70.1 151.1 54 73 

m 156.8 212.7 71.4 162.5 46 76 

IV 106.7 146.1 135.7 115.9 126 84 

V 151.6 205.0 IO·U 178. I 78 89 

VI 195.9 231.9 110.0 179.4 56 78 

VII In3 223.4 99.6 167.9 57 75 

vm 198.6 232.2 93.1 180.4 47 78 

Average 157.7 213.5 89.9 162.3 57 76 

KITROGEN MASS BALANCE 

" 

" """ f---- "------ -1 c 

f 
Periwl :"0. 

~ 

liiglll~ 5.22: Average nitrogen mass balance for stcady state period,: averages aTe for "site" 

data which cxcludes Period I. 
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To investigate the poor l\ ma~, halances further, a parallellaboratol)'·scalc vcr system was >L"i 

up with thc ~ame operational parameters as for the two I'ulk'cale plants rccei,ing lbe sam~ 

wastcwater. Tbl ~ system gave si gnilicanlly higber effluent nitrale concentrations than lhe full­

scale plall!>, 011 average about 32mgNi! vcrsus 10 to 15mg~il (sec Section 5,5.1,]), Also, th~ 

l\ mas:; balance, m lbe laboratol)'-scale ullit wer~ ~i gnilicantly better (99 %, llhan inlhe full-scale 

plallts (see Section 5,5.2). Unfol1unatdy, these result, do nol enable a ddiniti ve j udg~ment t(l 

be made a~ to which of the two possibilities abovc is thc likdy explanation for the poor" ma~" 

balances, However, comparing \hc laboratory-scale UCT system efflucnt Ilitrate eonc~nlratioll! 

with those detemlined for the lull-scak plallt> hy th~ UCT laboratory. the lah-scale ,y~km hal­

consistently higher effluent llitratc eoncenlratioll~. Thi, mdicates that most likcly botl" 

possibilities apply with simultaneous nitri ficalion-den itri fieatioll i 11 th~ aerobic reactor being the 

predominant contributor. Ibis IS discussed further ill SectiOllS,S below, Vnlortunale1y, hefore 

a ddinitive conclu,ion ahout thi, could b~ made, th~ a~ration system of the full-seale plant, 

lailed alld lhe inyc~tigalion had to he terminated 

5.3 PHOSPHORLIS RIo:MOVAL PI':RFORlI-lANCE 

5.3.1 Un lUte red & Filtered Innuent and F.muent Phosphorus ConrcniratioDs 

Tbe averaged unfiltered & filtered influellt alld effluent Total P & Ortho P eonccntratiolls lor 

.\1odule~ A and B are listed in Tables 4.9 and 4.12 resp~ctively, and are ShoWll plotted inI'igurcs 

5.23 & 5.25 and 5.24 lor the "site" and "CMC" data respectively. From Flgure~ 5.23 and 5.24 

i l can b~ seen that for (he eight steady ~lale period~ of(h~ investigation, a reasonable correlation 

for thc ullfiltered Total P and filtered Ol1ho P concentrations is achieved lor the "sile"" alld 

""CMC" data. Forthe "~lte" data, Lt call he seen lhat th~ unfi1l~r~d lnflu~lll Tola! P concentration 

varied between 12 and !3 mgPii and tbe filtered influentTota! P between 10 alld II mgPi l . This 

yielded all average influent PiCOD ratio of about O.02! mgPimgCOD. which is nOl high. 

Detailed charaetcrisatiol1 of the influelll Total P is givcn in Appendix A. Thc u I1Ii lkr~d e ('fluenl 

Total P concentration van~d ,ub~lantially bet\~e~n 0.5 and 8.5 mgPi/. Similarly, tbe filtered 

effluelll Total P & Ortho P cOllcentrations varied between 0.4 and 8.0 mgPil & 0.4 and 7.5 mgPll 

respecti,ely, I'or most steady state periods, the eiflucntOrtho P wa,> 2 mgPll so that P r<:lllova! 

wa, Il()( limikd by P a' ai labdiLy, but ralher by biological capabi lity. 
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Site Long Term Period Total P, OrthoP 

, 
PmodNo_ 

Figu re 5.23: Averaged unfiltered influent Total P and el'lluent Ortho P concentrations for 

,tcady statc JX---riods; "site" averages do not include Period I 

CMC Long Term Period Total P,Ortho P 

• u" ,-, ~ ,~ ,,,11,_,,, • ",,,,.,,]0" hflk 

Figure 5.24: Averaged unfiltered influent Total P and ei'fluent OrtOO P concentrations ror 
steady state periods; averages are for "CMC" dala, 
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Site Long Term Period Filtered Total P 

~ 
3 , , 
0 
, 

c 

] 
~ 

" 

Figllr~ S.25: Ayer~ged filtered influent and effluent Total P concentrations for steady state 

periods: "site" av~rages do not include Period L 

TallIe 5.7: Average effluent P eoneen(ra\ion~ of\-Iodllle, A ami R for 8(eady staw po;:riods; 

averages arc for "site" data which ~xclud~s Period I. 

l..n"~ t"fiU.red Ellered FiU.red 'Snluble Tobl P of ;\,TPfVSS or 

Term Total P Tobl P Ortho P Organic P effl"e"t SS em ... ,,! ss 

l'eciod ~lll~/f) (lllgP/f) (1lli:J>/f) (mgPI!) (m~Plt) (,~Pf) 

:",]". Mod .. fOO Moo Moo Mod '100 'fOO Mod Moo Moo Mod Moo 

A " , • A " , " , " A • , 1\/.'1. N··A -'/.'1. N/A 'iiA N··A NiA 'iiA K/A "iA '-1.''\ NiA 

n " S. I 1.7 47 L2 3,8 0,'; 08 " , M U.02 0.U8 

W 0.5 " 0.' 15 "' Ll "' 0.' 0.1 0.1 0.03 0'<17 

IV 8,S 8,~ 7.2 7,9 G.~ 7,'; 0,3 0,2 U o,~ U.OI 0.11 

V 1.7 3.S 1.5 3,3 U 3 . .1 O. I 0.1 0.' 0" 0.G3 0.06 

" " U H " 3.~ YV 00 "' "' 0.2 O. 12 0.10 

VlI ~.2 H 4.~ 2,G VO 2,0 " , "" 0.3 "V 0.G7 O.O~ 

VII] 2.5 2.\ 2.3 '" '0 "' U.3 0.' 0.2 U (1)6 O.OS 

A'·e. LY '" 2,7 .1.4 2.4 .1.0 0,2 0 .. 1 0,2 0.' 0,04 0.U8 

* This s,oluble Tot~l P i, soluhle unblodegradable organic p. P~, ; . If Calculawd frolll effluent 

VSS concentration frolll Table 5.2. 
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Fro)" Table 5,7 above, which g:n'e8 the dlhlCnt l' concentration., li,r 'vlodules A and B lilr the 

eq,;ht long term periods, it can he seen that: 

• The filtered T o(al P and Ortho P concenlra(ions were si)11l1 ar in Modules A & B i _e_ 2.9 

,llld 4,0 mgPil and 2,7 and 3.4 mgPiI respectively. 

• The soluble unbiodegradable organic P (1' "".J lor Modules A and B were similar 

througho\lllh~ inve.,(igation, i.e, 0.2 ~nd 0,3 mgPii 

• Wilh the exception of Module A Period IV and Module B Pc.riod VIII, tile eilluenl TP 

of the effluellt \iSS of Module~ A and B varied quite widely fj-om 0_04 to 0.10 

mgPlmgVSS mainly dlle to the significant variatioll in ullfiltered effluent COD 

~oncentra(ion_ 

5.3.2 Phosphorus Remoul 

P r~moval l~ elTecloo by th~ sequence or P release and P "plake with P removal being the 

diiTcrence between l' uptake and P release_ 

5.3,2_1 Pr~leaseandP\l]l(ake 

The l' release and llptake 0 C th~ t w() modules were examined by rneasuring the lill~r~d T o(al P 

C()llceJlU'ations (solublc Total P) 01' (he illflueJlt, anaerobic, anoxic and aembi~ /.CIne ~upematalll 

and the em ll<;<lll Orthophosphate released to tbe hulk oolulioll by the P AOs increases the S<) I uhle 

P concelJtration in the anat:mbic /.CIne, which results in elevated value., in tll~ anaerobic zone, 

In tbe sllb8equent allOxic and,/or aerobic r~act()r, the PAOs take up P from th~ bulk .,olu\ioll for 

restoring their PolyP chains aJld synthesis or new cell mass. The uptake of l' to mah PolvP 

chains in the neW pAO ce1l8 gem:rated results in more P being (ahn up ill the :llloxic and/or 

aerobic reactor than is relea.ed in th~ anJerooic reactor, giving: a net removal oC P Irom the 

wastewater in (he lll\"RAS system (Wentzel, 1'190)_ 

The average filtered TP con~en(ra\iol18 of each module for the steady state periods w~re given 

in Table 4,11, The overall averag~ anat:robic, alloxic, aerobic and eiTIuent f,ltered Tolal P 

concentrations were 24_0 & 263, 9.0 & 12, 1,2.9 & 3.4 and 2.7 & 3.4 mgl'./i inih ..... '!l\ lor M"duk, 

A & 13 re8pectively. These averag:ed values aJlP':'ar simi lar in (he (wo modllle~ illdicating: that the 

overall P removal behaviour ,hould be similar but on lirst sight thi. appears not (0 be the ca>;e. 

Fro)" the Jverages of the influent, reftClOr and em llellt concefl!ratiOlls for tile long: teml periods, 

(he magm tlld~ oftloe lld P release or P uptake was calc,,1 atoo by conducting lill~ro:d Total P )l1J~, 

balaJ1Ces across all the reactors and SSTs orth~ module~. 
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5.3.2,2 ,Soluble P ma,s balances across readQr§ and SST 

To demonstrate P release and upt'lke behaviour, ItQluh 1 e P ma~ halauces were calculated arOllnd 

each reactor and the SST. Taking due cousl(leratiou of the 110w, enteriug and exiting each 

rea~tor arrl the SST, the change iu coucentration per litre mfluent iu the reactoriSST was 

cale lIlated. Tab Ie 5.8 ,Illd Figures 5.26 to 5.32 below, gi ve the ma~ ball\llces for the steady ,tate 

"site" data periods (which exclude, Period I) where I ve v,llues indicate P release, and -ve P 

lIptake. From Tabl e 5.8 and Figures 5,26 to 5.32 it can be seen that with the exception or-"fod ule 

A Period IV, negligible P release or uptake occurred in the SST indicating Ihat the sludge 

retention in the SST was low, For Module A Period IV, ahout 12 mgPi/ mlll)ent P release took 

place III the SST, As uoled iu Seclion 5,1.1 the R.I\.S faded during this period and sludge 

accumulated in the SST over a number of days, Thus the anaerobic conditions at the bonom of 

Ihe SST dunng thl~ perilKl siimulated P release. The average anaerohic reactor P release is 

sim!lar m both modules at 25,9 and 29.4 mgPil influent for Modules A and B respectively, For 

Module A Period IV, Ihe amlerohic P release was very low at 6 mgPii mlluent lor reasons 

mentioned above. The average aerobic reactor P lIpt,lke lT1 Module B is sigT1llicantly higher than 

lT1 -"fodule A at 44,8 compared wilh 18,9 mgP/t iufluent respectively, apparently indic,lting 

diflering P removal behaviour. 

Tahle 5.11 : 

Long 

Je,rn 

Perioxl 1\0. 

I 

n 

In 

IV 

V 

VI 

VII 

VIll 

A\'crU!l'e 

Average P rele,lse (Ive) or P lIptake (-ve) in each reactor and SST as well as net 

soluhle P removal for ste,ldy ~t,lte periods. 

LIP, in Allaernbi< il.P, in Anoxic M', in Aerobic M', iu SST Sol. P relno,'a! 

(mgP/f~r) (mg I' .It",) (m~Pil ... ) (m~P! I~r) (m~P!I,..) 

A II , B A B A B A B 

NiA NiA NiA N/A NiA N/A NiA NiA N/A N/A 

)2, I 25, I ,13.5 0.0 -19.7 -350 0,1) 1.7 -I 1.1 -S,4 

36.3 36.3 -25.3 10.6 -22.6 -57.0 -0.1 0.7 -11.7 -10,0 

66 31.S -5.1 34 -21,0 -41.1 12.3 0.9 -7.2 -4,\1 

47.6 37.2 -16.6 S.O -41.6 -57.2 17 1.6 -8.9 -10.4 

20.2 37.7 -15,7 8.2 -18.S -54.1 o 5 0.1 -7.8 -8.2 

21.4 14.5 -19,6 12, 1 -7.7 -36.2 2 I o 1 -3.7 -9.5 

27.4 35.0 -26,7 4.3 -11 ,9 -48.3 I 3 -0.3 -10.0 -9.4 

25.9 29.4 -17.6 5.8 -18.9 -44.8 1.5 0,8 -9.1 -8.S 
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PERIOD II TOTAL P MASS BALANCE 

Jf"'o-f-----------

I't~un; 5.26; "'lass changes in ooluhlc P acros~ thn,r-i",lS T~actorsand SST for .'\1ouuks A and 

B, Period n _ 

PERJOD 111 TOTAL P JlASS BALANCE 
",----------------------, 

I ~; 
, 0+ __ '--_ 

L t=========~Lt:__==_i , r - --- ---
u ~ +------ ---------

w -'-------;;;=--"------;;;;~~ 
R.actor 

o 

FigurcS.27: Masschanges in soluble P across tile \aliQu~r~acton ,mu SST for .\!odules A anu 

B. Period IlL 
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PERIOD IV TOTAL P 'lASS KALAl\CE 

",--------------------------------------, 
c , " 
~ ,, +--

- - -------1 

• 
~ 
, ,,-+----------1:.,. 

k," +--------------------
Reactor 

Hgun' ~.28: M~ss Chill1g~S in ""l ubl e P :K:[(l~~ lhe various r~actors and SST for Modules A and 

B, Period IV. 

PERIOD V TOTAL P ]\''fASS BALA:'IJCE 

~"r 

Figu,.., ~.29: Ma~" changes in soluble P across the various reactors imd SST for Modules A and 

B,Period V. 
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PERIOD VI TOTAL I' ''lASS BALA:'oICE 

•• 
• .§ 
';" 

'" 2-, 
~ , , 
, 
~ 
~., , 
] 
c 

~ 

Yigurc 5.30; l>-fas~ c~'lllge, III ,0111 b k P aCT\J,~ the V,lllOll~ TeacLor, anti SST ror \lodu1cs . .-\ and 

R Period VI. 

PERIOD VII TOTAL P 1\-'1ASS BALA~CE 

" c 
,g 

g " ---------1 
, 0 
~ , 
" ·IS , 
~ 

~' 
·JO " " u 

" ,\""",,~ A,,",~ 

Figurc 5.31: /I.--Iass change, in ;wluh!c T' across the variou~ re'lctor~ .Illd SST [or Modules A and 

8, Peliod VII 
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PERIOD VIlI TOTAL P MASS BALAT\'CE 

C L._ i ,"J "1 
"ii, 
5- l~ +-r , 

0 , 
c 

" -" , 
~~0 i-------------------""l...------------­, 
0'" f--- --------

Fieurc 5,32: Ma.% ~hanges in soluble P ac;ros,; (he vanousre~ctors and SST for Module, A and 

H, Period vm. 

III the anoxic reactors, the two modules appear to exhibit differinf!: BEPR behaviour. Throu~hout 

Ihe mves\igaUon anoxic P uptake occurred in Module A, an average or 17.6 mgPit whICh is 48 

% or the \o\al P uptake in Ihe anoxic and aerobic reaclors. In con\r~s\ m Module II anoxic P 

release occurred. an average of 5.8 mgPil. which i, 16 % of the total P release in the system. 

AnoxlC P uptake has been observed in laoomtory-sea1e and flill scu1eplanh (Hu rl til., 20(1), and 

it happen, for various reasons. llu el al. noted that high anoxic P llptake tends to be ,timulaled 

when aerobic mass Ii-action, are small and ni tmte availability is not limited in the anox 1 ~ reactor 

The small aerobic mass Iraclion prevents aerobic llptake PAOs from completing their P uptake 

and grov.1h process, and the availabilityornitrate in the anoxic reactor allows denitrifying PAOs 

(DPAO,;) ~~cess 10 nitrate wltbout ~ompetihon by the demlrify1ng OHOs (DOBOs). If the 

aerobic mas'; fraction i,; large. then lJJ e ~efllbic uptake PAO,; wdl dominate the DEPR and 

squeeze oulthe denitrifying PAOs because for the same concentration of P release (i.e. Gql1<l1 

~on~entmtions orRBCOD taken lip) the DPAGs getles, energy llnder anoxic denitrilication 

condition,; (lower yield, f e-ver orgam sms) than aerobk conditions (higher yield, mOre org~nism s) 

lhese condition,; appe~red to exist in the two modliles. With Module A under-aer~te<l (evldent 

from ,;ignifkant simliitaneous nitrificalion-denitrification in the aerobic reactor), the aerobic maSS 

fra.c(ion would be small and with sufJiciem nitrate available in the anoxic reactor (evident from 

the highm(rate ~oncen\ration in the anoxic reactor, 5 36mgNil) wOlild stimulate anoxic P llptake 

HEPR. In ~ontrast, with a higher air supply tll Module R (evLdent from less smlUltaneuus 
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CO-,1PARATTVE TOTAL P RELEASE 
& P lIPTAKJi: 

P~riod 1'0. 
VI[' 

Figure 5.33: Comparative total P release and total P uptake as measured in Modules A ~nd B. 

site data does not include Period I. 

nitrilieation-denitrilication m the aerohK readordue to the highereffluem nitmte concentration 

and lower effllleni ammomn concentration than Module AI, dle aerobk maSS Ira<;!ion is larger 

and aerobIC PAOs arc not restricted in their P uplake process and so dominate over the DOHOs, 

with the result that aerohi~ P llplake HEPR trikes place. However, widl anoxic P llptake BEPR 

a lower P remov~l is expected than with aembi~ upt<J.ke BEPR, whlcb was not the case. Both 

modlllcs achIeved closely the same P removal i.~. about 10 mgPil as the difference hetween Ihe 

~nfiltered innuent TP (12.7 mgPil) and filtered emuent TP, 

Figure 5.33 gi.-es a comparison or the total (i.e. the s~m of each of thc rc<J.ctors and SST) P 

release <J.nd P upl<J.ke as mensured in Modules A and B; P rclm.\.C is plolled as I ve ~nd P uptake 

as -ve, From Figure ),33 it is evident thai with theexccplion of Period V both total P release and 

totalP ~ptake is smaller in Module A compared 10 ModuleR From Table 5.8 above. the average 

total P release in Modules A <J.nd B W<J.S 27 nnd 36 mgPit influent respectively; dle average tolal 

P uptake was 37 and 45 mgPi; innllcnl respectively_ Despite the higher P release and uptake in 

"",Iodide n, the P removal was marginally higher in Module A, at <), 1 ~nd 8.8 mgPil intluent for 

Modules A ~nd H respectively. In IJC':T amI extcmaini!nficalion H~R systems (Sotem~n el aI" 

2000; Vemlande el at" ~ 2()(x)), when signilkant <J.noxi~ P llplakc was observed, the P relense, P 

uptake and P removal ~re all lower than with predominantly (>'l1J %) aerobic P uptake HLPR. 
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CO'II'ARATIVE %AEROBIC & ANOXIC P UPTAKE 

, 
Period No. 

Figure5.34: Comparative average %aerobie/anoxic P uptake forsteaJystateperiods, sile data 

docs not include Period L 

This was notthe case forlhetwomodulcs in which theP removal was virtually the same in each. 

How lhis P removal matches up with that expected from BEPR moJels is discussed below in 

Scction 5.3.4. However, the facl that when (i) aeration to Module A was increascd (at the 

cxpense of the air supply to Module B), somc nitrification took plaee in the anoxic reactor and 

(ii)the Premoval was the same in both modules, suggests that the P uptake in the anoxic reactor 

was not anoxic P uptakc BEPR, but aerobic P uptake BEPR because this reae\orwas sufficiently 

aerobic for this, with the result that the whole ofthc anoxic and aerobic reactors ofMooule A 

were a continuous single quasi anoxic quasi aerobic reaetor. While it can bc concluded that these 

were the conJitions in the anoxic and aerobic reactors of Module A, the fact that the observed 

BEPR matchcd closely that theoretically calculated with the aerobic uptake BEPR model of 

Wentzel e/ a/. (1990) (see Section 5.3.4 below), indicated that the BEPR was prcdominantly 

aerobic in the full-scalc plants. 

Figure 5.34 shows the comparative pen:entage aerobic/anoxic P uptake for Modules A and B 

o~er the long term periods of the investigation. For Module B, only aerobic P uptake was 

observeJ; 100 % P uptake occurrcd in the aerobic reactor. For Module A, both aerobic and 

anoxic P uptak~ was observed. In Figurc 5.34 the anoxic P uptake as a percentage of the total 
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anoxic - aerobic P uplake can he scen for the var10u8long term periods. I'or Module A, over tbe 

investigation 4S % oftbe P uptake occuned in tIle anoxic reactor. TIle reasons for tbe P uplake 

in (he anoxic reactor of Module A were, as noted above, not apparent dllring (he investigation. 

However, circumstanli al evidence sugge8teU that a possible explanation for the oo o;er.ed 

behaviour Was that the DO ingres,; m(o the anoxic reactor of -'1oduJe A was underestim ated. At 

the lermination ofthe investigation, wIlen the two modules were drained, significant holes in the 

aeration pipework near the drainage area at the bottom of the aerohic-anoxic transition bafne 01' 

Module A were found ami this possibly resulled in 8ignilicant leakage of air into tbe anoxic 

reactorlcading to the obser.ed JXKlrdenilrification (-' mg1\/i ). The likelihood that tbe BFPR wa,; 

pre<iommanlly aerobic IS supported hythe );ICtthat when the aeration to Module A w..,; increased 

during Period VI onward (at the expense of the air supply to Modille B) in order to unprO\e 

nitrification (a,; noted in Section 5.2.2), the anox 1C deni(ri r,calion concom itaml y decreased to the 

extent tlla( net nitrificalion occurred in llie anoxic reaclor during Periods Vll and VJll and the 

percentage P uptake in tIle anoxic rcactor increased substantially to 72 and 69 % of the total 

(aerobic'" anoxic) P uptake for Periods VJJ and VJll respectively. The expectation with greater 

air supply 1'; lor anoxIc P uptake (0 decreao;e. Thus increased aeration led to increased leakage 

of DO imo the Module A anoxic rCaCLOl" in addition lo lhat ~ntraLlleu in th~ r~~Y" I~s lO lh~ anoxic 

reactor. TIle magnilUde of tbis was not realised during the investigation so a detailed and 

thorough investigation ortl"l€ 3-0 DO profile in (he anox 1C zone oC\10dule A was not carried oul. 

However, random in8pections oflhe surf..1ce anoxic mne DO concentration willi a portable DO 

meter revealed (i) a maximum readmg of only 0.3 mgOil and (ii) that the DO recorder on eacb 

module's aerobic reactor gave inaccurate reading,;. 

5.3.2.3 P Removal 

Accepting a 1 00 ~"o P balance in the system for the eight steady state p€riods (i.e. P nol in lbe 

effluent exited the system in the waSle slu.dg~ stream). the P removals for MO<.iules A and 13 are 

,;hown pJotted together with the effluent P in Figu.res 5.35 and 5.-'6 re8poctively, where lbe total 

height 0 I' the stacked bar repre8ents tbe unfi ltered in Fluent TP concentration. Table 5. ':J below 

lists. I(lr each steady ';lale period, the percentage P removal of the systems. From Table 5.9 and 

Figure,; 5.35 lind 5.36 it is evident that, with the exception ofModu.le A Period TIT, llie unfiltered 

effluent TP concentration"" 1.5 mgPii indicating lhal the P removal was 001 hmiloo by lbe 

inl1uent TP concentration. The overall averJge efnuent TP concentrations of the two modules 

were similar, tllerel(lre tbe overall average P removals (influent-effluent) and percentage P 
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removal of the tv.·o systems were similar, at 9.4 and 8.6 mgP/( influent and 69 and ti4 % ('or 

Modules A and B re-;p<£lively. A comparison ofthe observed P removal with that theoretically 

pred icted for the two modllle8 to make a judgement on the P removal perl<'ml1an~ e is given in 

Section 5.3.4 below. The reasons for the low hiological P removal during some orthe long ternl 

peJiod8 i8 diffi~ull to explain. However, it can he generally accepted that the P removal w(mld 

he higher with a lower m trale c(II1centration re:yclcd to the anaerohlc rea~tor. On average over 

the in, estigation the ni Irate recycled tolhe amlCrobic reactor via the' r -recycles' were high, at 5.6 

and 5.0 mgNil for Modules A and B re~pectively. As nitrate recycled to the anacrohi~ reactor 

IS utilised as electrotl acceptor by the 01108, 5 mg"'i! x 8.6 mgCODimgNO,-N - 43 

mgRBCODil entenng the anaembic reactor in the influent would be metal>olised directly by tile 

ol1e),; until the nitrate is depleted. Alwlhe high TPiCOD ratio of the settled wastewater allec l8 

the percentage P removal aehiev cd by the BEPR ~y8tem. At TPiCOD ratios greater than OJl2 

mgPhngCOn, whIch is til e value forthe settled wastewater red to the pilot plants, Pilman (19<)1) 

slale8 that ~imu.llaneoll8 chemical phosphorus prec ipitation will be nccessaTy. On average over 

the investigation the TP/(:OD ratio orthe ~etlled wastewater (influent) was 0.022 mgPimgCOn 

indicating tilat from a practical point o('view (J.e. Pilman'8) achIeving -< I mgPil in the diluent 

would be difficult with tile well settled wastewater fed to the pllot planl8. 

Tahle5.9 : 

Long Term 

Pcriod :"io. 

1 

II 

ill 

IV 

V 

VI 

VIT 

\1m 

A"cra)!c 

Average per~en tage P removal (based on unfiltered TP) for steady state periods; 

averages are (or "site» <lata ex~ept Period I which is based on "CMC" data. 

Influent TP (mgP!') F.ffluent TP (m!:P/~) P Remoyal (OY.) 

Module~ A and B Module ... Module B Module A Modulc B 

14.8 6.1 6.3 59 57 

13.1 1.< 5.1 86 61 

13.0 0.5 1.9 % S5 

12.~ 8.5 ~.4 34 34 

12.7 1.7 3.8 87 711 

12.4 4 1 3.7 67 70 

12.? 5' 3.4 57 72 

12.3 2.5 '.5 80 80 

n.s 4.1 4.9 69 64 
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"WI}l.I,I'. A TP REMOVAL & EFFLL'El'II"T TP 

" lLL lY 

Perioo 1\0. -----. 
rp "=,..[ 

Figll~e 5.35: Module A average P removal andeffiuentP for steady s!ateperiods, averages are 

for "site" data, except Period I wluch is for "CMe' data 

I\IOm:LE H I'P REl\TOVAL & EFFLL'El'iT TI' 

Period },'o. 

-------. 

Figure 5.36: Module B average P removal andellluen! P for steady state periods, averages are 

for site data, except Period' which is for "CMC" data. 
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5,3,3 Phosphorus Mass Balance 

To as~es~ Ihe accm,lCY of the phosphorus data, P mass balances were calculaled for \h~ s\~ady 

state period~_ For the P ma-,~ halance, Ihe P exiting the system _ (i) with the eflhlen\ TP 

(available from direct measurement), and (ii) with the wa~\~ sludge, as P bournl in the -,ludge 

m"-'~ (\he waste silldg~ TP concentration and waste flow rate were available from direct 

measurement) was rcconci led with \h~ P ~nlering the system as influent TP (avai lah Ie From direct 

me,lSuremenl). 

As for the N ma-,~ halance~, the P mass balances are used to check the reliabilily ofthe data and 

the operation of the sy~tem. A \ahk 0 f\he bi -daily ("site") P mas~ balances is given in Appendix 

E. P mass balances for the di fferen\ period~ are listed III Table 5.10 and shown in Figure 5.37 

below. From Tahle 5, 1 0 and FigllTe 5.37. i\ is evident tharthe P mass balance~, allhough valiable 

for the dilTcrent long term periods, gave overall average mass balances I(lr >yfodllle~ A and D of 

103 and 97 % respectively, The variahili\y for the lndividual periods is not unexpect~d, dlle 10 

the fact that the P that enters th~ ~y~tem wilh \h~ lnlhlent is lIlcorporated into the ~ludg~ m"-'~ 

which is resident in the system I(lr the ~ludge age_ Thlls, ch,mges in influent ami effluent P 

concentrations are relative to the hydraulic re~idcllce lim~ (1 day), whereas Challges in sludg~ P 

concentration are relative to solids retention time (15 day~), Thl~ causes a lag behveen changes 

in Ihe P removal alul P concentration in the sludge. 

Tahle 5.10: Average phosphonlsmass balance data lor steady ~tale periods; averages al-e for 

"~ite" data which doe~ not irKOillde Penod L 

T.on[\Term Total mass P in (kgP/d) Total rna" P uut (kgl'ld) I' Reeo>'cry ('Y.) 

I'criud ~u. 
:,!lodulc A Muduk B :,!loduk A Moduk n Module A Module B 

I J\iA NiA NiA NiA NiA No'A 

IT 19_2 30_2 21.<) 32.5 117 I(J<) 

III 20_7 27_9 15_R 30,t) 77 III 

TV 14.3 2S_2 13.5 46,4 102 166 

V 20.4 28.3 24.1 19.4 134 68 

VI 24.0 2R.4 22.0 32,5 'Xl 114 

VIl 20.7 26_<) 24.t) 17,2 123 64 

VIll 23_5 2R_3 1 R_t) 24,8 82 88 

A>'era , 20_R 2R_) 20_6 27,3 !OJ 97 
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The good overall averages indicate that (il the data relating to P are reliable and (ii) the water 

flows into and Old of the modliles were acc.urately measured, 

PHOSPHORUS MASS BALANCE 

Po,ioo \10. 

Figure 5.37; Average phosphorus mass balan.::e for steady slate periods; averages are for "site" 

data. 

5.3.4 Comparison of :\-'Ieasnred and Calculated P Rt'IDoval 

The BEPR perfomlance of the \JCT c.onfigured full-scaleplanls was assessed by comparing the 

measured P removal with the thooretical P removal calclilated by the stC<ldy state model of 

Wentzel et al. (1990) which IS essentially a simplified subset of the lXTPIIO (WentLe] e/ al.. 

1992) and IA WQ ASM N" 2 (Henze et aI" 1995) dynamic simulation models incll1(ling 100 % 

aerobic uptake BEPR. III order to evaluate the theoretically predicted BLPR by the Wentzel et 

,,/. (1990) BEPR model . the VSS ma.<;s needs to be ITac(ionated into lts hypothetic.al constitutive 

components viz , OHOs, P AOs, endogenous residue ofOHOs and P AOs and the lUlhiodcgradablc 

particulate VSS (X;l. Tn doing this procedure. the ullblOdegradable particulate COD fraction 

(r;,,~) and the two acJive heterotrophic organism fracJions oflhe VSS are determined (i, e , PAGs, 

l: ",yw and OHOs, f,,-cow). Theproc.edure for frac.lionating the mea.,>ured VSS concentnllion and 

comparing the calculated and meaSlired P removal is summarised below. 
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5.3.4.1 pCIQrmjnal ion of f~.A~IlKla!l!!l" ...... 
To deTenl\llle Ihe unblOdcgradahlc p.1r1ieu I31~ COD fracrion (f .... J oflhe 5C'~3gC fcd 10 the fu ll . 

scale plants. the appropriate f"' .... value .... n~ ~Cla::h . .,j ~o th:l] Ih" s~.tem vss mass cnlculalcd with 

the BErR nlCkld of WmVel erat. (1990) wa, cquaJ lo the rIlca~ u",,1 vSS mass. The DI!PR 

steady siale mood i~ ~Irudun:d <;uch Ihat th" het~)"()u\'phic organi~m mas<; i~ dlvldllll llUI.l t .... ., 

!jmups, the OHOs and PAOs. U~infl Ihe rn ~ilS ~tr~oJ r~ad'ly biodegradable COD (RB("OD) 

COllCcntrnt'l.ln (appropn ately conee ted for Ititrate i n now to Ih" anaerobic reactor) and the innuenl 

c harnct"ns~cs I.lfthe sewage ti .e. fraction of 'lnhiou.:g,.adable sl:>luble COD/lOlal inllu"nl rOD, 

f .... lIml 10lal mfluent COD. S,,) and \he known ')1:11011\ parameillfS (anaerobic ma<..~ frneliol1 and 

sludge age) a<; inpul, an <'Slimal" of f~ .. is m~de. By mean. o f an 11('1".11" e process the 

hiotlegradable C:OO calcnlated by djffcrence IS spill hel\\ ecn Ihe OllOs anti P"OS From lhese 

the mn,~se.q orthe act, ~e and endogenous VSS generated by these two groups !!recalculated, :\1;;0 

from the initi~1 ~-,; Iimate 0 f f,. ~" the 1mb ~,d~lable particulate (in~r1) VSS mass is c~ !cul ~tcd. 

The t()\,!.l VSS mass of the ~y:stem is the ~um IJ I·the five constituent components 0 I· the \I SS mass. 

Th" aPI"""pnate f,." \'alue is that value whiCh ~el~ the c.ilc ulated VSS mass equal to the In ~as\!red 

V5S nlOS~ The OHO a1)(1 PAO active \ISS tnaSli Jr;\CUon~ aTe then detennined from th" tlltlll 

oftilc nla~<.C' of OIlO and rAO \ISS to the wtal VS~. 1J1i~ ptoced llTe a~syDles a lOP % COp 

mau baJans;e in thc syslcot~ amI lOOl lhe heterotrophic yield coefficicnL~ for 3nox IC nlld ~t'TQblc 

contl lUQIlS ~re equal. Aller rcconcihng lhe clllclI l::ucJ VSS millOS in the' t\\ 0 s}''Stcm, wi th th:!.t 

measure'<1, tile P conte'nt ofthc PACb (f........,) is e~lin13l.,.j so thal lhe calculated sum of lhe T' 

cootl:f\lS o r tt..! fiH: coost l(urnt componeu(3 oCtile VSS equals Ih" mca.ured P remo\:u. The 

appropriate \'~lue of f" .... is that 'lIluc: fr>r "h,ch Ihe c .. kuiated P removal is cquaJ to th~ 

rn,,(L~ llr...J r Temo,aL 

The calculaled P removal of the two ~}\l l",n ~ for the sla"danl (i.e. based on aerohic P (t ptal .,) 

P,\O r Cllnltml (f~ .. >'p = 0.38 mgrfmgPAO.~ VSS) is compared willi the memrur"'! r remOlal [l'r 

each long teml pcrioo in Tahl" 5.11 hd o\\ A tl d aib.l spreadshed and graphs of the hi-da,ly 

("!lite, re:sulls ~re gi'Cfl m Appendi,; I'. From Table 5. 11 il can IJ., <.CtTIlhat lheol·er .. 11 al·er .. ge 

calculated P rcnlO~-a1 is higher than th" measured value for bo th m"dule~ (al about 13.5 vcrsw; 

9.0 mgPlr) In orddlo uecrease the calcutated r remol<al, the P contcnt orthc PAt)<;, fx", .. i~ 

decr~~ S!l(1. All average f,",d' "alue "fO.32~ m~tchcs the calc lllatctl and m"'1~U,.ed r relTI(lI'al (sec 

Table 5.12 below). 
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Table5.tI C~lcuJated versus measured P removal for steady ~tate period_. 

LOllg Term ;\Iodule A P ~ "J Module R P 

""" Period ",,0. 
Calculat~d Measured Calculated :\lea,ured 

1 KiA KiA NiA NiA 

II 13.62 11.30 13.63 8.00 

III 14.27 12.50 13.22 11.10 

TV 18.92 4.30 15.93 4.40 

V 25.16 11.00 24.27 8.90 

VI 15.2S 8.30 15.21 8.70 

VII <J.I S 7.00 10.43 8.80 

VIII 9.26 9.80 10.10 9.S0 

~ 1383 ...1!!L 13.70 ~ 

As noted above, the procedure 10 d~l~nmne f,,<o a~UnlCS ~ 100 % COD mass balance. Il was 

re~liscd that poor (much greater than 100 ~'.) COD balances would bcobtained from the sporadic 

~llldg~ ingr~s_ wilh lhe resuH lhal the OUR was nol measured on Ihe pilot planls excepl during 

the two 24h tests (sec Section 5.6 below). Due to signiIicant eilort this require_, this wa~ 

reserved for a time when there was greater certainty ~bout getting good COD balances. 

Unlortunateiy, the aeration sy~tem On the full-scale plant_ failed irreparably before the sludge 

ingress problem could be definitively re>olvcd terminating operation ohllC [u ll-scale plant~. Th is 

resulted ill the secondary obj ective ofthe investigation - does significant anaerobIC reactor COD 

loss take place in large scale BNR planlS - nOl being achieved 
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T:\hle 5.11; C'alculaled f ... "" C .OllO. f •. "w and r~, ... J' fruC l ion~ for Sleady ~talOl periuds usin~ 

B£PR model ofW"nt",,1 el a/ {19?O). 

Lona Term s.. r~ fs .... 1' .. .0110 f ..... 'o ( ,01(,,,, 

I'trod N"n. (",,,COIllI) 

I Nil\ Ni.~ N/A N'A N/,oI, NlA 

II 221 .4 0.060 0.319 0.154 0. 121 0.350 

III 222,~ 0.070 0,210 0.215 0,144 0360+ 

IV 238.0 O. I ()() 0.428 0.13 1 0140 0. 172 

V 364.0 O.O'JO 0.239 0.148 0.282 0.112 

VI 238.7 0.0110 0. 152 0.245 o IlIl 0.207 

\"II 157.7 0.120 o 171 0.286 0.103 OJ54 

Vl1J 162.9 0120 0,1 47 0.283 0. lOS 0,4{)5 

Anrwl!c 21 7.3 0,086 0,239 0.210 0.140 0,l22 

NOle : The values lor the two l1lo<.hd OlS \~CIl! vmuall y IdentIcal. 

Aftcr reeo))e iUng the calclIlalcd VSS mass" lit! Iha\ m~;~''-o:re<:L an overall a"erase I~Jr'" "al ,t~ "I' 

0.322 mgP'm~PAOAVSS "'ith sample Sla.lJanJ dcviatinn ,,1'0.202 mgP'ffigt'AOAVSS wa~ 

Ol,*,m .. !e!.I "h,ch ,"",s tile c .. lcu laled P remo~'a l equal TO thai O\ca~lIIl>ll on !he ~yslems. The 

calculauxl fSow r ... .c...". r ... ,A11 and r'1><<I' fhitlioll); for each long tenn period is II ~T....J on Table 5, 11. 

1llc Ht: t'R steady sLate modd links the measurcld innu."'t ROCOD cono:nl.ra!IOU (S .. ) 10 the 

P,\O mass whIch (or a c<mstant P <:(lnt.",t ofl'AOs «(~ .. _ ..... ) give. a tixed P rcl\m\'~1 In c"ntr~"t 

fh~n 'fable 5.12. The f~ocJ' fraction appears to be in\'cr.ciyprol'ortiollalto s". 10 thl11 hl~ So-,; 

concentrations ic"d to 10" I~."., li-acti(Jn ~ lInd \'i.'11 \"~r.'a, A, ",ith the P lllass halance o,'cr the 

dlff~rent ~L~<ldy "tate pc:riCl'.ls, mi" is mainly because The changcs in inl1ucnt t' and RR('on 

eonccnlr:uions arc relative to the h)\!rnulic res.id~f)ce lime, wherea.~ ~han~"" in sludge t' 

eonCCnlral lon arc Iclallve TO solids mcnilon time (sludge age). 1111, caknla!.,.] I' AO I' ~""lent 

(f~lI(lr) " r O,332 mgPimgP ..... OAVSS i~ below !he ,*a,>lianJ "alue of 0.38 mgP mgt'.>l.OAVSS 

hascd on aerohic P uPlake and tho!;c fouud in earlier invcsTigaTions in ",tnch n" alll ,JOe P uptalc 

was ub9o!r ,..d e.g. ("lay tun «I uf. ( 199 1 ) and Sn~)'I1crs f'-i al. ( (998) "It .. r", ..... J Lhe fXIIi:," traction 

to be 0.38& <lnll 0,428 mgP/mgPAOA VSS re><pec li \"ely. A, mentioned Ilho~'e. 3 lower f.; '" valnc 

will result in a lower calculated P removal. To compcru;aLc for this lower calculato!d P removal 
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the fx"". value will increase, Overall average f,.",Qa)and f"',F"" values of 0,21 0 and 0.140 with 

sample standard deviations of 0.129 and 0.092 respectively were determined. High (" '" values 

lead to low f",OHOand f", .... o values. The sludge ingress problem is the main reason for the high 

(0.,,,,, fractions and low t;."oooand f.""v) fmcliollS given in Table 5.12. 

In examining the fs.~ values obtained for the various long term periods in Table 5.12, unusually 

large values for Periods II to V arc noted due to the sludge ingress from the main plant. The 

overall average fs. .. value of 0.239 (with sample standard deviatiOll of 0.173) does not fal! within 

the e~pected range for typical municipal settled wastewaters (i.e. 0.00 - 0.10), which can he 

attributed to the poor sludge wasting regime at the Mitchell's Plain WWTP (sludge back flow 

from the main plant into the two modules), The value of fs. .. is high because essentially the 

model needs to create a high sludge production from the measured influent COD mass to accolUlt 

for the back flow of sludge from the main plant. Without this back flow sludge, which does not 

form from the influent COD mass, the f" .." will be significantly lower. with the result that the 

caleulated P removal will be lower. Accepting an(" ." of 0,05 furthe settled wastewater changes 

the average fx[)(;.r to 0,3% to match the calculated and measured P removal which is virtually the 

same as the standard value 0[0,38 in the BEPR model of Wentzel e/ al. (1990), In Section 5.5.5 

below, which compares the measured with the calculated P removal for the lab-scale system, a 

is,..,. value of 0.03 was determined which is amore appropriate value than that calculated [or the 

full-scale plants as thc lab-scale system had no sludge back flow problems. 

Comparing the values for f",olO],f" .!'N] and fXB&.!' obtained ill Table 5, 13 below (fs,"I' fixed atO.05) 

with those in Table 5.12 (overall averagc f" .. of 0,239 for the full-scHle plants), it can be seen that 

thef .. 'OlJ»f .. ... ~o and fX1l(;,r values are higher forthe lower f"", of 0.05. Theoverall average fXII(V 

fraction of 0.3% mgP/mgPAOAVSS is close to the model 0.38 mgP/mgPAOAVSS indicating 

aerobic P uptake BEPR. The P removal perfomlance ofthe full-scale plants can therefore be 

deemed very good and at the maximum possible achievable for the wastewater (i.e, influent P 

and RBCOD, and nitrate recycled), lfthe nitrate concentration in the recycle were zero (instead 

of~ 5 mgNN) then (theoretically) about 3 to 4mgP/I additional P removal could he achieved i.e. 

a total of abo lit 12,5 mgP/I, 
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Table 5,13: Calculatcd 1;,.000. I;,.>w and f~TlC" , fractions for steady ,tate period, USlJlg a fi xcd 

fs.~ of 0.05 in the BEPR model of Wentzel e/ al. (I'NO). 

Long Term S o.; (,. f" .. ( .. .oliO f",rAO fxsc..> 

Period !\o. I",!:CODil) 

I N/A NiA KiA NiA I\iA N/A 

[[ 221.4 0.06() 0.05 0.363 0.182 0.488 

m 222.8 0.070 0.05 0.353 0.197 0.426 

IV 238.0 0.100 O.OS 0.349 0,196 0.213 

V 364.0 0.090 0,05 0.259 0,348 0.141 

VI 238,7 0.080 0,05 0,345 0,212 0.217 

VTI 157,7 0.120 0,05 0.391 ° 128 0.419 

VIII 162.9 0.120 0,05 0.389 0,131 0.530 

Averllge 217.3 0.086 0,05 0.359 0,185 0.3% 

5.4 FHA'IFNTOIIS ORG->."ISMS ->.ND SLUDGE SEITULABILITY 

The proli lic growth 0 I' 111 amentou, organi >allS (bulking) which inh ibit the rate or sludge ,nth ng 

in the clariller and reduce, operating capacity, has been plaglling nutrient removal activated 

sludge system, treating m llrllcipal ' ewage. Thc prinei pal IIlaments call,ing the bulking problems 

arc the so-called low F/M oncs viz, type oon, 0041, Microrhrix l'arvicella, type 185 L 0675 and 

0914 (Blackbeard "I af., 1988). Tn expcrimcTll' with rcal and synthetic ,cwage, Gabh <:1 ai, 

(1989) and Casey el ai, (1990,1991) fOlmd thalthe 10"'- FiM filaments did not proliferate in fully 

aerohic or fully anoxic low f,/M "yslCLll', hm appear to pl'Oliferate in "ysteLllS that expose the 

sludge mass to alterna1c periods 0 ('aerobic and anoxic conditions as in anaerobic-anoxic-ael'Obic 

multi-rcac1or I\ & P removal systems and completely mi~ed internllltentiy aeratcd N removal 

systems (ditch t)'pC plants). Becau,e the low f,'M condition did not appear to influence the 

bulking significanlly in expenmeTlls on the above 'Y'1crm, wherea, altemming anoxic-aerobic 

condition, did, the filam entous orgarllsms responslhle were rcnamed ano~ic-aerohic (A.A.) 

filament, (Casey el al., 1994). 
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Thc following hypothesis for thc proliferalion of' /\A filaments mt-.' and N & P removal pl,IlHs 

was proposed by Casey et at., 1994 : 

"In nitrification-denitrification (NO) and nitrification-denitrification biological eXCeSS 

pho~phorus removal (NDBEPR) sy~teIl1~, the majorityofheteTotrophic organisms can be 

classified by their morphological charactcristic~ a~ either filamcntous or lloc-fOiming 

organ;"ms. The floc-fonning organism~ are aerobic- facl.lltative; under aerobic conditimls 

thcy milise oxygen and undcr anoxic conditimlS they dcnitrify NO,' or N02' to N, as 

de~ctibed bythc dcnitrification pathway(i,e. NO)' ill NO,-@NO(g)®N,O(g) ® N,(g». 

The filamentou~ organisms arc also aerobic-racultativc but arc nitrate reducers only; 

under anoxic conditions they reduce NO,' to NO,- only, 

,"llen sludge is cxposed to altcmating periods of anoxic-aerobic conditions in which 

NO)' and/or NO,- are pres~ntthroughout the anoxic period, floc-formers denitrify NO; 

and NO,- through each of the dcnitrification intennediales to the end-product Nl. in which 

process some levcl orintraccilular NO is produced, When floc- fonners with intracellular 

NO arc subjected to aerobic condition~, the NO inhibils lhe utilisation of oxygcn (and 

concomitantly the l.ltilisation of substrate). Furthermore, while NO is present I.Inder 

aerobic condilions, the floc-formers continue to respirc with NO)' or NO l ' (i.e. aerobic 

dcnitrification) due to the intracellular inhibition by NO or the en7.yme~ mediating thc 

transfer of electrons to oxygen, albeil at a much reduced ratc to that UIldcr anoxic 

conditions. For filamentous organisms, lUlder anoxic conditions NO is not an 

intermediate hencc does not accumulate intraccilular; thcse organi=~ are therefore not 

inhibited i n their substrale ulilisalion under subsequent aerobic conditions. When sludge 

is exposed to alternating anoxic-aerobic conditions in which NO,- and/or NO l ' are not 

present at lhe end oflhe anoxic period, no imracelll.llar NO ii; presenl in lhe floc-formers 

and under subsequcnt aerobic conditiOllB substrate utilisation is not inhibited, 

With intraccill.llar NO presem, and inhibition indl.lced, floc-fonners are disadvantaged 

with re~pecl 10 lhe filamenls in compelition ror substrate llIlder aerobic conditions. 

Consequently, the filamentous organisms utili>e a greater proponion of lhe substrale 

under aerobic conditions than they would if the floc-fonners were nol inhibited. With 

Jloc- formi ng organisms inhibited, the filamentous organisms increasc their relative mass 

in lhe sll.ldg~ wilh ~ach exposure to ocrobic conditions, leading to thc condition referred 

to as a bulking sll.ldge,·· 
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The following strategy for the control of AA filaments in Nand N & P removal pl,lllts '",a, 

proposed by Casey et al., 1994 : 

"In the design and operation of NO and NDBEPR acti vated sludge systems, it is essential 

that the denitrification capacity of the anoxic WIle is not exceeded so that nitrite is not 

present in excess to cause accumulation of nitric oxide and inhibition offloc-funner 

substrate utilization under subsequent aerobic conditions. This can be accomplished by 

manipulation of the 'a-rccycle' (aerobic-anoxic recycle) to ensure thatthe nitrate load to 

the anoxic zone immediately prior to the aerobic zone never exceeds the denitrification 

potential orthat zone." 

5.4.1 F'iiaml'ntoll> Ol"!:anisms 

Approximately once moothly mixed liquor single grab samples were taken from thc end of the 

aerobic reactors of Modules A and B and the vcr laboratory scale system ror microscopic 

analysis and filamentous organism idcntification in accordance with the methods outlined by 

Jenkins et a.t. (1984) (see AppendIX H for details). This was done to determinc the relative type 

and abundance of AA (low FM) filaments in the two full scale systems and the laboratoryscale 

system. Outing the investigation, the filament identifications were done 17 and 16 times on 

Module A and B respectively. For the identifications on each system, the percentage frequency 

of occurrence and dominance were determined and are listcd in Table 5.14. 

From Table 5.14, the f1\ament most freqLlently dominant in both Module A and B was M. 

parvicella (41 and 44 % respectively). The nextmos! frequently dominant filaments wcre type 

0092 and type 1851. All or these f1\aments are classified as typical of the low F/M category 

(Jenkins et al., 1984) later renanled Anoxic-Aerobic(AA) (Casey el al., 1994) and are almost 

always observed in both full scalc (Blackbeard el al., 1986, 1988) and laboratory (Ekama er al. , 

1996) ND and NDBEPR systems. 

Thc five mOot frequently occurring f1\ament types in M<Xlules A and B in desccnding order of 

rrequency were, M. pa.rvicelfa present in 82 and 94 % of samples, type 0092 present in 77 and 

69 %, t)']Jc 1851 in 53 and 63 %, type 1701 in 6 and 13 % and N. limicola in 6 and 6 % 

respcctively. Nocardia spp. occurrcd in 6 % orsamples analysed for Module B. Jenkins el al. 
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(19S4) ciltegorises this i1lament in systems which ~xhibit a high d~g[ee of foamillg which is 

consistent with the observatiolls of excessive foaming in :vIodule R allhat time. 

Table 5.14: F req llency of ()C~lllTen"" (observed in sample. rank> I) and dominance (rank = 

1) of r,lamenlous organisms in the eeT conr,gufl:d full-scale plants. 

Filamentous micro- Occurrence ('Yo) Dominance (%) 

orl:anism ''1odule A ''1odule B Module A Module B 

M. piln·icellil S2 94 41 44 

T }l'e 0092 7i 69 29 31 

Type 1851 53 03 29 31 

Type 1701 l 13 0 0 

!;', iimicola l 6 0 0 

},acardia spp. 0 6 0 0 

11. h,.Jrossis II 0 0 0 

5.4.2 Sludge SeHJeahilit) 

The shedge sett]eilbdily of thc two systems was monitored by m~ans of the Diluted Sludg~ 

Volume Index {DSVTj. Figures 5.38 and 5.39 belo". saow the DSVIs for lhe "sitc" imd "('Me' 

data rcspectively. From figll[eS 5.38 and 5.39 it can he seen that lor the various st~ady stat~ 

perioos, a reasonahle correiati011 for the DSVIs of the tv.,o sets of data 's achicved (most DSV!s 

bctwe~n 90 and II () mUg). 

The principle 'lim in this res ear~h project wa, 10 in\' esli gilte at fllll-scill e the i mplemel1tation of 

the proposed strat~gy 10 control hulking by AA filaments, namely that by limiting the anO~lC 

nilratcinitrile C0I1CClllrilLiollS lo < 1 mgN/( bycontrollill£ the 'a-recyclc' ratio. a good scttling 

silidge (DSVI < 100 mlt'g) cOllld be achieved, In tocinvestigiltioll. itwilS proposcd to nm the two 

modules in parallel. onc (Moduk A) with a low 'a-rccyck' ratio to giv~ low anoxic niu"atc 

~on(OCnlrations and th~ olh~r (Mooule R) with a high 'a-recycle' ratio 10 give high anoxic nitrate 

concentraliolls. In tenns of lhe A A fi lamenl blllking hypothesis im(\ the control ,I ralegy deri ved 
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Fo!!urc 5.38: A \'~rag~d mixed liquor DSVT for skady slale IJ"riods; "site" averages 00 not 

mdud~ PC110tl I 
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Figure 5.39: Avcr,lg~d mix!:'d liquor DSVI for steady state periods; averages are for "CMC· 

data. 
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Irom it, this should cause the module with high anoxic nitrate concentrations to blilk dll~ to AA 

fil~ments (Module B) and lhe rnodlile with low anoxi~ ni tral~ conc~nlrations (Module A) not to 

hulk. To assess whether this aim had been achievcd, forthe ui fferent peJiods th~ av","aged all0X i~ 

nitrate anu nitrite concentrations and DSVh are listed in Tahle 5.15 h~low, Also, thc daily 

llilrate and nitrile COllC""lralions leaving the anoxi~ reador and DSVls arc shown plotted III 

Figures 5,40 and 5.41 for Modlll~s A and B respectively. From Tahle 5.15 and Figmes 5.40 anu 

5.41 below, it is evidcnt that in both modules the anoxic nitrite eOlleelltratiow; w~re low 

Ihroughout the invcsligation with an overall average of 0.17 ~nd 0,25 mgNil for Modules A and 

B respectively. In both modules, anoxic nitrate COlleentrati011S "''''"~ hi gh ex~ept for Module A 

Penous TV and V where lliln li~ali011 falled wilh an overall averagc of 5.36 and 5,17 mgNil for 

M(lCilll~ A and B respectively. The objective of achieving high anoxic nitrate concentrations III 

Module B was achicved, but that of achieving low nitrate concentrations i n /1,1ouulc A clearly was 

not, desplte implemelltillg ~ 0:1 '~-reeyde' ralio for lhis module from Period ITl onward (se~ 

Tabl~ 4,2), ThG inability to achieve low anoxic nitrate conccntrations in \lodule A was due to 

its poor anoxIc uenitrifieation perfonmnee from the slgnific~nt backmlxlllg and oxygen mgr~ss 

Irom Ihe aerohlc r~ador and aerali011 system 'This led to anoxi~ and aerohic readors being a 

conlinuous quasi MOX ic quasi aerobic rcaclor without cIGar scparation of anoxic and acrobic 

conuitions in the anoxic and aerohie re~ctor:o; respectively, Whde slglllficant simult~l1eous 

nitl'il1c-ation and denitrilication took pla~e in Ihe aerohi~ reactor of Module S, in this modlll~ 

there was better separ~tion of ~noxic and aerobic conditions between the anoxic and acrobic 

r~actors (Section 5.2.2). Tn Iml1S 0 f Ihe hypoth~Sls and the hulkillg control slmlegy, since both 

modules have high anoxic nitratc concentrations both sll<ll1id pnlCiuce a hulking sludge du~ 10 AA 

filament proliferatioll, Clc~r1y thiS uid not h~ppeE - for all Ihe long term periods of thc 

inwstigalion hoth systems produced good seUling sludges wilh low average DSVTs, < 110 

m !/gTSS WJlh overall averages of 'J7 and 102 m>igTSS. This is well below that which can be 

lOOnsid","ed a hulking sllldge (i ,e. 150 m1/ gTSS), From the above, the 0 hservatiollS do not support 

Ihe AA Ii lament hulkillg h}fKllheSlS Cunously. th~ qll~si ~l1oxl~-aerohi~ conditions that 

stimulate simultaneous nitrification-denitrification as in Carousel or Orball\D plants have been 

observcd frequently to lead to AA filamcnt bulking sludgcs, but this did not Clappen in the full­

scale plants. It is possible Ihat Ihe oxygen supply ral~ waS sumcietlll y high 10 avoid this. 

, 
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Figure SAO: J\toduic A DSVi and nitrate & nitrite concentration at end or anoxic rCaClot, 

:\lodule B OSVI, anoxic-aerobic '"Ox ,. • 
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l'igurc 5.41 Module 8 DSVI and nitrate & nitrite concentration at end of anoxic reactor. 
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Table S.15: A vcrage anoxIC nitrate and lUtl; le concentrations and OSV Is lor "steady statc" 

periods. 

Long Module A ;\lodule B 

Term 
Anoxic OSVl A.no:l.ic OSVI 

Period 
(mt/gTSS) (mtlgTSS) 

No. Nitrate Nitrite Nitrate Nitrite 

Im~ I, ~ ~ 
I ;.riA "<iA 97.4 NiA -"/A 11 Ii.l 

II 7.22 0.13 99.8 801 ~ ~ 
ill 3.39 0.25 )\1i.8 5 17 0.21 87.0 

IV 0.07 0.03 109.2 5 01 0.07 93.7 

V O.D 0.04 98.7 3.29 0.41i 1 0 I .7 

'" 6.94 0.28 96.6 5.34 0.42 98.1i 

~ 6.73 0.20 '8.6 1.67 0.18 92.4 

VIII 8.32 0.22 IOS.3 4.44 0.24 96.)\ 

5.36 0.17 97.2 5.17 0.25 101'; 
~ . ., .. " " Note: ror the anoxIc mtrate & mtrlte concentrat\om no SIte or C)"IC dam" "wlbbk [or P~m){11. 

55 CO,\lt'Allt~O" RI(TWI([', Fill I.-S0,1.1( (Molllll.r A) AND L4.B-SCALE: SYSTILM 

Operating conditions, monitoring and data collection and analysis 0 r thc LCT laboratory scale 

system was givcn in Scction 4.4.1. 

5.5.1 Compari,on or Inilnent, Reactor and Emnent Concelltrations 

5.5. \.1 Infl uent conce1l\rati on;; and COD halance 

Figure 5.42 belo .... gi ves a cOTnparis.on of wc ovcrall avcragc inllnclll concentrations to Module 

A and the lab-scale system. From Figlll'c 5.42 it can Ix: sccn that the influent ammonia li1ld Total 

P conccntrations vicrc VCIY 8imiiar, however the COD li1ld TK"I cO]k:entralions wcrc 

considerably higher lilr Modllic A. This is bccausc (i) the investigation period8 of the two 

8ystems were notldentical, (ii) con loss in the se .... agc kcd to the lab-sclik system due to 

maceration and straining (thl'Ongh I mm mesh) - Ulese were done to avoid hlockages in the lab 

unit and (iii) !.he likelihood of COD IMS in tralL';port and sl<lrage in thc laboratory. 
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Comparative Influent Concentrations 

" 

Figu re 5..12: Compari <;On bd" "~n ov"r~lI average int1uent concentratLon~ Jor Module A and 

lab-scale sy~tem. 

Tabl" 5.H; giws Ih~ av~rag" COD mass bal~nce of the lab"scaic system li)r ~a(;b ~~wage batcL 

From Table 5, 16 it can bt: ~een that th~ COD m~s~ h~l~nce ranged between 76 and n % with a, 

overall a\erag~ 01' about 81 %. Tb~ low COD mass balances arise from low OUR (Batch 3) an 1 

VSS (Batch 4) measllr~ment<;. Altbough con~id~rably lower than 100 %, the overall avera~ 

ma.s balance obtained is not far helow thos~ achl~v"d in "arli~r lal:>or~tory scale investigations 

on N & l' removal systems (85 - 95 '1;,). 

TaMe 5.16: Av~raged COD mass b~l~nce for sewage batche.; average. are lor ""UCT' data 

Sewage Day l\-Iass COD l\-Iass COD O~ygeu l\-Iass COD COD 
Batch 1\0. in iufluent in waste Demaud in el'tlueut Reco\er~' 

No. (mgCODld) (mgCOD/d) (mgOld) (mgCOO/d) (%j 

I 470-497 12560,3 3570.1 6473 3 1174.0 89,31 

2 498-528 12980.4 3874.8 6984,8 11290 92,36 

3 529-574 12320,3 3426,0 2762,3 1390.0 61.51 

4 575-632 12487,3 2944.8 5218,9 1336,0 70.08 

Ave. ·nO-63? 12536.3 336).3 5477.4 1282,2 80.73 
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5.5, 1.2 F !lament "lemdicailon nSVT and rea.::lor mix~d liy I.lor ~oncenl rations 

Mi.\ed liql.lor samples v,'ere taken [rom the aerobic rea~tor ofthc ecl' lab-scale system at the 

same time as the full-scal~ plants for microscopl~ anal:'sis and filamelll idenli ficalion nuri ng 

Ihe investigations, 17 and II filament identificalions \Vere done on Module A and the lab-scale 

systcm rcspectively. 1<or thc idcntifications on cach system, the pcrccnlage fre~uen~y of 

occuo'cncc and dommancc were dctconincd and arc li~lcd in Table 5, 17. 

From l'able 5.17, the filamcnts most frequently dominant in both Module A and the lab-scale 

sy8km were, In de8cending order, M. pan'icella and lype 0092. M. parviccllIJ wa, dominant in 

100 % of samples [rom the lab-scale system compared to 41 "(~ of samples from ModuleA. l'ypc 

1851 occulTcd in both 5Y8tems but was ncv~r dommant m Ihe lab-5Cale ~y8tem. Allor these 

filamenls are classified as low F/:VI (AA) lypes. H, hydro",,;.\' occurred in9 "A, of samples 

analysed for thc ucr lab-scale system but was nevcr dominant. 

T~blc 5.17; FrcqllCllCY of OCClIO'CllCC and dominance offiJamentoll5 organi;;nls m \-{oduk A 

(I·u.ll-scale ueT sy8lem) and lab-8cale VCT 8yslem. 

Filamt'ntons micro- Occurrt'nce ('Yo) Dominanct' ("!o) 

organism Module A L~b-scalc ylodulc A Lab-scale 

M, pIJrl'icclla 82 10<1 41 100 

Type 1m2 77 36 29 0 

Type IS51 53 27 29 " 
Type 1701 " 0 0 0 

,ill /imicola " 0 0 0 

},'ocardia ~pp. 0 0 0 (I 

II. hvdrossis 0 9 0 " 
Table 5.1S below gives acomparison onllc overall average reactor parameters of.'vloouie A and 

the lab-scale system, From Table 5.1S, in bolh systems ano.\LC nitratf+nitnte (NO,) 

cOTlcentralions wer~ hlgh (> 1 mg/t). Thu.;;, Ihe objective or achleVl1lg low aTlOX1C NO, 

concentrations in bolh Vlodulc A and tilC lab-scale system (both WIth 0:1 mi'cd li~uor 'a­

recyclc') coold not be achieved, l'hercforc, in terms of the AA filament bulking hypothesis both 
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8ystem, should produce a bulking sludge. From Table 5,18 we , ee that this was not true for 

\'fodule A, hut that the lab·:;cale system produced a hulking 31l1{lge (OS\1 > 150 ml/g), Further, 

as noted in Sectio" 44.3,2, f<)r the lab·s~ale system the anoxic NO, concenlration <md OSVI 

appeared to be linkcd, both increasing concomllantly, The lab system hau nOne ° f the operational 

problems that Module A had - insufficient oxygCt1 ,upply in the aerobic reactor and too much 

oxygCt1 ingre3s in the anOX1C reactor· and the anoxic and aerobic reador, mdccd had good 

anoxic an{1 aembi~ "mdilions, A, a consequence, in the lab syslem nitrifkation was much better 

(efi1uent FSA - 2 mgl\i{ Compared with 12 mgNit, see Figure 5.43) aJl{lthe effiuent nitrate 

~oncen\ration much higher (38 mgl\O,·\I/i compare.;lto 10 mgl\O,"\I/fj due to the ab8ence of 

demln licalion m the aerobic reactor, the diflCrence in hulking behaviour must have its cau,e, 

somev.'here in lhese diiTerence,. One notable difference is the gala-ally low DO "lllcentration 

in theModulc A acrobic. reactor cOlllpar<!{llo \he higher DO concentration in the aa-obi~ rea~tor 

of the lab·sca Ie systCtn. Casey el ,,/, (1994) nO\i;1; lhal for mtenninent aeration condition" lhe 

higher lhe DO ~oncentration uuring the aerohic peri(1{1 lhe higher the OSVL Additionally, Lor 

8}"Slffil8 \"illh low eontinuou, DO condition3, ,Iudges with low DS\1 develop. Thus, the quasi· 

aerobic cOll{lilions \hal developed in Module A (and Module B to a le,sa- degree) are snnilar to 

the conditiom de,cribed by Casey el al. (1994). 

Tablr 5.18: Comparison of overall average reactor mixed hquor "mcentrations, 

Systl'm MLVSS :'IILSS Anoxic 1'\0, DSVI 
(m::VSS/!) (mgTSSII) (mgNiI) (mtlgTSS) 

Module ,,\ O'Trail Avcral:c 1818 3755 5,53 97 

T,ab·~cale S '~tem 0, ~ran A"~ra , 1817 1111 2,14 234 

The .MLSS and MLVSS concentrations in the two modules are around 60 % higher than In lhe 

lab-scale system, llecall8e the COO balance (~1 % - sec Section 5,5.1.1) in the lab system wa, 

not unreasonable (previoU3 investigation, on LCTtype ,y3temsyieldeu80- 92 % COD balances, 

Pibon el aI., 1994, Mellin el aI., 1997 and Sneyder, er a/., 1998) and the VSS concentration so 

much IO"oier than in the hvo modnle8, it can be concluded that sludge ingress [rom the main plant 

clearly was substantial and makes drawing del1nitive COlIC lusioilS from lhe re,ult:; di fficull. The 

,ignificant sllKlge ingre,3 added a 3uhslantial additional ni\rifier org<mi,m mass, Lnder the 
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limited aeration conditions in the two modules it IS )Xlssiblc that nitrification may not have been 

sustainable if this depended only on the nitrijjer~ that grew in the liLII-~cale plant~ them~elves. 

5.5.1.3 Effiuenl cQncentr ... .liom 

Figure 5.43 below gives a comparison ofthc overall averagc emuent concentrations ofModulc 

A ami the lab-scale system. It can be seen that tbe effluent COD. TK.." and [-'SA concentrations 

were all higher tor "Module A. Thi8 i8 expected a> "Module A had inadequate aeration during 

most of the investigation as noted in Section 5.2.2.1. The Module A cfIluent ~O, was, as 

expected. lower tban the lab-scale sY8tem, he<.:ause o[slmultaneous denitrification 111 the aerobic 

reactor. Figure 5.43 shows that the e lTIuent soilible P concffitration is significantly higher in the 

lab-scale system (8 mgPlt compared with 3 mgP/l). "J11is is unexpected as the anoxic nitrate 

concentration 18 lower 111 the lab-scale 8)'Stem leading to a lower nitrate recycle to the anaerobic 

reactor. Tbi, should have led to h1gher biologIcal P removal in the lab system resulting in lo\\er 

effiucnt P concentrations than Module A. This is examined lurther in Sections 5 5.4 and 5.5.5 

below. 

Comparative Ellluent Concentrations 
",--;;-----------------, 

Em.Le."i P.Tamcje"T 

~~ 
Figure 5.43: Comparison bcr.<.'een overall average cfIluent concentrations ror Mooule A and 

lab-scale system. 
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Comparative NOx Mass Balance 
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Figure 5...14: Comparison bel\veen overall average KO, mass balances aeeross various r~acto", 

and SST I(}r :v\odlile A and lab-scale system. 

5.5.2 Comparison ofN" Mass Balance 

On~ of the principal aims of operating the parallellab-scaJt: VCT system was to deternlille the 

r~asons for the poor ~ mass bal:mces in the full-scale plants (Moduks A and B). 

5.5.2. I t1l m~ss halance arolmd r~actors 

To determine tt..;, o\'~rall averag~ n~t nitrification alld denilrifiealion, NO, mass halanc~s "'I:'r~ 

calculaled around each rl:'ador and SST oi"thl:' lab-scale system, l'igure 5.44 shows the mass 

balanc~s for Modu Ie A ami the lab-scale system; +ve values indicate ni tri licatioll and -ve values 

denitrification. It can be seen that on average small amounts 01' denitrification occurred in the 

anaerohic reactors mdicating SOll1~ Ilitrak n:cycling via the 'r-recycles' . As expected in the lah­

scale system most of the denitrification occurred in the anoxic rl:'actor and most of the 

Ilitri licatioll ill the aerobic reactor orth~ lah-scak syskm. Significant llitrification also occurred 

ill the SST. On average over the 163 day im'estigation the net nitrification in lhl:' lah-seai!:' SST 

accounted for 11 ':\;\ oflhe total system nitrilicatioll. How~wr, for Moduk A the net allOxic 

denitrilication was very small dul:' lo I:'XCeSSlV~ DO ingress (as noted in Section 5.3.2.2) and 

"mlrificalioll" low ill th~ aerobic rl:'actor du e to inadequate aeration and simllllalleous 

dellitri fication. horn l:i gure 5.44 it C~ll be seen that the overall average total d""itrifcation (sum 
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of -ve v"lues) for Module A was amerc 6 mgN/! influent compared to the lr.b-sc~le system's 34 

mgNil mfluent. 

5.5.2.2 I\" massk)rnce 

T"ble 5.19 gives a companson behveen the 1Iodule A and lab-scale sys1em N mass hdance. 

From T~h Ie 5 19 i1 is ""iden11ha1 very gooo K m"ss bal"nce w~~ achieved in the lah-scale ~y~tem 

(99 %). In contrast the ModlIle A N mass halance w~s very poor for rC~SOnS already discussed. 

It can he ~een that in th" inve~tigation over~ll for both ,y~tems, th" largest contrihlltion to the N 

mr.ss balr.nce is the 1\' in the fin~l effluent. However, the Jab-seale system's contriblltion was 

slgmficantly higher due to the higher effluent NO, measured (see Section 5.5.1.3). Thus itlS 

expected that the total KO, denitrified should be slgnificantly lower in the lah-~cale ~ystem. 

How"ver, from T ahle 5 .19 it can he Seen th~t th" (l'ro~i t" wa~ ohs.er~·ed. nle I~h-sc~le ~ystem' s 

contribution to the N mass klance as NO, denitrificd was more than 26 % higher thr.n1looule 

A. To examine this fllrther the N remov~l r.nd efflllent N is cOl~arcd below. 

Tahle 5.19: Compwson of overall average 1\' mass balance. 

S~stcm N in N in N in Total '10, "1.'1 

Overall . , Tnflucnt Wa~tc Effluent L>cnitrificd 

A (kgid) 157.7 271 41R 21.0 57.0 

Module A 100.0 17.2 26.5 13.3 57.0 

, id 2050.8 274.2 952.0 811.4 99.4 

- Total rerer~ !o the ~llm of the denitrific"tion in all the rer.ctors and SST. 

5.5.3 Compari,on of 1\ Removal and Etnnent 'I 

In Section 5.2.3 hvo possibilities were iden!i/ied as !h" C~llses of !h" low N mass bdances for 

the filll·sealc plants viz. 

(1 j Simullaneous lIirrijicalio/l/drnifnjical iun 

(2j Error in lIifrale (w,,/vsis 
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Figure 5.45: Companwn between overall avemg~ N removal and effiuentJ\ as concenif"<ltion8 

lor ModlLle A and lah"scale system. 

Comparative 1\ Removal & Effluent N 
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Figure 5.46: Comparis.on between owmll avemge K removal and effluent N as pcrc~ntage of 

influent ~ for l,fodule A and lab-scale system. 
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In orderto determine which of the two possibilities waS \hc most likely cause of the poorN ma:;s 

balan~cs in Ihc flill-scale plants, the N removal and effluent K of Module A and thc lab-s~alc 

systcm arc compared Accepting a I{){)~··;, l\ m'~s b,hnce in hoth 'yst~ms, Ihc mmponcnls ofthc 

overall average -" removal and effluCT1t K as Clmccntmtions and percentages of the influent are 

shown plolled abovc in FigllrCll 5.45 and 5.46 respectively, hom these figures it ~an Ix seen Iha\ 

the K in thc sludgc is slightly higher in Module A, The high TK..'1 in lhe e l'fllIcnt orModulc A 

is as a result orlhc poor nitri ncation pcdormance caused by inadequate aeralion, As expected 

the e!f1uenl ~O,is lower in ModlIic A than the lab-scale system. Ilo\\ever, as mentioned al)(wc, 

the magnllude ol'thc dincrcncc (38 - I () - 28 mg'UI) is exceptionalJy large; for Module A thc 

effluent KO, coml)(menl lS 1 I ";" onhc influcnt N whereas for the lab-scale system the d fl lien t 

'<O,mmponcnt is signi rLcantiy higher at45 ~'o of the influent N, From Figure 5.46 1l can he scen 

that for the total ~o, denitrified (calculated by difference 0 I'the Slim orthe ern lIcnt components 

and the~lll the sludge from Ihe influe11l K), IhcKO, dcnilJ"il1cd lor Modu1cA was 54 % of the 

influent N whereas for the lab-scale system it was only 39 '~" of the influent K Setting the KO, 

denitrified for Module A Ihe same as the lab-scale system (at 39 ";" 0 I'\he in fllICT1t N), thc em lIcnt 

KO, as a percentage of the influent N tor :\1odule A is increased from II 10 26 %. 

5.5.4 Comparison or Soluhle P Mas.' Balance around Reactors and SST 

hgure 5.47 below shows the difference III P rdeaseiuptake between M(){]ule A and the lab-scale 

system. It ~an he secnthal thc T' release in Ihe anaerohi~ reactor ofModulc A was signili~ant1y 

higher than the lab-scale system (26 ''-S II mgPii in nuent). 111 the SS Ts divergent behaviour was 

observed. A small amount ofP release was observed III Moduk A and a small amount ofT' 

uptakc in the lah-scale system, TIle anoxic P uptake was seemingly higher in Module A than the 

lab-scale system (18 YS 4 mgP/t influent), However, as noted Ul Sec lion 5,3,2.2 the appare11l 

occurren~e ol'anoxic P uptake muld best hc explained as a result of excessive DO ingress into 

the Module A anoxic reactor. Thus for M(){lule A the circum stantial (and experimental) ev idence 

suggesl T' uptake by PAOs lInder aerobic conditions rather than ulldcr anoxic conditions. The 

T' uplakc in \hc aerobic rcaclor waS signi Ika11llylargcr Ln Modlile A than the lab-scale system (19 

\'s 10 mgPii inllucnt). 
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Comparative Soluble P Mass Balance 
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< u ~' " Anaero bic A'KlXic SeWer 

Figur~ 5.47: Comparison hetween overall average soilible P mass balance across reactors and 

SST of Modlile A and lah-.I.Cale system_ 

The average anoxic nitrate + nitrite concentration ofthc lab-scale systcm was much lowcr than 

Module A (2.1 vs 5.53 mgN/O_ WiUl this larger mass of nitrate recycled to the anaerobic rcactor 

of Modll1e A via the 'r-recycle', in addition to the generally poor Me>dule A aeration which 

negatively afiecled P uptake, it is cxpccted thai thc mcasured P rcmoval of Module A would he 

considerably smalJerthan thc lab-scale system. In contnlst, the measured P removal was grcater 

m Module A than in thc lah-scale .ystcm (10.0 vs 3.8 mgP/f inGuen!). 

5.5.5 Comparison of Calclllat .. >d ~crsus rtlca,urcd P Rcmo~al 

In Scction 5.5.1.3 above, it was nOled that the effluent soluble P concentration wa. significamiy 

higher in the lab-scale system compare<.! with MOOlile A (i_e. 8 mgP/t compared with 3 mgP"'-!). 

Another reason for operating thcparallcl lab-scale Ller systcm was to dctcrminclhe dilTcrcnccs 

in BEPRbehaviourbetween the lab system and (he flill-scaleplanl.' that led to thIS big difference 

in emucnt P concentrations. Table 5.20 below gives the companson between the calculated P 

remQval (u~ing the BF.PR Illixlel ofWcntzcl e/ ,,[., 1990) ofthc lah-scale system and Module A. 

A spreadsheet ofthe daily "lTT" calculated vs measured P removal i~ given m Appendix G_ 
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Table 5.20: Comparison of overall average calClllw.ed P removal. 

System Owrall So,; f",~ f".,. r Removal 1' .. .ollO t~ ",~o f,"c"p 
Awragc (.,~conill ("'1':1',', inlll 

Lab System ' 148.6 0.086 0,03 8.32 0,419 0.163 0231 

Module A 21 i,3 0.0.'\6 *0.05 13,83 0,35\.1 0.185 0,396 

~ The loore r.asono.ble ""-I,,e ofD.D5 " Ll.,od In'teM <ll til, caic-ulaletl ".1"" 0[0,239, Tlus valne j , ai«l ,,-ppropTl.t ciy 

larg.r lhan tbe lab·. C"-i< s)',t.",', D,O.1 hec.u,e ofw'i<lw<T inilLK'nl COl) fed t" th" lab ,ystemd". In r=c",-aticll1 "-,,d 

, tra;,,;ng to aV<lict blocbge' in tI", lab sy>t<m " Wilen caknl.t;ng tl,. thC'OTotin]1l ~PR. the inOuent RBeOn w. s 

reduced pr<lp<lTti(m.lci), lo the l"la] inOuellt con C<)n<:elllrntion, 

From Table 5.20, it can be seen that f" .. " O) ami f"."w frac-liom are greater and smaller 

respectively 111 the lab-scale system than Module A, It can he '>!!en that the ealclilated P removal 

and the fXl"" . fra<.:tion are ,ignifiealllly lower in the lab· scale sj-'Stem than Mo"hile A, Tn Section 

5,5.4 above, it was noted thai P release ill the anaerobic reactor. P uplake in both the aerohie and 

anoxic reac.tors and the measured P remoyal were significantly ",nalkr in the lab· scale system 

than Module A. Also, Ihe lotal P upt<lke (S\lm ol'the P uptake in the anoxic and aerobic reaclors) 

in Mooule A was considered aerobic uptake UEPR. In contrast, Ihe lah·seale 8y,!em exhibited 

anoxic uptake UEPR (29 ','0 0 rp \lplake look place III the allOx i c reactor), The differing P release. 

\lptake ami removal or the two systems is consistent with the observation that when significant 

anoxic P upt<lke i, observed, the P rdea'e, P uptake and P removal are all lower than with 

predominantly aerobic P uptake BEPR. In earlier lab· scale investigations in which significalll 

anoxic P upt<lke was observed. Musvoto et al. (1 <)<)2), ,'vlellin et Ill. (1995) and Pilson et al.(1 995) 

fOlilld the 1~1I(), ' Iradiollto be 0.144, 0.280 and 0.131i respectively. Comparing the overall 

average I~,,,,,. value or 0.231 mgPimgPAOAVSS round Jor the lah-seale system with that 

ohtamed lor the full·scale plant8 (0.3% mgPimgPAOAVSS) and in earlier lab·seale 

investigations. it can be seen that fXfiU}' is iov,er when anoxlc P llpt<lke IS ob,erved than when 

aerohic P uplake is oh8ffi"ved 

Also, the lower COD concentration in the inlluent to the lab· scale s)'Stem resulting In a higher 

in rtuen! TP/COD ratio thall !hat ol'the lilll·scale plants (0,026 versus 0.022 mgPimgCOD) which 

affects the percentage P removal achieved hy the REPR system, eOlllributed somewhat to the 

lower P remo,al obtained for the lab 8y'tem, h\ltthe greatest eontribllling factor was the anoxic 
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Site Hi-daily Unfiltered COD 

Time (d) 

Site Hi-daily L' nfiltered TKN 

" , 
" 

'" ,~) .m 

TinlC (d) 

[ " J . I ,",~ 

Site Hi-daily Unfiltered TP, Ortho P 

!- ~-

Fj~ues B.I, B.2 and 8.3; "Site" bi·dailyunJillered innuenl & effl\len( COD, TK.c'\[ and 
TPiOrth" p re.~pec(ively, 
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Figures 8.4, B.5 aud B.6; "Site" bi-daily floc/filtered influent & effluent COD, filtered 
innucnt & Cffillcnt TKN and Total P respectively. 
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Site Hi-daily «'SA l 
, oo ~------,-----~------,---cc--,------, 

Ti"", (tI) 

Site Hi-daily Nitrate + Nitrite 

Site Bi-daily MLVSS 

Time (rl) 

Figures B.7, R.8 and 0.9; "Site" bi·daily influent & effluent FSA, efnucnt nitrate -I- nitrite 
and reOCtor VSS respectively_ 
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"Site" bi-daily reactor TSS. DSVI and influent flow 
respectively 
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\VI(I(KLY "CMC" RESLLTS 
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hbl<' Ci Weekly "CC;lC' lobo.-.tC>£)' data_ 
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c.J 

CMC Weekly Unfiltered COD 
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CMC \Veekly Lnfiltered TP, Ortho P 

Figures C.l, C.2 and C.3: "CMC" weekly unfiltered influent & effluent COD, TKNIFSA 
and TP/Ortho P respectively. 
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Hgures C.4, COS & C.6 : "CvIC- weekly effluent nilTa!e + nitn!e, reaclor TSS and DSVI 
respectively. 
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APPENDIX D 

Hi-DAILY "SIT!::" i\lTROGI~l\ MASS BALAXCE 
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MITCHELL'S l'LAI~ \\WI'P - MLOT ru,r>. T Si_D.4.ILY _ J\ITIlOGJ::-i MASS BAL4.1\CE 
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D.3 

Table D2 'Site" bi-daily >.;0, \lass nalatlc~, 

:'IIITCHU.I.'S PI_,.\P' WWTP - PILOT I'L~i\T: :\0. :\tANS BALANCE O"U IlL\CIUR. .. & ~ST 
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APPENDIXE 

Bi-DAILY "SITE" PHOSPHORU; MASS BALA:'iCE 
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Tobie El "Sile" bi-.jaily Pho,phorllS Mass Balance. 

I'LAIN WW'II' - PILOT PI.ANT Ri-D-\" ,Y _ PIIOSPIIORL'S MAS." 
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Table 1<:2 "Site" bi-dai ly Soluble P Mass Balance 

"\fTTCHF,I.L'S PLAIN PilOT PI.A),;"T: Sol. P 'lASS RAL-\.c'\CE o,U REACTOKS &. SST 
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APPEl\DIX F 

Hi-DAILY "SITE" CAI.CU.ATFD vs 'IF.ASmU:n I' RE.,,"10VAL 
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F.7 

Mod A calculated vs measured P removal 
2Sr-------------------------------~ 

IS 20 2S 
Measured P removal (mgP/I) 

Mod B calculated vs measured P removal 
2Sr---------------~~------------~ 

10 IS 20 25 
Measured P removal (mgP/I) 

Mod A calculated vs measured P removal 
2Sr-------------------------------~ 

10 15 20 25 
Measured P removal (mgP/I) 

Mod B calculated vs measured P removal 
25,-----------~--~r_------------~ 

10 IS 20 2S 
Measured P removal (mgP/I) 

Figures F.1 & F.2 and F3 & FA: "Site" hi-daily calculated vs measured P removal for fs,..ip 
=0.239 and fs,up =0.050 for Modules A & B respectively. 
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APPENDIXG 

DAILY "UCT" CALCULATED vs MEASURED P REMOVAL 
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Table HI: Filament identifications for Modules A & B and lab-scale system 

Sample Filamentous Rank Abundanee 
Date Organisms LarKe-Seale Pilot Plant Lab-Seale LarKe-Seale Pilot Plant Lab-Seale 

ModweA ModuleB UCTSystem ModweA ModuleB UCTSystem 
02/1111999 M {l.f1rvik~lla 2 2 N/A 1 1 N/A 

type 1851 1 I N/A 2 2 N/A 

2211111999 type 1851 1 1 N/A 2 2 N/A 
N·limi!<211 2 2 N/A I 1 N/A 

20/1211999 M {l.Q.rvjk~lla - 2 N/A - I N/A 
type 1851 I 1 N/A 2 2 N/A 

19/0112000 M. {l.f1rvi~llf1 2 2 N/A 2 2 N/A 
type 1851 I 1 N/A 3 1 N/A 
NQ£l!.r!Jil!. S~. - 3 N/A - 3 N/A 

23/03/2000 M tzgrvi~lla 1 I N/A 2 2 N/A 
type 0092 2 2 N/A 1 1 N/A 

20/07/2000 M {l.Q.ai~lla 2 2 N/A 2 I N/A 
type 1851 3 3 N/A 1 1 N/A 
type 0092 1 I N/A 3 3 N/A 

31/08/2000 M {l.Q.rvi~llf1 2 2 I 2 2 4 
type 1851 - 3 2 - I 2 
type 0092 I 1 - 3 3 -

28/09/2000 M {l.Q.rvi,e.lla 2 2 1 2 3 3 
type 1851 3 1 - 2 3 -
type 0092 I 3 - 3 2 -

20/10/2000 M {l.Q.ai,e,lla I 2 I 3 2 3 
type 1851 3 3 - 2 1 -
type 0092 2 1 - 2 3 -
H, h)!droliSis - - 2 - - 2 

23/1112000 M {l.Q.D!.i~lla 1 1 1 4 3 3 
type 0092 2 2 - 2 2 -

1411212000 M Ilarvi,e.{la 2 I 1 2 3 4 
type 0092 I 2 - 3 2 -

23/0112001 M llaD!.icella I I N/A 3 3 N/A 
type 1851 4 3 N/A 1 2 N/A 
type 0092 2 - N/A 2 - N/A 
type 1701 3 2 N/A 1 2 N/A 

01103/2001 M {l.Q.ai,e.{la 2 2 I 2 2 3 
type 0092 1 1 2 3 3 2 

2 1I03/200 1 M IlQrvi,e.lla 1 I 1 3 3 3 
type 0092 2 1 2 3 3 3 
type 1701 - 3 - - 1 -

19/04/2001 M tzaD!.icella 1 I I 3 3 4 
type 1851 - 3 2 - 1 I 
type 0092 2 2 - 3 2 -

25/05/2001 M llQD!.i~lla 1 1 1 3 3 4 
type 0092 2 2 2 2 2 2 

20/0612001 M.. llQai,e.llQ - N/A I - N/A 3 
type 1851 1 N/A 2 2 N/A 2 
type 0092 2 N/A - 1 N/A -

23/07/2001 M Ilarvi,e.lla N/A N/A 1 N/A N/A 3 
type 0092 N/A N/A 2 N/A N/A 2 
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-fable n: Daily "UeT" data. 
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Figures 1.1, 1.1 and 1.3 : "UCT" daily unfiltered influent and unfiltered/filtered efflueLt 
COD, TKN and Total P respectively. 
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respectively. 



Univ
ers

ity
 of

  C
ap

e T
ow

n

APPENDIXJ 

24 HR REACTOR CONCENTRATION PROFILES 
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Figures J.t, J.2 and J.3 : 24h test no. 2 reactor profiles for Module A TP, Module B TP 
and Modules A & B VSS/TSS respectively. 
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Figures J.4, J.5 and J.6 : 
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24h test no. 2 reactor profiles for Module A NOx' Module B 
NOx and Modules A & B OUR respectively. 
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APPENDIXK 

BIOWIN and UCTPHO SIMULATION RESULTS 
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Figure Kl Process conii ;t llTalion ror SilTIldaliol1 m BIOWl,'" and UCTPHO. 
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Table Kl: Comparison of measured ·site" reactor concentrations with BIOWlN and UCTPHO prediction results. 

Module A Reuter Concentrations 
~ _ BIOWlN UCfPHO _ BlOWlN UCfPHO _ BJOWlN UCTl'HO _ BlOWlN .......... BlOWlN UCfI'HO _ BJOWlN UCl7'HO _ BIOWlN UCIPJiO _ BJOWlN UCIPIlO _ BIOWlN UCTPIlO _ 
T .... ___ "'"""= "'"""= "'"""= _....._ _io _____ "'"""= "'"""= "'"""= ______ "'"""= "'"""= "'"""=_ 

~ m m m m m m m m m ~p ~p~p~p~p~p~p~p~p~p~p~_~_~_~_~_~_ ~ 

<...wn l...wn (...wn (...wn I_Ill l...wn (...wn (.....tIIIl {...wn (.m) (_Ill (.m) (_I <_Ill {_Ill (_Ill (maPII) I_Ill (_m <_II) 1 <_I I_III_/lila (_II1II) 1(_1 (_/lila It...vs: 
NiA OQI 0.00 N/A 4.79 5.00 N/A 14.46 15.20 N/A 175.63 N/A 29.4fJ 37.90 NIt\. II 94 1150 N/A 4.90 1.20 NfA 125) 1.300 N/A ".809 6.800 3824 

n 1.40 I).OJ 0.00 7,22 11.70 9.8() J1.75 2540 23.20 HI 199.:\8 J8.60 3355 35.$0 6.04 I2.M 12.30 2.20 1.36 0.00 0.24 1.2lW 2.800 0.252 5.170 5.600 2&21 

m 0.21 0.00 0.00 .'U9 0.09 0.10 10.00 33.55 JO.1O t·33.99 216.01 29.99 25.29 66,8() 11.101 22.82 45.70 1.55 0.71 0.00 0.14 0.009 0.000 O,Ol8 5.624 5.100 2322 

IV (j.U 0.00 0.00 0.07 0.00 0.00 2.00 l).oJ 2.10 164.43 167.95 13JJ3 )'08 57.60 9.24 35.02 33.00 0.44 OdS 0.00 0.0) O,Oll 0.000 0.019 O.Q05 0,600 2OS5 

V 0.21 000 0.00 0.13 0.05 0.20 1.S9 10.02 12.0110 241.22 240.06 3·4.t0 58.62 77.50 12.66 2652 32.80 3.78 0.25 000 0.00 Q.lZ4 0.100 0.166 4.93.1 6.000 3787 

VI 0.51 0.04 0.00 6.94 14.75 0.40 11.73 28.51 26.60 \M.50 1(16.5) 15.69 "6.79 64.50 10.26 16.U J4.50 3.61 0.70 0.00 0.01 ".036 0.100 0.158 3.981 8.400 2860 

VB 0."8 ().OQ 0.00 6.73 l.J4 0.50 lO.O9 32.30 3400 201.24 232.04 23.92 44.56 49.90 10.05 28.33 31.70 5.87 0.19 0.00 0.21 0,145 0.100 0.000 4.567 7.000 3817 

vm (d8 0.00 0.00 8.32 1.29 0.30 13.51 36.34 37.10 16:LS7 263.84 24.43 0.S2 53.40 7.25 29.31 35.60 2.17 0.23 0.00 0.29 0.641 0.100 0.000 6.fUl 7.500 270Z ---
Module B Reac:tor Concentrations 

IlJOWlN I UCfPHOI_ 

"'"""= _I BIOWlN I UCfI'IlOI_ "'"""="'"""="'"""=-
~pl~p ~p ~p ~p 

'n° 
33.m N! 11.24 10.20 2.205 

8.01 n20 9.38 9.S5 9.20 4.1~3 

5.t7 4.J" 5.70 14.91 21.00 21.10 44.30 13.33 9.49 17.40 0.25 0.627 

IV S.OI ~52 :5.70 to.57 UtJ4 15.30 lSJO 15.05 10.43 BOO 7.S6 0.29 2506 1.700 

v 3.29 7.30 :5.20 It.07 18:.40 16.00 61.40 10.21 1:)·42 BUO 1.14 0.30 0.16 2.225 1500 6.500 1123 

VI 5.34 14.75 •. 30 Ism 2851 23.00 4l.SO 13,05 !6.32 14.(0 3.43 0.70 0.21 4.036 1.400 3.~1 6.600 295S 

vn 1.67 O.H 0.50 9.51 9.30 1\.80 41.20 13.03 14.94 15.80 2.06 0.16 0.08 0.145 0.100 4.567 S.800 1356 

vm 0.26 O,t)2 0.00 .... 1302 8.90 13.38 31.64 27.901 1'357 32.60 J6.19 1052 13.90 5.06 i).82 0.17 3517 2.300 5.160 6500 2249 

BlOWlN I UCl7'HO I-I BIOWlN I-I BlOWlN I UCIPHO I -.,------vss vss TSS TSS OUl!. OUII. OUII. 

(lIIIOIIIkl llIIIOIIIk) {lIIIOIIIkl 

2547 2758 4257 3178 N/A 4:5.1 4S.71 

23!2 2223 3604 3460 N!A 46.0 .. 4.sl 
2519 2123 3150 3336 NIA Sf.} 491 

2381 2191 2503 2959 N!A 20.8 23.3 

3063 lOS8 5006 3802 N/A "Z.9 46.8 

2628 3317 3878 333% NfA "'9.~ 64.9 

321 
2412 2602 "858 3178 N/AI-- 39.0 57 . .!t. 

29221 36201 44391 NIAI 49.sl 65.31 

2623 

2412 

252.t 

UCTPHOI_ --vss TSS 

2715 5473 

2213 _2 
1'/48 3819 

1890 4321 

2578 2819 

2756 3914 

2195 1815 

2172 )012 

TSS 

3431 4S.S 

2869 47.2 4S.l 

22tB 33.S 32.S 

3193 44.2 .... s 
3338 49.1$ 49.8 

3178 3"'.0 40.' 
34M; N/A, 49.5 49.7 
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