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Abstract

The sizing of the aeration system is a very important factor in the design of activated sludge plants. An aeration system
with insufficient capacity to meet the peak oxygen demand results in unaerated pockets in the aerobic reactor thus affecting
the performance of the plant. In this paper, two methods of calculating oxygen demand are compared, namely, empirical
design rules and computer based dynamic simulation models. A computer based nutrient removal simulation model is applied
to simulate the dynamic response of four full-scale biological nutrient removal plants. The simulation results are used to
assess Whether one of the design rules developed for fully aerobic plants, under cyclic loading conditions, can be reasonably
applied to nutrient removal plants. The results indicate that the relative damping of the maximum oxygen utilisation rate
response wave of 0.5 given in the design rule, has to be reduced by an average of 44% at 20°C in order for the peak oxygen
utilisation rate values calculated using the design rule to correlate with those calculated with the computer based model.
A value of 0.28 for the relative damping of the maximum oxygen utilisation rate response wave at 20°C is therefore suggested
for use in the design rule when applied to nutrient removal activated sludge plants. More diurnal load variation data, however,
needs to be collected at other full-scale nutrient removal plants in order to provide sufficient information to calibrate the
design rule. Thiswould provide designers with a simple and quick method that can be used for the calculation of peak oxygen
demand in nutrient removal activated sludge plants in a similar manner to fully aerobic activated sludge plants. In conclusion,
the paper highlights the importance of accurate assessment of daily cyclic flow and load conditions to a treatment plant
at design stage as well as the use of dynamic simulation models in determining the peak oxygen demand and its distribution

within the aerobic reactor.

Introduction

The flow and load to a sewage treatment plant vary considerably
throughout the day and the peak flow and pollutant load can be
several timeshigher thantheaverage. For such cyclicflow andload
conditions, the mass of sludge produced and plant volume remain
unchanged from the steady state values, but the oxygen demand
fluctuatesin responseto thevarying load. The peak daily oxygen
demand, which can be considerably higher than the average daily
oxygen demand, needsto be accurately determined at design stage
inorder to provide sufficient aeration capacity during peak oxygen
demand periods. The variation in oxygen demand differs between
plantsdepending onthecyclicvariation of theorganic and nitrogen
load. This variation depends on factors such as the layout of the
sewerage system, the type of and intensity of industries, etc. It is
therefore not possible to predict the oxygen demand pattern for a
specific plant except in general terms unless data on diurnal load
variationsareavailable.

There are a number of methods which designers can use to
determinethepeak oxygen demand depending onthedataavailable
tothem. Intheabsenceof diurnal |oad variation data, designerscan
apply safety factorsto the average oxygen demand to estimate the
peak oxygen demand. These safety factors can either be based on
thedesigner’ sownexperienceof theperformanceof full-scaleplants
or they are recommended in design procedures. For example,
MetCalf and Eddy (1991) recommend that the aeration equi pment
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be designed with a safety factor of at least two times the average
biological oxygendemand|oad. TheTen States Standards(1978) of
the USA require that the aeration system be capable of providing
oxygen to meet the diurnal peak oxygen demand or 200% of the
design average, whichever isthegreater.

Wherediurnd loadvariationdataareavail able, designersusually
use design rules recommended in design procedures or computer-
based dynamic simulation models to calculate the peak oxygen
demand. One such ruleisthat developed by Ekama and Marais
(1978) for estimating the peak oxygen demand in fully aerobic
activated sludge systems. Ekama and Marais (1978) analysed at
14°C and 20°C the dynamic behaviour of singleand four reactor in-
series process configurations under sinusoidal and sgquare wave
influent loads.

The analysis was carried out for settled sewage with a total
Kjeldahl nitrogen/chemical oxygen demand (TKN/COD) ratio of
0.10. They found that the relative damping of the maximum and
minimumoxygenutilisationrate(OUR) responsewave(i.e.theratio
of theamplitude of the OUR response waveto the amplitude of the
total oxygendemand (TOD) load wave) isapproximately 0.5. Based
onthisfinding, Ekamaand Maraisformulated adesignrulethat can
be applied by designers to determine the peak OUR from the
amplitude of the TOD load wave and the average OUR thus;

The TOD load is calculated using the diurnal flow, COD and
TKN data. The TOD load is calculated as TOD load = COD load
+4.57x TKN load. The peak TOD load isthe maximum valueand
theaverage TOD loadistheareaunder the TOD load vs. timeof day
curve. TheaverageOURIscal culated fromthesteady stateactivated
sludgetheory andnitrification (WRC, 1984). Thepeak OURisthen
determined from this information asfollows:

Available on website http://www.wr c.org.za



TABLE1
Relative damping of the maximum OUR response wave calculated from dynamic simulation.
Results for the four wastewater treatment plants
Wastewater TKN/COD Amplitude T=14°C T=20°C T=22°C
treatment plant ratio of max.
TODloada,,, | Amplitude | Relative | Amplitude | Relative | Amplitude Relative
of max. damping of max. |damping of | of max. |damping of
OURa ~ |of max.OUR| OURa,_ max.OUR OURa_ . | max.OUR
Kraaifontein 0.09 1.08 0.16 0.14 0.25 0.23 0.39 0.36
Zandvleit 0.09 0.78 0.18 0.23 0.29 0.36 0.32 0.41
Wildevodvlei 0.10 1.06 0.06 0.06 0.24 0.23 0.25 0.24
Athlone 0.08 0.94 0.12 0.13 0.26 0.28 0.26 0.28
Amplitude of maximum TOD load wave (a, ) (1)  within the aerobic reactor. The oxygen demand is not evenly

= (Peak TOD load + Average TOD load )— 1

@
= (Peak OUR + Average OUR) -1
Relative damping of maximum OUR response
wave( a_ +a ) =05 ©)
om Lm

~.Peak OUR = [1+05a _)xAverage OUR )
The analysis of Ekamaand Maraisfound the design rule (Eq. (4))
tobeapplicableat sludgeages|onger than about twicetheminimum
sludgeagefor nitrification. Application of thedesign ruleto sludge
agessignificantly shorter than double the minimum sludge agefor
nitrificationwasfoundtolead to an over-estimation of themaximum
and under estimation of the minimum total oxygen demand.
There are a number of computer based simulation models

Amplitude of maxingygj RIGTRRBSAAYREBW,GH desi gnerscan al so useto cal cul atethe

peak oxygendemandfromdiurnal loadvariationdatae.g. UCTOLD
and UCTPHO (Dold et a., 1991), ASIM 3.0 (EAWAG, 1994),
SIMBA 3.3* (ifak, 1998) and BIOWIN 32 (EnviroSim Associates
Ltd., 1998). Although the use of computer-based dynamic simu-
|ation model sremai nsthemost accuratemethod for cal cul ating peak
oxygendemand, themodel sareusually complicated thusrestricting
their useto specialist and experienced designers. Also, someof the
models are costly. Design rules therefore offer designers a quick
simple method of estimating the peak oxygen demand.

Thedesignruleof Ekamaand Marais(1978) andtheUCTOLD
and UCTPHO computer-based simulation model swere calibrated
with datafrom South African conditions. Thedesign ruleof Ekama
and Maraiswas, however, developed only for aerobic systemsand
its validity for nutrient removal, i.e. nitrification denitrification
biological excess phosphorus removal (ND-BEPR) has not been
tested. In this paper, the UCTPHO computer-based model devel-
oped at the University of Cape Town for ND-BEPR systems is
applied to simulate the dynamic response of four full scale ND-
BEPR activated sludge plants using diurnal load variation data
collected at these plants. The simulation results are then used to
assess Whether the rel ative damping of the OUR response wave of
0.5 found by Ekamaand Marais (1978) for aerobic systemscan be
reasonably applied to ND-BEPR systems.

The UCTPHO model has been calibrated over many yearsand
inamultitudeof circumstancescoveringlaboratory, pilot-scaleand
full-scale tests.

Another important aspect in the design of the aeration system
istheefficient and cost-effectivedistribution of theoxygen demand
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distributed within the aerobic reactor because the upstream section
of thereactor receivesthefull COD and TK N load, which decreases
as the wastewater flows through the reactor. The oxygen demand
should therefore be distributed within the aerobic reactor to reflect
thetapering of theload. Correct distribution of the oxygen demand
isimportant to avoid under-aerating and over-aerating sections of
the aerobic reactor. The UCTPHO model is thus also applied to
simulatetapered aerationintheaerobicreactor withafour compart-
ment in series configuration for the four plants.

The paper therefore aimsto calibrate the simpledesign rule by
Ekama and Marais (1978) so that it can be applied to ND-BEPR
systems. The OUR distribution pattern for afour compartment in-
seriesaerobic reactor configuration isal so recommended.

Collection of diurnal load variation data

The four wastewater treatment plants that were investigated are
Kraaifontein, Athlone, Zandvliet and Wildevoélvlei, which areall
locatedin Cape Town, South Africa. Kraaifonteinand Athlonetreat
settled sawagewhileZandvlietand Wildevoélvlei treat raw sewage.
Except for Kraaifontein, the other three works are currently oper-
ated as ND-BEPR systems. It is proposed that the Kraaifontein
Worksbe upgraded to an ND-BEPR system thusthe data collected
was applied to the proposed upgrading. Sewage samples were
collected every 2 h for 24 h and the influent sewage flow was also
recorded at thetime of sampling. The24 h samplingwascarried out
for aminimum period of 7 d at each of the works. Samples were
analysedfor COD, TKN, freeand salineammonia, ortho-phospho-
rus and total phosphorus.

Data analyis and UCTPHO simulations

The computer-based UCTPHO model was used to simulate the
dynamic behavior of the four plants under a diurnal load pattern
reflected by the data collected at the plants. The simulations were
carried out at 15 d sludge age, and at 14°C, 20°C and a maximum
temperature of 22°C. The 15 d sludge age is the design operating
sludge age for the plants. Although the plants were designed for
minimum and maximum temperatures of 17°C and 22°C respec-
tively, the simulationswere carried out at 14°C and 20°C to enable
comparison of thesimulationresultswiththedesignruledevel oped
by Ekamaand Marais(1978). Thedefault kineticand stoi chiometric
parametersin the model were accepted for the simulations.
Theamplitude of the maximum OUR responsewave (a,) was
determined from the dynamic simulation resultsand theamplitude
of the maximum TOD load wave (&) was calculated from the
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TABLE2a
Distribution of the OUR in afour compartment in series aerobic reactor configuration

Wastewater % peak OUR distribution in a 4 compartment in series aerobic reactor configuration
tfleatmem T=14°C T=20°C T=22°C
plant C1l c2 C3 C4 C1 Cc2 C3 Cc4 C1 c2 C3 C4
Kraaifontein 25 25 25 25 30 28 25 17 32 29 24 15
Zandvliet 26 26 25 23 32 29 23 15 36 31 20 13
Wildevodvlel 25 25 25 24 31 29 24 17 33 30 22 15
Athlone 27 25 25 24 30 28 24 17 34 30 22 14
Average 26 25 25 24 31 28 24 17 34 30 22 14
TABLE2b

Peak OUR/Average OUR (Peak factor) in each compartment in a four compartment in series
aerobic reactor configuration

Wastewater Peak OUR/Average OUR in a 4 compartment in series aerobic reactor configuration
treatment T = 14°C T =20°C T =22°C

plant C1 c2 C3 c4 C1 c2 C3 Cc4 C1 c2 C3 c4
Kraaifontein 113 | 112 | 114 | 123 | 1.07 | 1.09 | 1.17 | 1.68 | 1.10 | 1.23 | 1.53 | 1.71
Zandvliet 107 [ 109 | 116 | 141 | 109 | 1.31 | 162 | 1.39 | 1.13 | 1.44 | 1.53 | 1.18
Wildevoélvlei 104 | 105 | 1.06 | 1.09 | 1.06 | 1.16 | 142 | 1.33 | 1.08 | 1.26 | 143 | 1.22
Athlone 1.06 | 106 | 1.12 | 1.38 | 1.09 | 1.27 | 1.62 | 155 | 1.12 | 1.38 | 1.62 | 1.43

diurnal load variation data. Therelative damping of the maximum
OUR response wave (i.e. &, /a ) wasthen calculated from these
values as outlined in Section 1, Egs. (1) to (4). Table 1 givesthe
average values of the relative damping of the maximum OUR
response wave for each plant. Also shown in Table 1 isthe TKN/
COD ratio of the influent sewage to the plants.

The UCTPHO model was also used to simulate the dynamic
response of the plants with the aerobic reactor considered to be
divided into four compartments in series, to provide tapered
aeration. Thedistribution of the OUR in each compartment for the
four plantsis shown in Table 2a. Table 2b shows theratio of the
Peak OURtothe Average OUR (Peak Factor) for each compartment
for the four plants.

Discussion
TOD load wave

The amplitude of the TOD load wave calculated from the diurnal
load variation data differs between the four plants and does not
display any trend (see Table 1). Thisisexpected since the cyclic
variationin COD and TKN load depends on factors like layout of
the sewerage systems, intensity and type of industries as well as
residential areas, etc. which are specific to each plant catchment.

Relative damping of maximum OUR response wave

Toenablecomparisonof therel ativedamping of themaximum OUR
responsewave of 0.5 for fully aerobic systemsin thedesign rule of
Ekamaand Marais(1978) and thevaluescal culated with theresults
of the UCTPHO simulations for ND-BEPR systems, the condi-
tions under which the UCTPHO simulations were carried out
should be similar to the ones under which the design rule was
developed. Theanalysisfor thedesignrulewascarried out for settled
sewagewithaTKN/COD ratioof 0.10. Also, thesludgeageat which
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thevalueof therel ativedampingwas0.5wasfoundtobelonger than
about twice the minimum sludge agefor nitrification. Application
of thedesignruleat sludgeagessignificantly shorter thandoublethe
minimum sludge agefor nitrificationresulted in over-estimation of
the maximum OUR and under-estimation of the minimum OUR.
Thisisbecause at sludge ages closer to the minimum required for
nitrification, a cyclic loading pattern has an adverse effect on
nitrification (Ekamaand Marais, 1978).

The TKN/COD ratio of the influent sewage to the four plants
doesnot differ significantly eventhough Athloneand Kraaifontein
treat settled sewage and Wildevoélvlei and Zandvliet treat raw
sewage (see Table 1). The valuesfor the plants are between 0.08
and 0.10 and therefore do not differ significantly from the value of
0.10for settled sewage used in the devel opment of thedesign rule
by Ekama and Marais (1978). The minimum sludge ages for
nitrification at amaximum specific growthratefor nitrifiersof 0.45
(andtaking cognizanceof theunaerated massfractionsof theplants)
at 14°C, 20°C and 22°C are 11, 5 and 4 d respectively. The
simulationsat 14 °C werethuscarried out at 1.4 timesthe minimum
sludge agefor nitrification and hencethe conditionsarenot similar
to the ones under which the design rule was developed. The
simulations at 20°C and 22°C, however, fall within the conditions
under which the design rule was devel oped.

Relative damping at 14°C

Therelativedamping of themaximum OUR responsewaveat 14°C
varies significantly between the plants though the values for
Kraaifontein and Athlone are amost the same. Zandvliet has the
highest valueof 0.23and Wildevoélvlei hasthelowest valueof 0.06.
Thevaluesarebetween 50% and 80% |ower than the 0.5 cal cul ated
for aerobic systems by Ekama and Marais (1978). As outlined
above, at 14°C, theoperating sludgeageof 15disonly 1.4timesthe
required minimum sludge age for nitrification, which from the
analysis of Ekama and Marais (1978) was found to reduce the
maximum OUR response damping. It is therefore not possible to
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concludeby how muchtherel ative damping of themaximum OUR
responsewavefor theND-BEPR plantsat 14°C differsfromthe0.5
for aerobic systems since the sludge age at which the UCTPHO
simulations were performed does not fall within the criteria that
were applied in the analysis by Ekama and Marais (1978).

Relative damping at 20 °C

Therelativedamping of themaximum OUR responsewaveat 20°C
does not differ significantly between Kraaifontein, Athlone and
Wildevoélvlei. Zandvliet has, however, amuch higher valueof 0.36.
The high value of the relative damping for Zandvliet is because
Zandvliet hasamuch lower amplitude of the maximum TOD load
wave compared to the other threeplants. Theaveragevaluefor the
four plants is 0.28, which is 44% lower than the 0.5 for aerobic
systems. Simulationsat 20°C meet thesamecriteriaastheonesused
inthedevelopment of thedesign ruleby Ekamaand Marais(1978).
It therefore appears that use of the value of 0.5 for the relative
damping of the maximum OUR response wave when applying the
design rule to the four ND-BEPR plants at 20°C, would over-
estimate the peak OUR by an average of 18%.

Relative damping at 22°C

At 22°C Kraaifontein and Zandvliet have much higher valuesof the
relative damping of the maximum OUR response wave than
Wildevoélvlei and Athlone, withZandvliet beingthehighest. Zandvliet
has the highest value due to its lower amplitude of the maximum
TOD load wave compared to the other plants. Theaveragerelative
damping of the maximum OUR response wave for the four plants
is 0.32, which is 36% lower than the 0.5 for aerobic systems.
Simulations at 22°C for the four ND-BEPR plants also meet the
samecriteriaasthe onesused in thedevelopment of thedesignrule
by Ekamaand Marais (1978). It therefore appears that use of 0.5
astherelative damping of the OUR response wave when applying
the design rule to the four ND-BEPR plants at 22°C would
overestimate the peak OUR by an average of 13%.

Distribution of the OUR in the aerobic reactor

Peak OUR distribution

Thepeak OUR distributioninthefour compartmentsof theaerobic
zone do not differ significantly between the four plants (see Table
2a). Theaveragevaluesat 14 °C are 26%, 25%, 25% and 24%inthe
first, second, third and fourth compartmentsrespectively. At 20°C,
31% of the OUR isinthefirst compartment, 28% in the second and
24% and 17% in the third and fourth compartments respectively.
The distribution at 22°C is 34% in the first compartment, 30% in
the second and 22% and 14% in the third and fourth compartments
respectively. At 14°C the OUR is amost evenly distributed
betweenthefour compartmentswhileat 20°C and 22°C thefirst two
compartments take up almost 60% of the total OUR. The percent-
agesin thefirst two compartments are slightly higher at 22°C than
at 20°C.

The OUR isexpected to be highest in the compartmentswhere
the COD and FSA concentrations are highest. The first compart-
ment receivesalmost thefull COD (except for thereadily biodegrad-
able COD which is utilised in the unaerated zones for nutrient
removal) and TKN load. TheCOD and TKN not oxidisedinthefirst
compartment during the time period that the sewage is within the
compartment flow through and get oxidisedin subsequent compart-
ments. Theamount of COD and TKN oxidisedinthecompartments
depends on the temperature and sludge age of the plant. At higher
temperaturesand sl udgeagessignificantly longer thantheminimum
sludgeagefor nitrification, most of the COD and TKN areoxidised
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inthefirst three compartments with the oxygen demand in the last
compartment being mostly fromendogenousrespiration. TheOUR
distribution pattern at 20°C and 22°C reflectsthistrend becausethe
15dsdudgeageat whichthesimul ationswereperformedismorethan
doubletheminimum sludgeagefor nitrification. However, at 14°C,
the temperature and sludge age are not sufficiently long to enable
substantial COD removal and nitrification inthefirst two compart-
ments hence significant oxidation takes place in the last two
compartments as well, resulting in an almost even distribution of
oxygen demand throughout the aerobic reactor.

Peak factors

The peak factors(i.e. theratio of peak OUR to average OUR) were
also calculated and are shownin Table 2b. At 14°C, the peak factor
increases from the first to the fourth compartment for all plants.
However at 20°C and 22°C, the third compartment has the highest
peak factor for al the plants except for Kraaifontein which has a
similar trend as at 14°C. The peak factor is lowest in the first
compartment because the organisms in the first compartment are
conditioned towork at their maximum ratesincetheload ishighest
in this compartment. They are therefore conditioned to work at
amost the average load. Any load that is not oxidised in the first
compartment is oxidised in subsegquent compartments and at aver-
age load (and sufficiently high temperatures and sludge age), the
oxygen demand in the last two compartments is mostly due to
endogenous respiration. At peak load, the organisms in the first
compartment oxidiseonly their maximum|oad whichisalmost equal
totheaveragel oad hencethepeak factor isnot very much higher than
one. Theextrapeak |oad flowsto downstream compartmentswhere
theorganismsexert amuch higher oxygendemand comparedtotheir
average oxygen demand at average load. Consequently the peak
factors are higher in downstream compartments. Whether the
highest peak factor isin the third or fourth compartment depends
onthecyclicload pattern, theoperating temperatureand sludgeage.
Application of the peak factors to individual compartments gives
the peak OUR distribution given in Table 2aand discussed above.

Conclusions

The UCTPHO computer-based simulation model hasbeen applied
tosimulatethedynamicresponseof four full-scalenutrient removal
activated sludge plants using diurnal load variation data collected
from these plants. The OUR results from the model simulations
have been used to assess whether the val ue of therel ative damping
of themaximum OUR responsewavefor fully aerobic systems, used
in the design rule by Ekama and Marais (1978) can be applied to
nutrient removal systems. Theresults have shown that therelative
damping of the maximum OUR response wave of 0.5 for aerobic
systems has to be reduced for ND-BEPR systemsin order for the
design rule to predict the peak OUR predicted by the UCTPHO
model. For the four plants investigated in this paper, the relative
damping hastobereducedto0.28 (44%reduction) at 20°Cand 0.32
(36% reduction) at 22°C. The reduction at 14°C could not be
accurately assessed because the criteria used in the UCTPHO
simulationsdid not fall withintheconditionsinwhichthedesignrule
for aerobic systems was valid. The lower relative damping of the
maximum OUR response wave for ND-BEPR systems compared
to fully aerobic systems is because in ND-BEPR systems, the
readily biodegradable COD isutilised in the unaerated reactorsfor
nutrient removal and doesnot exert an oxygendemandintheaerobic
reactor likein fully aerobic systems.

To providetapered aeration in afour in-seriesreactor configu-
ration, the UCTPHO simulations have shown that at a minimum
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temperature of 14°C and 15 d sludge age, the oxygen demand is
amost evenly distributed withintheaerobicreactor. Atamaximum
temperature of 22°C, 34% of the oxygen demand is in the first
compartment, 30% in the second and 22% and 14% inthethird and
fourth compartments respectively.

Although the analysis for the four ND-BEPR plants in this
paper has shown that the relative damping of the maximum OUR
response wave needs to be reduced from 0.5 when applying the
designruledevel oped by Ekamaand Marais(1978), tocalculatethe
peak oxygendemandfor ND-BEPR systems, moredataarerequired
to calibrate the design rule so that it can be confidently applied in
design. Further analysisof thedatafor thefour plantsisalsorequired
at longer sludge ages at 14°C, and the relative damping of the
minimum OUR response wave needs to be determined.

Analysisof thediurnal |oad pattern datahas confirmed that the
cyclic variation in oxygen demand is different between the plants
thusemphasi singtheimportanceof accurately ngthediurna
load patternfor aplant wherever possibleat design stage. Compari-
son of the OUR values calculated with the UCTPHO simulation
model andthedesignrulehasshownthat unlessproperly calibrated,
application of designrulescanleadto errorsin cal cul ating the peak
oxygen demand. In the case of the four plantsinvestigated, the use
of the design rule would lead to over-sizing the aeration capacity.
It is therefore recommended that computer-based models be used
inthecal culation of peak oxygendemand anditsdistributionwithin
thereactor when accurate diurnal oad variation dataare available.
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