Modelling inorganic material in activated sludge systems
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Abstract

A simple predictive model for the activated sludge reactor inorganic suspended solids (1SS) concentration is presented. It isbased
on the accumulation of influent 1SS in the reactor and an ordinary heterotrophic organism (OHO) 1SS content (f, ) of 0.15 mg
1SS/mgOHOV SSand avariable phosphate accumul ating organism (PAO) I SS content (f ., ) proportional totheir Pcontent (f, . .).
The model is validated with data from 21 investigations conducted over the past 15 years on 30 aerobic and anoxic-aerobic
nitrification denitrification (ND) systems and 18 anaerobic-anoxic-aerobic ND biological excess P removal (BEPR) systems
variously fed artificial and real wastewater and operated from 3 to 20 d sludge age. The predicted reactor VSS/TSSratio reflects
the observed rel ative sensitivity to sludge age, whichislow, and to BEPR, which ishigh. For effective use of the model for design,
two significant issuesrequire attention: measurement of theinfluent | SS concentration, whichisnot commonly donein wastewater
characterisation analyses; and estimating a priori the P content of PAOs (f, ), which can vary considerably depending on the
extent of anoxic P uptake BEPR that takes place in the system. Some guidance on selection of the mixed liquor VSS/TSS ratio

for design is given.
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Abbreviations

Aer = Aerobic reactor

An = Anaerobic reactor

ANO = Autotrophic nitrifier organisms

Art = Artificial wastewater

AS = Activated sludge

ASIM = Activated sludge simulation programme - a platform
for using AS models

ASM = Activated sludge model

AX = Anoxic reactor

BEPR = Biological excess phosphorus removal

BNR = Biological nutrient removal

Cntl = Control

COD = Chemical oxygen demand

conc. = concentration

degC = degrees Centigrade

DsVI = Diluted sludge volume index

Exp = Experimental

FA = Fully aerobic

FSA = free and saline ammonia

1# = Investigation number

IAND = Intermittently aerated nitrification denitrification
system

IDS = Inorganic dissolved solids

ISS = Inorganic suspended solids

IWA = International Water Association

MLE = Modified L udzack-Ettinger nitrificationdenitrification

system
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MP = Mitchells Plain wastewater treatment plant
MUCT = Madified University of Cape Town NDBEPR system
ND = Nitrification denitrification

NDBEPR= Nitrification denitrification biological excess
phosphorus removal

NOx = Nitrate plus nitrite concentration

OHO = Ordinary heterotrophic organisms

OHOV SS= Volatile suspended solids of the ordinary
heterotrophic organisms

OoP = Orthophosphate

OUR = Oxygen utilisation rate

PAO = Phosphate accumulating organisms

PAOV SS = Volatile suspended solids of the phosphate
accumulating organisms

RBCOD = Readily biodegradable chemical oxygen demand
concentration

SB = Sewage batch

SCFA = Short chain fatty acids

SSP = Steady state period (anumber of consecutive sewage
batch periods)

TDS = Total dissolved solids

TIS = Total inorganic solids

TKN = Total Kjeldahl nitrogen

TP = Total phosphorus

TSS = Total suspended solids

UCT = University of Cape Town NDBEPR system

USCOD = Unbiodegradable soluble chemical oxygen demand
UPCOD = Unbiodegradableparticul atechemical oxygendemand

VDS = Volétile dissolved solids

VSS = Volatile suspended solids

WRC = Water Research Commission

WwW = Wastewater

WWTP = Wastewater treatment plant

1Ax = First anoxic reactor in the Modified UCT system
2AX = Second anoxic reactor in the Modified UCT system
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Symbols 0, temperature sensitivity coefficient for endogenous
respiration = 1.029
b,.,b = endogenous respiration rate for OHOs and PAOs 3.286 ISS/P ratio of polyphosphate

T Mer
aTC %

0.24/d and 0.04/d respectively at 20°C (6, = 1.029
for both)

fraction of the VSS concentration which is OHOs
and PAOs respectively

ISS/V SSratio (mgl SS/mgV SS) of OHOs and their
endogenous residue estimated by Wentzel et al.
(2002) = 0.17 mglSSY/mgV SS

COD/V SSratioof organics=1.48mgCOD/mgV SS
endogenousresiduefractionof theOHOsand PAOs
0.20 and 0.25 respectively

VSS/TSS ratio of reactor sludge mass.

inorganic content of OHO cell mass

0.15 mglSSYmgOHOV SS

total inorganic solids content of PAOs

_(: fiPAOB_M + fiPAOPP) . .
inorganic solids content of the PAO active biomass
(without polyphosphate)(mgl SS/mgV SS)

0.15 mgl SSYmgPAOV SS

inorganicmateria content of thePA O polyphosphate
(mglSSYImgV SS)

influent unbiodegradabl e particulate COD
fraction

influent unbiodegradable soluble COD fraction
influent readily biodegradable (RB) COD fraction
with respect to biodegradable COD.

Anaerobic mass fraction

P content of PAO cell mass(without polyphosphate)
total P content of PAOs (=, .., +f
P content of the PAO cell mass

0.03 mgP/mgPAQV SS
polyphosphate content of PAOs(mgpolyphosphate/
mgPAOV SS)

TSSto COD ratio of active organismsin ASIM
version of ASM#2

0.90 mgTSS/mgCOD (Gujer, 1993)

TSSto COD ratio of unbiodegradable particulate
organicsinASIM versionof ASM#2=0.75mgTSS/
mgCOD (Gujer, 1993)

XBGPP)

= TSSto COD ratio of biodegradable particulate

substratein ASIM versionof ASM#2=0.75mgTSS/
mgCOD (Gujer, 1993)

COD mass load on reactor (kgCOD/d) = Q, S,
mass of 1SSin reactor (kgTSS)

mass of TSSin reactor (kgTSS)

V' SS mass in reactor (kgV SS)

average dry weather flow (ADWF, M£/d)

nominal hydraulic retention time (hours)

system sludge age (days)

flow weighted averageinfluent COD concentration
entering biological reactor (mgCOD/£)

ISS concentration in biological reactor

(mglSS/e)

influent | SS concentration entering biological
reactor (mglSS/¢)

measured or calculated V' SS concentration in the
reactor (mgV SS/)

yieldcoefficientfor OHOsand PAOs=0.45mgV SY
mgCOD

ISSN 0378-4738 = Water SA Vol. 30 No. 2 April 2004

Percentage of influent readily biodegradable COD
taken up by PAOs

Introduction

Reliable predictive models for the organic (volatile) suspended
solids (VSS) concentration in activated sludge (AS) system reac-
torshave been devel oped over the past two decades, e.g. the steady
state design model (Ekamaet a., 1993; WRC, 1984) and the IWA
activated sludgesimulation model (ASM)1 (Henzeet al., 1987) for
fully aerobic (FA) and anoxic-aerobic nitrification-denitrification
(ND) systems, andtheequival ent steady statedesignmodel (Wentzel
eta., 1990) and IWA ASM2 (Henze et al., 1995) and 2d (Henze
et a., 1999) for anaerobic-anoxic-aerobic ND biological excess
phosphorusremoval (BEPR) systems. Thesteady statemodelsare
largely stoichiometric materials mass balance based models, that
serve as aids for the selection of optimum design parameters for
activated sludge systems with measured (or assumed) influent
wastewater flowsand material concentrationsasinputs. Addition-
ally, the simulation models are based on biological transformation
kinetic processes and also require, as input, the system design
parameters (reactor volumes, recycleflowsetc.). Incontrasttothe
organic models above, predictive modelsfor the reactor inorganic
suspended solids (1SS), and hence the total suspended solids (TSS
=VSS+ ISS) concentrations have not received the same attention
or general acceptance. Reasonably accurate estimates of the TSS
concentration are important for the design and operation of the
down-stream unit operations such as secondary settling tanks and
sludge treatment systems.

Inthispaper, predictivemodel sfor thel SSconcentrationinthe
activated sludgereactor arereviewed and anew model ispresented.
This model is based on the ISS concentration measured in the
influent wastewater and uptake of inorganic dissolved solids(IDS)
by the biomass in the reactor. This model is evaluated against
experimental data collected from 48 FA, ND and NDBEPR sys-
tems operated in the UCT Water Research Laboratory in 21
experimental investigations over 15 years.

Existing ISS and TSS models
Fully aerobic and anoxic aerobic systems

Inthesteady statedesign modelsandtheoriginal ASM1for FA and
ND systems, a fundamentally based predictive model for the
accumulation of theinorganic suspended solids (I SS) inthereactor
isnotincluded. Thetotal suspended solids(TSS), whichisthesum
of the VSSand I SS concentrations, istherefore cal culated empiri-
cally from an assumed VSS/TSSratio (f,). Thisratio is estimated
from historical experience of its value for the particular kind of
wastewater and activated sludge system under consideration, and
can vary from 0.70 to 0.90. Once selected it has generally been
assumed to remain constant with sludge age (WRC, 1984).
When coding ASM1 into ASIM (Version 2.2), Gujer (1993)
included TSSasanon-conservativecompound (Gujer and Lawson,
1995), calculated from stoichiometric TSS/COD ratios for the
individual mixed liquor organic components; for active biomass
i rssxem = 0-9MgTSS/mgCOD, for unbiodegradable (inert) organic
mass, either fromtheinfluent or generated through death-regenera-
tion (endogenous residue), i = 0.75 mgTSSYmgCOD and for

TSSXI
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slowly biodegradable particulate substrate, i .= 0.75 mgTSY
mgCOD. These ratios are equivaent to 0.332 and 0.11 mgISS/
mgV SSrespectively foraCOD/V SSratioof 1.48mgCOD/mgV SS.
Additionally in the coded model, inorganics (ISS) present in the
influent add directly to the reactor TSS. With the ASIM default
inorganics present in the influent (0.117 mglSS/mgCOD, Gujjer,
1993), thepredicted V SS/TSSratiosof themixed liquor arearound
0.60 and 0.55 mgVSS/mgTSS for sludge ages of 4 and 30 d
respectively; withzeroinfluentinorganics, theV SS/TSSratiosare
0.80 and 0.85 respectively. Clearly in this model, the predicted
mixed liquor inorganics(1SS) concentrationisvery sensitivetothe
influent inorganics concentration, but this sensitivity may be
artificial because the influent ISS/COD ratio (X, /S,) of 0.117 is
very high compared with the raw wastewater values measured on
the source wastewater (Mitchells Plain wastewater treatment plant
(WWTP) for the 48 experimental systems discussed in this paper,
i.e. 0.041-0.050 mgl SSYmgCOD.

In modelling experimentally determined | SS concentrationsin
activated sludge mixed liquor (Investigation 112 - see Table 1),
Wentzel et al. (2002) evaluated a number of approaches based on
either direct incorporation of influent inorganics (particulate only
or total including dissol ved solids) or stoichiometricincorporation
of inorganicsinto the organic mixed liquor fractionsin addition to
directincorporation of influentinorganics (particulate only or total
including dissolved solids). They concluded that the latter ap-
proach, which is similar to that of Gujer (1993), provided predic-
tionsthat best correl ated with the experimental observations. With
this approach, active biomass and endogenous residue were esti-
mated to contain (f,) 0.17 mglSS/mgVSS, while the influent
unbiodegradabl e organi cswere estimated to contain no inorganics
(incontrast to Gujer, 1993); additionally, either 20% of theinfluent
inorganic particulate (IPS = ISS) or 1.7% of the total inorganic
solids(TIS=1SS+ TDS) respectively wereentrapped in themixed
liquor. A reasonably close correlation between predicted and
measured reactor |SS concentrations was obtained for the ND
systems at 12 and 20 ds sludge age. The influent ISS/COD ratio
measured by Ubisi et al. (1997) (112) was 0.093 mgl SS/mgCOD,
morethan twicetheratio measured on the source wastewater at the
WWTP by adifferent method (see below).

Nitrification denitrification biological excess P
removal (NDBEPR) systems

When modelling ISS and TSS concentrations in NDBEPR sys-
tems, due cognizance must be given to the increased intracellular
accumulation of inorganic dissolved solids into the phosphate
accumulating organisms (PAOs) as polyphosphate and associated
counter ions. In the steady state design model for NDBEPR
(Wentzel et a., 1990), thisincreased 1SS accumulation is recog-
nised; the reactor TSS concentration is calculated from a constant
VSS/TSS ratio of 0.46 mgV SS/mgTSS for active PAOs and their
associated endogenous residue, whereas the rest of the sludge is
based on the empirical ratio between 0.75-0.85 mgV SS/mgTSS
derived for ND activated sludge, which includes accumulated
influent | SSand remains constant with sludgeage. Again, the0.46
ratio for the PAOs and the selected ratio for the rest of the sludge
are assumed to remain constant with sludge age (Wentzel et al.
1990).

In ASM2 and 2d, the principles devel oped by Gujer above are
applied, but additionally the accumulation of inorganics due to
polyphosphate and counter ion accumulation in PAOsis included
at 3.23 mgl SS/mgP.

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

Model development

The concept of mixed liquor organic material (VSS) containing
inorganic suspended solids (1SS) asimplied above by themgTSS/
mgCOD ratios, may be difficult to grasp. Itsnot clear how Gujer
(1993) visualised this, but in this paper the ISS content of the
organicsisnot visualised as actual inorganicsin the VSSitself as
itexistsinthereactor, but rather asinorganicsthat areformedinthe
test procedure. Whenthemixed liquor organicsareintheactivated
sludge reactor, in particular the active biomass, they include
intracellular and/or bound water, which contains dissolved solids.
When the organics are dried in the TSS test procedure, these
dissolved solids precipitate to form ISS. It is mainly for this
conceptual reason that in this paper, only active biomass is ac-
cepted to have an ISS/VSS ratio; the unbiodegradable organic
componentsof themixed liquor clearly cannot containintracel lular
water and the bound water is accepted to be negligible.

Experimental datameasuredintheWater Research L aboratory
at the University of Cape Town (UCT) over the past 15 yearsform
the basisfor themodel development. Altogether 21 investigations
were considered, some of which ran concurrently (Table 1). In
theseinvestigations, artificial or real wastewater wasfed to 30 FA
or ND and 18 NDBEPR systems operated over arange of sludge
ages (3 to 20d) and nominal hydraulic retention times8.9to 48 h
(Table 1).

Conceptual model

Conceptually the reactor ISS concentration predictive model is
based on the following principles:

» ISSintheinfluent (X, mglSS/t) accumulates in the reactor
(X,,)- From amass balance, this accumulation is proportional
tothesludgeage (R andinversely proportional tothenominal
hydraulic retentiontime (R, ), i.e.

X, = X4R/R,, mgliSSe (1)
Thisisin agreement with proposals of Gujer (1993) reviewed
above.

e Precipitation of mineras in the biological reactor, unless
stimulated by chemical dosing, and dissolution of influent I SS,
are considered negligible.

e In contrast to the inorganic models of ASM2, 2d and Gujer
(1993), but in agreement with Wentzel et al. (2002), slowly
biodegradable particul ate substrate does not contain an inor-
ganic component.

e Theordinary heterotrophic organisms (OHOs) and the phos-
phate accumulating organisms (PAQs) take up intra-cellular
inorganic dissolved solids (IDS) as part of the biomasswhich,
whensludgesamplesaredried andincineratedinthe TSS-VSS
test procedure, precipitateasinorganicsolids. Insofar assolids
(organic and inorganic) accumulation in the reactor is con-
cerned, the autotrophic nitrifying organisms (ANQOs) are ig-
nored because their relative contribution is very small (<2%).

e Additionally, the PAOs take up inorganic dissolved solids
(IDS) and store it as polyphosphate with associated counter
ions, in conformity with ASM2 and 2d.

¢ AlthoughinASM2, 2d, Gujer (1993) and Wentzel et al. (2002),
inorganics are included in the endogenous residue fraction,
Wentzel et al. (2002) noted that there is no information in the
literature on the validity of this assumption. In the model
developed here, it is assumed that there are no inorganics
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associated with unbiodegradable particulate organics, which
includes endogenous residue. This assumption will be evalu-
ated in the model application.

Following the above, the combined measured | SSin thereactor is
given by:

XIo = XIoi Rs/Rhn + Xv (inHOfavOHO + fiPAOfavPAO) mglsgz (2)

where:

X, = measured or calculated V'SS concentration in
the reactor (mgV SS/2)

fono fieao = Inorganic material content of the OHOs and
PAOs respectively (mglSS/mgV SS)

fono fammo = fraction of the VSS concentration which is
OHOs and PAOs respectively, and

fiPAO = fiPAOBM + fiPAOPP

where:

f =

PAGEM inorganic material content of the PAO active

biomass (mgl SSYmgV SS)
inorganic material content of the PAO
polyphosphate (mgl SS/mgV SS)

f =

iPAOPP

The OHO and PAO fractions of the VSS(f, .o f.ea0) @€ defined
by, and can becal culated withtheexisting ASmodels. Theoneused
in this 1SS model development is the steady state BEPR model of
Wentzel et a. (1990), which for zero anaerobic mass fraction and
influent SCFA COD (i.e. no BEPR) isidentical to the steady state
ND ASmodel of Ekamaet al. (1983) and WRC (1984). Although
developed earlier, these steady statemodel sareessential ly asubset
of the dynamic simulation modelswhich can be calibrated to give
similar results for the same input conditions. The 1SS model
developed heretherefore can beincluded relatively simply inthese
dynamic simulation models and the numerical values determined
forf, ., andf,  areconsistent for these models.

In the ISS model developed here (Eq 2), there are three
unknown parameterswhich need to be determined, i.e. theinfluent
ISS concentration (X, ), which may be directly measured, and the
inorganic contents of the OHOs and PAOs (f,,,, and f.,, ), which
cannot be measured directly, only calculated indirectly by match-
ing measured and model predicted reactor |SSand V SSconcentra-
tions. Becauseinthe21investigations(11to121), theinfluent ISS
concentration generally was not measured, exceptin 111, 112, 118
and in two 24 h tests at the WWTP (122, see Table 1), the values
of al three parameters were determined from the results of the 48
experimental systems.

Experimental investigation

Details of the 21 experimental investigations arelisted in Table 1.
For the 42 systems fed real wastewater, Mitchells Plain unsettled
(raw) wastewater was collected at the treatment plant in 2 m?
batches, trucked to the laboratory, macerated and stored in 400 .2
stainless steel tanks in a 4°C cold room. Daily, the wastewater
volume required for the activated sludge systems was, after thor-
ough mixing, drawn from the 400 £ tanks, strained through 1mm
mesh to avoid pipe blockages, diluted with tap water to the target
influent COD concentrationfor the ASsystem, and poured into the
system’ sfeed drum. Thecollected sewage batcheswere used over
aperiod of 2to 3weeks. During thistime, the systemsweretested
at least every second day, but usually morefrequently, for influent,
reactor(s) and effluent unfiltered and filtered chemical oxygen
demand (COD), total Kjeldahl nitrogen (TKN), free and saline
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ammonia(FSA), nitrate, nitrite, total phosphorus (TP), orthophos-
phate (OP), VSS and TSS concentrations, and oxygen utilisation
rate (OUR) and diluted sludge volumeindex (DSVI) intheaerobic
reactor. These measurements, which arelisted inthereportsof the
investigations (Table 1), were averaged over the sewage batches
(SB) or longer steady state periods (SSPs) when the influent
concentrations over several consecutive sewage batches did not
change significantly and system operating conditions were not
changed.

Model application

In application of the model (Eq. 2) to the various systems, the
following were accepted:

e Systems fed artificial wastewater received zero or very low
influent ISS (X, = 0). The ISS measured in the reactor is
therefore predominantly the ISS content of the OHOs and/or
PAQOs. The 6 systems (2 ND and 4 NDBEPR) fed artificial
wastewater formed the starting point for determining theinitial
estimates for the OHO and PAO ISS contents (f, ,,,and ., ).

» Becausetheinfluent ISS concentrations (X, ;) were not meas-
ured, except in 111, 112 and 118, this concentration was
calculated with Eq. (2) from the measured reactor | SS concen-
tration (X)) and theinitial estimates of f,, andf_, | for each

SB or SSP and each system in each investigation. Because

differentinfluent COD concentrationswerefed to thedifferent

systems by diluting the collected wastewater with tap water to
atarget feed COD concentration, this calculated influent ISS
concentration was expressed as a ratio of the feed COD
concentration (S,) i.e. X, /S, mglSS/mgCOD, to make the
influent 1SS comparable between systems and investigations.

Consistency of theinfluent X /S, ratio over arange of sludge

agesand retention timesin the sameinvestigation and between

investigations allowed refinement of the initial f,_, estimate
from the artificial wastewater systems.

Calculation method

In more detail, for each SB or SSP of asystemin aninvestigation,
the OHO and/or PAO activefractions(f, .. f,000) fOr FA,ND or
NDBEPR systems were calculated iteratively with the aid of the
steady state BEPR model of Wentzel et a. (1990). The measured
valuesfortheinfluent COD, RBCOD fractionand unbiodegradable
soluble COD fraction (fg . = filtered effluent COD/S,) were input
tothemodel together withthesystem constraints, andtheparticul ate
unbiodegradable COD fraction (f,) was varied until the calcu-
lated system V SS mass, comprising active and endogenous PAO
and OHO components and unbiodegradabl e particulate VSS from
the influent, matched the measured values. For the NDBEPR
systems, when the correct f_ had been found, the calculated P
removal was matched to that measured by decreasing the PAO P
content (f, ) from the standard value of 0.38 mgP/mgPAOV SS
toalower value (Ekamaand Wentzel, 1999). Generally, whenthe
P uptake was predominantly aerobic (>90% of total P uptake), the
calculated f, ., was close to the 0.38 mgP/mgPAQOV SS value for
theenhanced PA O culturesof Wentzel etal. (1989a) (e.g.11,12and
114). However, when significant anoxic P uptake took place
(>20%), thecalculatedf, . waslower than0.38 mgP/mgPAOV SS
(i.e.18,19,110,113,117 and 118). For the FA and ND systems, the
anaerobic mass fraction (f, ) and influent RBCOD fraction (f )
were set to zero, which in the model stops PAQOs, and their
associated endogenous V SS from forming in the system, with the
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resultthat f_, . =0. For theenhanced PAO cultures of Wentzel et
al. (1989a) (11), f, wassetto 1.0 becauseall theinfluent COD was
in SCFA form, which in the model, stops OHOs and their associ-
ated endogenous V'SS, from forming in the system, with the result
that f =0.

V(?Vi'?ﬁct)he f om0 @ndf, ., . knownfor each SB or SSPof asystem
inaninvestigation, Eq. (2) was used with themeasured reactor | SS
concentration (X, ) andinitial estimatesfor the 1SS contents of the
OHOs and PAOCs (f,, and f_, ) to calculate the influent 1SS
concentration (X, ) for each SB or SSP of a system in an investi-
gation. For each systeminaninvestigation, theweighted mean X, .
valueswere determined by multiplying the SB or SSPaverage X
values by the number of testsin the SB or SSP, adding these over
thewholeinvestigation and dividing by thetotal number of testson
the systemintheinvestigation. For investigationswith morethan
one system, a weighted investigation mean X . mean was calcu-
lated from the weighted system X, . means. The investigation
weightedmean X, . and selectedf. | andf_, jwerethenappliedin
Eqg. 2 to the SB or SSP average data to determine the calculated
reactor 1SS concentrations (X, ) for each SB or SSP, which were
then compared with measured SB or SSP ISS concentrations on
each system. For those investigations where the influent ISSwas
not measured, thefinal f,, and f_, | values accepted were those
that gave the most consistent comparison between calculated and
measured reactor | SSconcentrationsover all the SBsor SSPsof the
different systems of an investigation and between investigations.
For thoseinvestigationswheretheinfluent 1SS (X ) wasmeasured
(i.e.111, 112 and 118), thef,,  and f., values were varied until

the cal cul ated weighted mean influent | SS matched that measured
for the investigation.

Determination of the ISS content of PAOs -f,

The four 100% acetate feed enhanced PAO culture systems of
Wentzel et a. (1989a) at 7.5, 10, 10 and 20 d sludge age, yielded
VSSITSS ratios of 0.45, 0.46, 0.46 and 0.48 mgV SS/TSS respec-
tively. Thevaluesseemextra-ordinarily low andindicatevery high
I SS concentrationsin the systems, higher than the VVSS concentra-
tions. Wentzel et al. (1989b) statethat thereasonfor thesehigh 1SS
concentrations is the very high phosphate content of the PAOs
(f,ser) = 0.38MgP/mgPAQV SS. Accepting abiomassstructural P
content (f,..,) Of 0.03 mgP/mgVSS gives an intracellular
polyphosphate content (f,....) of 0.35 mgP/mgPAOVSS (i.e.
frsere = oo Txacam): Thispolyphosphatesis charge balanced by
cationsMg, Caand K but mainly Mg, all of which were measured
as ISSin the test procedure.

Applying Eq. (2) withboth X andf_ = 0to theenhanced
PAO cultures yields a total 1SS content of PAOs (f, ) of 1.30
mglSS/mgPAQV SS. Thisconstant f_, | valuein the PAO steady-
state BEPR model of Wentzel et al. (1990) predicted the observed
increasing V SS/TSSratio with sludge agevery accurately (Fig. 1).
The predicted and measured reactor |SS and V SS concentrations
and masses are compared in Figs. 1 and 2 respectively. These
correlations also are very good. The consistency with which a
constant f,_,, | predictsthe observed changesinVSS/TSSratio with
sludge age gives credibility to the approach of Eq. (2) (with both
fonoa@nd X, =0). Thisf_, =1.30did not requireto berevisedin
thesubsequent | SSmodel devel opment for real wastewater, but did
require modification to take into account reduced polyphosphate
storage with anoxic P uptake BEPR (see below).

ThePuptakeintheenhanced PA O cultureswaspredominantly
aerobic (>90%) and the P content of the PAOs (f,..) was 0.38
mgP/mgPAQOVSS. Accepting a PAO cell structural P content
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Figure 1

Measured reactor ISS mass in kglSS/kgCOD load (®) and VSS/
TSS ratio (®) and predicted (lines) vs. sludge age for the four
acetate fed enhanced PAO cuture systems of Wentzel et al.

(1989) (11) accepting PAO ISS content f_, . = 1.30 mgISS/

iPAO

mgVSS (>90% aerobic P uptake BEPR)

1 - Wentzel et al. (1989) DATA
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Figure 2
Predicted vs. measured VSS (®) and ISS (A) concentrations for
the four enhanced PAO culture systems of Wentzel et al. (1989)
(11) at sludge ages 7.5, 10, 10 and 20 d for ISS content of PAOs
(fono) = 1.3 MgISS/mgPAOVSS

(fxseram) Of 0.03mgP/mgV SSand apolyphosphate content (f, . ...)
of 0.35 mgP/mgV SS, theoretical | SSvaluesfor the polyphosphate
(fioacee) @Nd PAO active biomass (f,,,, ..,,) can be calculated. With
theaveragemolar ratio of polyphosphate cationsfrom Fukaseet al .
(1982), Arvin and Kristensen (1985), Comeau et a. (1985) and
Wentzel et al. (1989b) of Mg:K:Ca:P = 0.275:0.295:0.05:1, and
recognising that Pin polyphosphate existsas PO,, then the mol ecu-
lar mass of polyphosphateis 98.8 mg/mmol. With polyphosphate
entirely inorganic, the theoretical 1SS/Pratio for polyphosphateis
3.19 mglSSY/mgP, closely equa to the value of 3.23 mgl SSY/mgP
adopted in ASM2 and 2d. A f, .. = 0.35 mgpolyP/mgPAOV SS
gives f. = 1.12 mglSSYImgPAQVSS for the polyphosphate.

iPAOPP
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Accepting that the PAO cell non-polyphosphateinorganic content
f paomy 1S€QUAl tothe OHO inorganic content (f, ) of 0.15mgl SS/
mgV SS (see |ater), then the total PAO inorganic content (f,, ) =
1.12+0.15=1.27 mglSSYmgPAOV SS. Thisvery closely matches
the value of 1.30 determined above in application of the model to
the enhanced PAO culture data, and lends further support to this
value.

Determination of the ISS content of OHOs -f

The OHO active biomassin AS systems contains | SS as indicated
by work on pure OHO cultures (e.g. Gaudy and Gaudy, 1980). A
range of OHO ISS content (f.,,,,) values are reported in the
literature, from 0.05 to 0.25 mgl SS/mgOHOV SS. Fiveinvestiga-
tions with 15 fully aerobic (FA) and nitrification-denitrification
(ND) systems (i.e. no PAOs) listed in Table 1 were selected asthe
basisfor determining thef,, ., viz.13,15,16, 11 and 112. These
systems were sel ected because they were operated over arange of
sludge ages (13; 5to 20d); werefed artificial wastewater, i.e. zero
or low X, _; or included measurement of influent total dissolved
(TDS) and suspended (TSS) solids, each separated into organics
(VDS, VSS) and inorganics (IDS, ISS), i.e. 111 and 112.

For the 2 artificial wastewater fed ND systems of 15 and 16, it
was expected that the influent |SS would be zero or at least very
low. With X, . =0, f_ . needed to be 0.276 and 0.265 mglSS
mgOHOV SS respectively to account for the measured ISS in the
reactor. Thiswas outside the literature range and considered too
high, which was confirmed with the datafrom the real wastewater
investigations|3, 15,16 and 111, wheresuch highf, |, valuesledto
negative influent ISS concentrations, especially for the 13 short
dludge age systems.

The SB or SSP calculated vs. measured reactor | SS concentra-
tions(X, ) andVSS/TSSratiosfor the 7 real wastewater systemsof
I3 forf,, = 0.276 and the corresponding investigation weighted
mean influent ISS/COD ratio = 0.0170 are shown in Figs. 3and 4
respectively. Thereactor ISS(Fig. 3) datacorrelate poorly and the
systemmeanreactor | SSconcentrationsat thedifferent sludgeages
lie at amuch flatter slope than the 1:1 correlation line. The VSY
TSSratio data (Fig. 4) aso correlate poorly and the system mean
ratiosat thedifferent sludgeagesliealmost perpendicular tothe1:1
correlationline. Thecalculated system meaninfluent ISS(X ) for
fiono = 0.276 to account for the measured reactor TSS (X, ) is
plotted vs. sludge age in Fig 5. Not only does the calculated X,
decreasewith sludgeage, but also-veval uesareobtained at thelow
sludge ages of 5 and 6 d. Moreover, the estimated influent 1SS/
COD ratioistoo low (0.017 mglSS/mgCOD) compared with that
measured onthewastewater inthelaboratory (i.e. 0.031in111) and
at thetreatment plant (0.041-0.050in122, see Table2). Thismeans
that f,_,,, = 0.276 istoo high and does not correctly account for the
changesin measured reactor ISSwith sludgeage. Curiously, the
best correlation between cal culated and measured reactor 1SS for
the 7 systemsof |3isobtainedwhenf,, =0.0(Figs. 6t08), which
gives the least variation in influent ISS concentration (X, ) with
sludge age (Fig. 8); and an investigation weighted mean influent
ISS/ICOD ratio of 0.045, which is midway between the ratios
measured in the two 24 h tests at the source WWTP (0.04 to 0.05,
Table 2).

In the 111 and 112 investigations with FA and ND systems,
influent and effluent TDS and IDS, and TSS and | SS were meas-
ured. Inl11,theaveragemeasuredinfluent| SS/COD ratio (X, ,/S;)
was0.031 mglSS'mgCOD. Atthisvalue, for I11thef, hastobe
0.11 mgl SSYmgOHQV SSto account for the measured reactor | SS.
Interestingly, in this investigation, a 46.1 mg/£ decrease in inor-
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Figure 3
Calculated with OHO ISS content f | = 0.27 mgISS/
mgOHOVSS vs. measured sewage batch average (®) and
system average (®) reactor ISS concentration for the seven real
WW ND systems of Warburton et al. (1991) (I13) at sludge ages

5,6,7,8,10,15and 20 d
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Figure 4
Calculated with OHO ISS content f, = 0.27 mgISS/
mgOHOVSS vs. measured sewage batch average (®) and
system average (®) reactor VSS/TSS ratio for the seven real WW
ND systems of Warburton et al. (1991) (13) at sludge ages

5,6,7,8,10, 15 and 20 d.
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Figure 5

Calculated sewage batch average (®) and system average ((#)

influent ISS concentration vs. sludge age for the seven real WW

ND systems of Warburton et al. (1991) (I13) for OHO ISS content
f .o =0.27 gISS/mgOHOVSS.

iOHO
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TABLE 2
Mitchells Plain (source) wastewater influent ISS/COD

and after (settled, 122, 118) primary settling and in the

ratios measured at the treatment plant before (raw, 122)

laboratory on the collected raw wastewater (111 and 112)

mgl SS/mgOHOV SS and endogenous residue al so included
inorganics. Compared with the influent |SS concentration
measured by adifferent method at the source WWTP (122 -
see Table 1), i.e. 0.041 mglSSY/mgCOD (Table 2), it does
seem that the influent 1SS was measured too high in 112.
Measurement of influent ISSis discussed further below.

At the Mitchells Plain wastewater
treatment plant

In the laboratory

By trial and error comparison of the calculated and
measured reactor 1SS concentrations within the systems of
an investigation and between investigations and taking

— . cognizance of the measured influent ISS/COD ratio at the
Investigation Raw Settled | Investigation Raw source WWTP (122), it was concluded that f =015

! jOHO .
mgl SS/mgOHOV SSisthe best compromise valuefor the 2

118? - 0.041 1112 0.031 e

) b . 5 artificial (15, 16) and 13 real (13, 15, 16, 111, 112) WW
:Sg $z ;b 88;"(1) 8822 112 0.087-0.096 systems of the 5 investigations discussed above. For the 7
: ) ) systemsand 52 SBsof 13, withf,  =0.15theinvestigation

in acrucible of known dry mass at 600°C for 20 min

6 h to stahilise its mass before subsequent heating.

a Determined by filtration through Whatman's No 1 ashless filter
papers of known dry mass, drying at 105°C for 24 h and incineration

b Determined by filtrationthrough pretreated glassfibre membranes of
known dry mass, drying at 105°C for 24 h and incineration at 600°C
for 20 min. Filter pretreatment comprises incineration at 600°C for

weighted mean influent 1ISS/COD ratio of al 7 systemsis
0.030. With these values, the calculated vs. measured
reactor ISSand VSS/TSSratio are shown in Figs. 9 and 10
respectively, and the influent ISS (X, ;) and reactor VSY
TSSratiovs. sludgeageinFigs. 11 and 12 respectively. The
calculated influent ISS concentration vs. sludge age is
reasonably consistent between 16 and 19 mgISS/e (X /S, =
0.030 to 0.036) except for the 5 and 6 d sludge age, where

ganic dissolved solids (IDS) between influent and effluent was
measured. If thisIDSwasall taken up by OHOs (and did not form
precipitates in the reactor), then the f,,; would have to be 0.45,
whichismuchtoo high. In112 (seeaso Wentzel et al., 2002), the
measured influent 1SS/COD (X, /S,) ratio was 0.093 mgISS/
mgCOD, 3timeshigher thanthel11 influent ISS/COD ratio. This
high influent 1SS/COD ratio cannot be accounted for by the
measured reactor 1SS, evenwithf, - =0.0. Thehighest valuethat
theinfluent 1SS/COD ratio can take into account for the measured
reactor 1SSis 0.036 mglSS/mgCOD, which is close to the meas-
ured influent ISS/COD ratio for 111. This means that in this
investigation either dissolution of influent 1SS took place in the
reactor or themeasured influent | SSwastoo high. Whenmodelling
thisdata, Wentzel etal. (2002) found that only 20% of themeasured

influent | SS became enmeshed in the mixed liquor if f = 0.17

iOHO

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

itislower. Attheseshort sludge ages, the systemswere not
operated for along time; so relative to the other sludge ages, the
data are few and therefore may not be asreliable asfor the longer
sludge ages (Table 1). For the 3 SBs of 111, in which the influent
ISS was measured (investigation weighted average influent |SS/
COD ratio=0.031), thef,, ,is0.11. Thisisquiteclosetothef,
= 0.15 estimated for 13, 15 and 16. The calculated vs. measured
reactor andinfluent I SS concentrationsfor 111 withf, |,  =0.11are
showninFigs. 13and 14. Thecorrelationsarequitegood. For 111,
the calculated and measured influent and reactor 1SS concentra-
tions also correlate reasonably well for ., = 0.15 (not shown).
For I5 and 16 with f. - = 0.15, the calculated vs. measured SB
averagereactor | SS concentrationsare showninFigs. 15to 18, for
which the investigation weighted mean influent ISS/COD ratio =
0.0074 and 0.0077 respectively for artificial wastewater and 0.023

and 0.020 mgl SS/mgCOD for real WW. It can be seen that agood
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Figure 9
Calculated with OHO ISS content f_
= 0.15 mglSS/mgOHOVSS vs.
measured sewage batch average (®)
and system average (®) reactor ISS
concentration for the seven real WW
ND systems of Warburton et al. (1991)
(13) at sludge ages 5, 6, 7, 8, 10, 15
and 20 d.
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Figure 12
Calculated sewage batch average (®)
and system average (%) reactor VSS/
TSS ratio vs. sludge age for the seven
real WW ND systems of Warburton et al.
(1991) (13) for OHO ISS content f,, =
0.15 mgISS/mgOHOVSS
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Figure 10
Calculated with OHO ISS content f
= 0.15 mgISS/mgOHOVSS vs.
measured sewage batch average (®)
and system average (®) reactor ISS
concentration for the seven real WW
ND systems of Warburton et al. (1991)
(13) at sludge ages 5, 6, 7, 8, 10, 15
and 20d
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Figure 13
Calculated with OHO ISS content f,, =
0.11 mglSS/mgOHOVSS vs. measured
sewage batch average (®) reactor ISS
concentration for the two real WW ND
systems of Jadav (1994) (I111) at

10 d sludge age
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Figure 11
Calculated sewage batch average
(®) and system average (#) influent
ISS concentration vs. sludge age for
the seven real WW ND systems of
Warburton et al. (1991) (13) for OHO
ISS content f_ . = 0.15 mgISS/
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Figure 14
Calculated with OHO ISS content f
= 0.11 mgISS/mgOHOVSS vs.
measured sewage batch average (®)
reactor ISS concentration for the two
real WW ND systems of Jadav (1994)
(111) at 10 d sludge age
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Calculated with OHO ISS content f.

sludge age

162

iOHO

=0.15 mgISS/
mgOHOVSS vs. measured sewage batch average (®) and

system average (%) reactor ISS concentration for the artificial
and real WW ND systems of Ketley et al. (1991) (I15) at 15 d
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Calculated with OHO ISS content f

vs. measured sewage batch average (®) and system average (%)

reactor VSS/TSS ratio for the artificial and real WW ND systems
of Ketley et al. (1991) (15) at 15 d sludge age
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Figure 17
Calculated with OHO ISS content f_ = 0.15 mgISS/
mgOHOVSS vs. measured sewage batch average (®) and
system average (®) reactor ISS concentration for the artificial
and real WW ND systems of Hulsman et al. (1992) (16) at 15 d

sludge age

correlation is obtained for these investigations also and the cal cu-
latedinfluent ISSconcentrationfor theartificial wastewater isvery
low, asexpected, and for thereal wastewater much higher and close
to the values measured (122 - Table 2).

Withf. . fixed at 0.15 mglSS'/mgOHOVSS, theinfluent 1SS/
COD ratio to account for the measured reactor | SSwas determined
for the 15 systems of theremaining 8 investigationson FA and ND
systems, viz. 14,17,113,115,116,119,120and 121 (Table 1). These
systems represent sludge ages from 3 to 20 d, nominal hydraulic
retention times from 7 to 24 h and feed COD concentrations from
500 to 1 000 mgCOD/£ (Table 1). The system weighted average
influent ISS/COD ratio vs. sludge ageresultsfor all 30 FA and ND
systemsareshown plotted in Fig. 19. Asexpected for theartificial
wastewater systems (15 and 16), very low influent |ISS/COD ratios
are obtained to correctly predict reactor | SS concentration and the
real wastewater ratiosare 3to 5timeshigher. However, for thereal
wastewater systems, the system average influent ISS/COD ratios
vary over afairly widerangefrom 0.016 (115) to 0.040 (120) even
though the systems were fed wastewater from the same source.
Thisvariability appearsindependent of sludge age. The measured
influent ISS/COD ratios from Table 2 are also plotted in Fig. 19.
The calculated influent | SS/COD ratios compare reasonably well
with the measured ratios, except the |12 measured value, whichis
threetimes higher at 0.09 mgl SS/mgCOD (not shown). Thisvalue
is clearly an outlier from al the other FA and ND systems and
measuredinfluent | SS/COD ratiosinthedatabase. Becausealarge
set of reliable measurementsof influent |SSarenot availableinthe
database, it could not be established whether the variability in the
calculated influent ISS/COD ratio isreal and due to the nature of
the wastewater batches collected from the wastewater treatment
plant, orinadequacy inthemodel structure. Clearly, investigations
into the measurement of the |SS content of wastewater (raw and
settled) are required to develop both suitable analytical methods
and a larger database on wastewater |SS concentrations (see
below).

Figure 20 shows, vs. sludge age, the relative proportion of the
influent and OHO ISSin the reactor and the VSS/TSSratio for the
measured Mitchells Plain influent ISS/COD of 0.031 and an OHO
ISScontent () of 0.15mgISSYmgOHOV'SS. It canbe seen that
while the mixed liquor VSS/TSS ratio remains approximately
constant, which isin conformity with observation, the percentage
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Calculated with OHO ISS content f_,, = 0.15 mgISS/
mgOHOVSS vs. measured sewage batch average (®) and
system average (®) reactor VSS/TSS ratio for the artificial
and real WW ND systems of Hulsman et al. (1992) (16) at

15 d sludge age
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Figure 19

Calculated system average influent ISS concentration (as a
ratio of the influent COD concentration) vs. sludge age for the
30 ND systems fed artificial (W) and real (A) WW with ratios
measured in the laboratory (line, 111) and at the source
WWTP (lines, 118, 122)
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Figure 20
% of reactor ISS from the influent and in OHOs and reactor VSS/
TSS ratio vs. sludge age for the Mitchells Plain WWTP measured
influent ISS/COD ratio of 0.031 mglSS/mgCOD and OHO ISS
content of 0.15 mglSS/mgOHOVS
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Figure 21
Calculated vs. measured sewage batch average reactor
ISS concentration (®) for OHO and PAO ISS content (f,,,,
and f,.) of 0.15 and 1.30 mgISS/mgVSS for the >90% aerobic
P uptake BEPR MUCT system of Clayton et al. (1989) at

18 d sludge age
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Figure 22
Calculated vs. measured sewage batch average reactor ISS (V),
VSS (®) and TSS (®) concentrations for OHO and PAO ISS
content (f,,, and f_,.) of 0.15 and 1.30 mgISS/mgVSS for the
>90% aerobic P uptake BEPR MUCT system of Clayton et al.
(1989) at 18 d sludge age

12 - CLAYTON et al. (1989) DATA
ISS/OHO= 0.13; ISS/PAO = 1.30

e
©
o

=
©
o
b

CALCULATED REACTOR VSS/TSS RATIO

o
-
(=]

B

0.70 0.75 0.80 0.85 0.90 0.95
MEASURED REACTOR VSS/TSS RATIO

Figure 23
Calculated vs. measured sewage batch average reactor VSS/
TSS ratio (®) for OHO and PAO ISS content (f,, and f,.) of

0.15 and 1.30 mglSS/mgVSS for the >90% aerobic P uptake
BEPR MUCT system of Clayton et al. (1989) at 18 d sludge age
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of thel SSinthereactor originating fromtheinfluentincreasesfrom
about 60% at 5 d sludge age to 92% at 30 d. Thisincrease arises
becauseinfluent | SSmassaccumulatesin proportion to sludge age
(Ed. 1); and the OHO activefraction (f_ ) decreaseswith sludge
age. Thisdemonstratesthat modelling the observed relativeinsen-
sitivity of the VSS/TSS ratio in the reactor to sludge age by
recognising only influent |SSaccumulationisnot possible-an ISS
contribution by the OHOs is required to do this. Including an 1SS
content in the OHO endogenous residue did not improve the
correlation and because this does not conform to the conceptual
basisof this|SSmodel, i.e. the organism I SSis principally formed
from intra-cellular inorganic dissolved solids (IDS) in the test
procedure, including | SSin the unbiodegradable organics was not
considered further.

Combining the OHO and PAO ISS contents for
NDBEPR systems fed real wastewater

Thef,, fixed at 1.30 from the enhanced PAO culturesand f,
fixed at 0.15 from the FA and ND systems fed artificial and real
wastewater, were applied to two NDBEPR systems fed real
wastewater, i.e. the 12 system and the Experimental system of 114.
In these two systems, the P uptake was predominantly aerobic (>
90%). The calculated vs. measured reactor 1SS, VSS and TSS
concentrations and the VSS/TSSratio are shown in Figs. 21to 23.
A good correlation was obtained indicating that no refinement of
thef_,,andf,., vaueswas necessary. Even though theinvesti-
gationswereconducted adecadeapart, of concernwasthat influent
ISS/ICOD ratio required to obtain a good match between the
predicted and measured data was significantly different; 0.022
mgl SS/mgCOD for 12 and 0.004 for 114. Although alower value
was expected for 114 because landfill leachate (with no ISS)
equivalent to about 200 mgCOD/£ was dosed to the system, the
0.004 mglSS/mgCOD value is very low and below the artificial
WW valuesfoundfor 15and|6. Thisindicatesthat someinconsist-
encies may be present in the |SS model (Eq 2).

Whenf_, =130 mg ISSYmgPAOV SS for aPAO P content
(fyeep) = 0.38 mgP/MgPAOV SS was applied to the systems with
significant anoxic P uptake (>20%), poor calcul ated vs. measured
reactor | SS correlations and inconsistent influent 1SS/COD ratios
were obtained. For significant anoxic P uptake (>20%), the
calculated P content of the PAOs (f, . ..) was lower than 0.38 and
ranged between 0.10 (Exp of 110 and M2 of 19) and 0.30 mgP/
mgPAQOV SS (117 and Cntl of 114). Thelower the P content of the
PAOs (f, ) below 0.38, the lower the 1SS content below 1.30.
Accordingly a linear relationship was established between the
polyphosphateand | SS contents of the PAOs. Followingthe ASM
models, the P content of the PAO biomass and polyphosphate are
considered separately. Accepting that without polyphosphate, the
Pand 1SS content of PAOsisthesameasOHOs, i.e.f, ;. =0.03
mgP/mgPAOV SSandf, ..., = 0.15mglSS'mgPAQV SS, and that
ISS content of the polyphosphate adds to this, then the combined
ISS content of PAOs (f ) isgiven by:

fono = 32861 o+ fioey MO ISS/MGPAOVSS  (3)
where:
feee = POlyphosphate content of PAOs (mg poly-
phosphate/mgPAQV SS)
= fXBGP - fXBGPBM
freee = total Pcontent of PAOs
fieermu = P content of the PAO cell mass
= 0.03 mgP/mgPAQV SS
3.286 = |ISS/Pratio of polyphosphate
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Figure 24
Estimated PAO inorganic solids (ISS) content (f,,.) vs.
PAO P content (f,,,) for >90% aerobic P uptake BEPR (M)
and variable anoxic-aerobic P uptake BEPR (®) in the 18
NDBEPR systems of investigations 11, 12, 18, 19, 110, 113, 114, 117

and 118 based on the measured f_,, value in the four enhanced

PAO culture systems (I1) on one extreme (f,,, = 1.30,
feer = 0.38, M) and the P content of OHOs on the other
(fopo = 0.15,f ., =0.03, W

A plot of PAO ISS content vs. PAO P content isgivenin Fig. 24.
The ISS/Pratio of the polyphosphate in Eq. (3) isthe slope of the
linein Fig. 24 and was obtained from the | SS and P content of the
enhanced PAO culture systems (11), i.e. >90% aerobic P uptake
BEPR and the P and I SS content determined for OHOs, viz. (f,,,
- fiPAOBM)/(fXBGP A fXBGPBM) = fiPAOPF/fXBGPP =(1.30-0.15)/(0.38-0.03)
=1.15/0.35 = 3.286. This ratio compares closely with the 3.19
mglSS/mgP ratio theoretically derived above and with the 3.23
ratio adopted for ASM2 and 2d. However, the PAO biomass ISS
content (excluding polyphosphate) of 0.15 mglSS/mgVSS ac-
cepted in this model is very much lower than the 0.332 mgISS/
mgV SS value accepted in ASM2 and 2d. Furthermore, in the
model proposed here, the endogenous residue (of both OHOs and
PA Os) and unbiodegradabl e particul ate organicsfrom theinfluent
donot contain| SS, whereasin ASM 2 and 2d, theseunbiodegradable
organics contain 0.11 mglSS/mgVSS.  In both the model devel-
oped here and in ASM2 and 2d, influent 1SS is included to add
directly to the reactor ISS concentration, and hence TSS.

As described above, the P content of the PAOs (f, ) was
calculated with the Wentzel et a. (1990) BEPR model from the
measured Premoval andthePAO activefraction(f, ., ). Fromthis
P content, the ISS content was calculated with Eqg. (3), and the
results for all 18 NDBEPR systems are shown in Fig. 24. The
calculated vs. measured reactor |SS concentrations and VSS/TSS
ratios for the 2 systems near the extremes of Eq. 3 are plotted in
Figs. 25 to 28, i.e. system M2 of 19 with f . = 0.108 mgP/
mgPAOV SSandthesystemof I 17with f, . =0.290respectively,
whichyieldfromEq. (3), PAOISScontents(f , ) of 0.41and 1.14
mgl SS/mgPAOV SSrespectively. A reasonably good correlation
is obtained and the influent 1ISS/COD ratio for the two investiga-
tions also is quite consistent (0.050 and 0.035 respectively),
indicating that the relationship established between the P and ISS
content of thePAOs(Eq. 3) isacceptable. For118on2parallel pilot
scale (2 M.e/d) UCT systems, in which theinfluent 1ISS/COD ratio
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Figure 25
Calculated vs. measured sewage batch average reactor ISS
concentration (®) for OHO and PAO ISS content (f,,, and f_,.)

of 0.15 and 0.41mgISS/mgVSS for the >20% anoxic P uptake
BEPR UCT system of Musvoto et al. (1992) at 20 d sludge age
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Figure 26
Calculated vs. measured sewage batch average reactor VSS/
TSS ratio (®) for OHO and PAO ISS content (f,, and f_,.) of
0.15 and 0.41mglSS/mgVSS for the >20% anoxic P uptake
BEPR UCT system of Musvoto et al. (1992) at 20 d sludge age
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Figure 27
Calculated vs. measured sewage batch average reactor ISS
concentration (®) for OHO and PAO ISS content (f,,,,, and f_,.)

of 0.15 and 1.14 mgISS/mgVSS for the >20% anoxic P uptake
BEPR UCT system of Vermande et al. (2000) at 10 d sludge age
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Figure 28
Calculated vs. measured sewage batch average reactor VSS/
TSS ratio (®) for OHO and PAO ISS content (f,,, and f,) of

0.15 and 1.14 mglSS/mgVSS for the >20% anoxic P uptake
BEPR UCT system of Vermande et al. (2000) at 10 d sludge age
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Figure 29
Calculated vs. measured steady state period average reactor ISS
concentration (®) for OHO and PAO ISS content (f,,,, and f_,.)
of 0.15 and 0.88 mgISS/mgVSS for the two 2 Me/d UCT system
pilot plants of Hercules et al. (2002) at 13.5 d sludge age for
anoxic-aerobic P uptake BEPR and with high nitrate recycle to
the anaerobic reactor

(X,,/S,) was measured, the calculated vs. measured reactor and
influent | SS concentrations are shown in Figs. 29 and 30 respec-
tively, forwhichf,, isunchangedat0.15andf_, ,=0.88and0.82
obtained from the observed Premoval. For thereactor | SS concen-
tration (Fig. 29), the correlation is reasonable. The measured and
calculated influent 1ISS/COD ratios are 0.041 and 0.025 mglSS/
mgCOD respectively. The correlation between measured and
calculated influent ISS/COD ratiosis not very good and generally
thecalculatedinfluent I SSconcentrationsarelower (with some-ve
values) than those measured (Fig. 30). However, asin 112, itis
possible that there is some bias in the measured values due to the
experimental method, discussed below.
Theaboveapproachwasfollowedfortheremaining8 NDBEPR
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Figure 30
Calculated vs. measured steady state period average influent
ISS concentration (®) for OHO and PAO ISS content (f,,, and
fono) Of 0.15 and 0.88 mgISS/mgVSS for the two 2 M¢/d UCT
system pilot plants of Hercules et al. (2002) at 13.5 d sludge age
for anoxic-aerobic P uptake BEPR and with high nitrate recycle

to the anaerobic reactor

systems of 18 to 111 and 113 and the calculated influent ISS/COD
ratios from all 18 NDBEPR systems are shown plotted vs. sludge
agein Fig. 31, and together with theratiosfrom the 30 FA and ND
systemsin Fig. 32. It can be seen that the cal culated influent 1SS/
COD ratios for the NDBEPR systems tend to fall below the
measured ratios (lines), but superimpose well over the FA and ND
ratios. Considering the significantly higher ISS in the PAO
biomass (3 to 6 times) compared with OHO biomass, if therewere
significant error in the model, negative or very high influent | SS/
COD ratioswould be obtained, but thisis not the case. The model
canthereforebeaccepted ashaving therequired rel ative sensitivity
to the ISS contents of the OHOs and PAOs and the influent ISS
concentration.

Figure 33 shows, vs. sludgeage, therel ative contributionto the
reactor |SS concentration by the influent ISS and the ISS in the
OHOs and PAOs; the last for >90% aerobic P uptake BEPR (f
=1.30 mglSS/mgPAOV SS), and the VSS/TSSratio for the meas-
ured Mitchells Plain influent ISS/COD of 0.031 and an OHO ISS
content of 0.15 mgl SSYmgOHQV SS. It can be seen that whilethe
mixed liquor VSS/TSS ratio remains in a narrow range between
0.70and0.75withsludgeagefrom5t030d, whichisinconformity
with observation, the ISS in the PAOs is around 60% of the total
ISS; the % of the ISS in the reactor originating from the influent
increasesfrom about 20% at 5 d sludge age to 40% at 30 d; and the
OHOs contribute relatively little (20 to 10%) to the reactor ISS.
Because of the high I SS content of PAOs, NDBEPR systems have
significantly lower VSS/TSS ratios than ND systems and the
influent 1SS contributes between a quarter and athird of the total
ISSin the reactor.

Determination of influent ISS

A possible source of biasin the | SS concentration measurement is
from the total dissolved solids (TDS) of the residual water before
drying. If a3000 mgTSS/2 sampleiscentrifugedina50me 30 mm
diameter tube with hemispherical bottom, the residual water is
about 10 me, which at aTDS of 500 mg/£, contributes5 mgISS. 1f
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Figure 31
Calculated system average influent ISS concentration (as a ratio
of the influent COD concentration) vs. sludge age for the 18
NDBEPR systems fed artificial (M, 1) and real (8#NDBEPR) WW
with ratios measured in the laboratory (line, 111) and at the
source WWTP (lines, 118, 122)

theV SS/TSSratioof thesludgeis0.80, this5mg | SSis5/30=17%.
Solid/liquid separation in the influent TSS and | SS concentration
determinationisusually donethroughweighed ashlessfilter papers
(aswasdoneinl1land|18). If 1£ influentisfiltered and again 10
me residual water remains in the filter paper and solids before
drying, then 5SmgTDSisadded totheinfluent ISS. For influent ISS
concentrations around 20 to 40 mg/¢, thisis a bias of 25 to 12%
upwards. Thesameappliesif thelSSismeasured asthedifference
between the total inorganic solids of unfiltered and filtered sam-
ples, aswasdonein|12. Moreover, thefilter poresizeisimportant
becauseif too large, fine clay may passthrough the filter medium.
Clearly the TDS of the sample, the sample size, solid/liquid
separation method and the solids concentration can significantly
biasthe | SS concentration upwards, causing aconsiderableloss of
accuracy.

Precision isalso aproblem in the influent 1SS method. After
theinitial drying step for the TSS, thefilter paper, with its solids,
is placed in a weighed crucible of mass generally >25g and
incinerated at 600°C. The ash residue in the crucible is the ISS,
which is the difference between two large masses, around 1 000
times greater than the ISSmass. This causes|arge variancein the
ISS concentration.

To try to overcome these problems of accuracy and precision
in the influent ISS measurement, various filtration media were
tested. The best one was found to be glass fibre filters (GF/C
Schleicher and Schilll GF52) because:

» their poresizeissmall enough (<1.0u) toretain even very fine
clay (testswith kaolin yielded >99% recovery);

e precisionimproved significantly becausethe glassfibrefilters
acted asvery light masscrucibles- however, they needed to be
pretreated by incineration for > 6 h prior to useto stabilisetheir
mass; and

e their moisture retention was negligible.

This method was therefore used to measure the influent | SS/COD
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Figure 32

Calculated system average influent ISS concentration (as a ratio
of the influent COD concentration) vs. sludge age for the
30 ND and 18 NDBEPR systems fed artificial (M, 5and 6 ND,
1 NDBEPR) and real (AND, ®NDBEPR) WW with ratios
measured in the laboratory (line, 111) and at the source
WWTP (lines, 118, 122)

MITCHELLS PLAIN WW
ISS/COD=0.031; fiOHO=0.15; fiPAO=1.3

1 8 S S
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Figure 33
% of reactor ISS from the influent and in OHOs and PAOs
(for >90% aerobic P upake BEPR) and reactor VSS/TSS ratio
vs. sludge age for the Mitchells Plain WWTP measured influent
ISS/COD ratio of 0.031 mgISS/mgCOD and OHO and PAO ISS
content of 0.15 mglSS/mgOHOVSS and 1.30
mgISS/mgPAOVSS

ratio of raw and settled wastewater at the Mitchell Plain WWTP
(122, Table 2). It isrecommended that this method be adopted for
measurement of influent ISS to build up a database for this
wastewater characteristic for design.

Sensitivity of the reactor VSS/TSS ratio
The experimental data from the 21 investigations show that the

measured reactor | SS concentration, and hencethe VSS/TSSratio,
isinfluenced by theinfluent I SS concentration, BEPR and sludge
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Figure 34
Measured (points) and calculated (lines) reactor VSS/TSS
ratio vs. P removal for all 48 real and artificial wastewater
systems of investigations 1 to 21 grouped in sludge ages 7.5,

10, 12.5, 15 and 20 d

TABLE 3

Model predicted reactor VSS/TSS ratio for sludge ages from 2 to 40 d
(last column) for raw and settled wastewater characteristics (first column),
influent ISS/COD ratio (second column) and type of activated sludge
system (PAO P content, third column)

Raw wastewater Influent PAO P content VSS/TSS
ISS/COD
COD (mgCOD/ ) 750 0.050 ND (No BEPR) 0.781t0 0.81
RBCOD (mgCQOD/) 146 0.050 0.15 (Ax BEPR) 0.75t00.74
USCOD (mgCQOD/) 53 0.050 0.38 (Aer BEPR) 0.68t0 0.70
UPCOD (mgCOD/) 113 0.030 ND (No BEPR) 0.84 10 0.85
ISS1igh (mglSs/) 38 0.030 0.15 (Ax BEPR) 0.78t0 0.80
ISSW (mgISY) 23 0.030 0.38 (Aer BEPR) 0.71t00.74
Settled wastewater Influent D PAO P content VSS/TSS
ISS/ICO
COD (mgCOD/) 450 0.035 ND (No BEPR) 0.76t0 0.81
RBCOD (mgCQOD/ ) 146 0.035 0.15 (Ax BEPR) 0.70 to 0.69
USCOD (mgCOQOD/) 53 0.035 0.38 (Aer BEPR) 0.60to 0.61
UPCOD (mgCOD/) 18 0.015 ND (No BEPR) 0.85t0 0.87
ISS1igh (mglSs/) 16 0.015 0.15 (Ax BEPR) 0.73t00.75
ISSW (mgISY) 7 0.015 0.38 (Aer BEPR) 0.60 to 0.65

RBCOD, USCOD, UPCOD are respectively the influent readily biodegradable,
unbiodegradabl e solubleand unbiodegradable particulate COD concentrations.

age. The effect of BEPR and sludge age on the system average
V SSITSS ratio measured in the different systems of the 21 inves-
tigations are shown in Fig. 34, which includes the enhanced PAO
cultures of 11, and in Fig. 35, which “zooms-in” on the real
wastewater systems with VSS/TSS ratios from 0.75 to 0.90 and
BEPR of 0.005 to 0.025 mgP removed per mgCOD removed [AP/
-COD_,)]. Theeffect of BEPRisclear,

ACOD=(P,,-P,,)/(COD,

infl
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P REMOVAL (dP/dCOD)

Figure 35

Measured (points) and calculated (lines) reactor VSS/TSS ratio
vs. P removal for all 44 real (42) and artificial (2) waste-
water systems of investigations 2 to 21 grouped in sludge ages
7.5, 10, 12.5, 15 and 20 days (enlargement of top right hand
corner of Fig. 34)

with VSS/TSS ratio decreasing signifi-
cantly as AP/ACOD increases. In con-
trast, no significant effect of sludge age
on the reactor VSS/TSSratio is evident
in the results.

Themodel showssimilar relative sen-
sitivity astheexperimental datato BEPR
and sludge age. The predicted reactor
V SS/TSSratiofor varying magnitude of
P removal (f,,., 0.03 to 0.38 mgP/
mgPAQV SS) for an influent ISS/COD
ratio of 0.040 mglSS/mgCOD is aso
shown in Figs. 34 and 35 (lines). A
better fit is not expected because the
influent ISS is fixed at 0.04 mglSS/
mgCOD. The predicted VSS/TSS ra-
tios, representing the extremes of sludge
age (5 and 40 d), follow the same slope
asthe experimental data. The predicted
ratios start at lower values because the
upper value (for zero BEPR) isfixed by
the influent ISS/ICOD ratio = 0.040,
higher than found for most of the 48
experimental systems (Fig. 32).

Todemonstratetherel ative sensitivity
of the predicted reactor VSS/TSS ratio
to sludge age and magnitude of P re-
moval, the predicted reactor VSS/TSS
ratio for typical South African raw and
settled wastewater characteristics, and
PAO P content (f,...) of 0.03,0.19 and

XBGl

0.38 mgP/mgPA OV SS as representative of ND, anoxic P uptake
BEPR and aerobic uptake BEPR systemsrespectively, isshownin
Table 3. Clearly, sludge age has aminor influence on the reactor
VSS/TSSratio. If the estimates of the high and low influent 1SS
concentrationsin Table 3 are reasonabl e, then the P content of the
PAOs has a much larger influence on the reactor VSS/TSS ratio
than the influent ISS, with the ratio decreasing markedly for
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increasing PAO P content. For ND systems, thereactor VSS/TSS
ratiorangesbetween0.78 and 0.85for raw wastewater and 0.76 and
0.87 for settled wastewater, depending on theinfluent I SS concen-
tration. For NDBEPR systemswith >90% aerobic Puptake BEPR,
the reactor VSS/TSS ratio ranges between 0.68 and 0.74 for raw
wastewater and 0.60 and 0.65 for settled wastewater. Theratio is
lower for settled wastewater than raw wastewater becausein settled
wastewater afar greater proportion of theinfluent CODisRBCOD,
so agreater proportion of the VSS massis PAOs.

Application to design

Becauseof therelativeinsensitivity of theV SS/TSSratioto sludge
age, generally assumed for many yearsin design but now given an
experimental and modelling basis, the reactor VSS/TSSratio can
becalculated for different influent ISS/COD ratios. In conformity
with the equation structure and symbol system of Ekama et al.
(1983), WRC (1984) and Wentzel et al. (1990), themassesof VSS,
ISS and TSS in the reactor, the last two calculated with the 1SS
model, and the VSS/TSSratio (f,) are given by:
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where:
MX, = VSSmassin reactor (kgVSS)
MS, = COD massload on reactor (kgCOD/d)
= Qi Si
Q = avertage dry weather flow (ADWF, M.£/d)
S, = flowweighted averageinfluent COD concentration
entering biological reactor (mgCOD/.£)
MX,, = massof ISSin reactor (kgTSS)
MX, = massof TSSin reactor (kgTSS)
fq w = influent unbiodegradable particulate COD fraction
fo = influent unbiodegradable soluble COD fraction
fy. = influent readily biodegradable (RB) COD fraction

with respect to biodegradable COD
percentage influent RBCOD taken up by PAOs
100% for enhanced PAO culture systems of
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Wentzel et al. (1989a)

0if systemisND, i.e. no PAOs

>0 if systemis NDBEPR, increasing with
increasing BEPR (usually 70 to 90)

yield coefficient for OHOs and PAOs

0.45 mgV SSYmgCOD

endogenous respiration rate for OHOs and PAOs
aT°C

0.24/d and 0.04/d respectively at 20°C (6, = 1.029

for both)

temperature sensitivity coefficient for endogenous
respiration

system sludge age (days)
endogenousresiduefraction of theOHOsand PAOs
0.20 and 0.25 respectively

COD/V SSratioof organics=1.48mgCOD/mgV SS
inorganic content of OHO cell mass

0.15 mglSSYmgOHOV SS

inorganic content of PAO cell mass (without
polyphosphate)

0.15 mglSSYmgPAOV SS

total P content of PAOs

Pcontent of PAO cell mass(without polyphosphate)
0.03 mgP/mgPAQV SS

influent |SS concentration entering biological
reactor

f = VSS/TSSratio of reactor sludge.

D>
I}

f

iPAOBM

XBGP
XBGBM

In Egs. (4) to (6), all theinfluent RBCOD is assumed to be taken
up by the PACs; if thisis not the case, then the f__ratio needsto
bereducedtotakeaccount of this. For ND systems, f,_must be set
tozerotoensurezerogrowth of PAOs. If thisisnot done, MX  will
be incorrectly predicted especialy for long sludge age systems
because PAOs have avery low endogenous respiration rate com-
pared with OHOs.

A plot of the reactor VSS/TSSratio (f)) vs. influent ISSYCOD
ratioisgiveninFigs. 36 and 37 respectively for theraw and settled
wastewater characteristics listed in Table 3 for ND systems (no
BEPR), anoxic-aerobic P uptake BEPR (i.e. reduced PAO P
content, f,. . = 0.19 mgP/mgPAQOVSS) and aerobic P uptake
BEPR (i.e. maximum PAO P content, f . = 0.38 mgP/
mgPAOVSS). The small effect of sludge age is aso shown by
plotting thef, valuefor each of thethreetypes of systemsat 10 and
30dayssludge age. Theinfluent ISS/COD ratio was measured at
the Mitchells Plain WWTP for the raw and settled wastewater at
around 0.045 and 0.042 mg 1SS/mgCOD respectively (Table 2).
From Fig. 37 for the Mitchells Plain WWTP, which treats settled
wastewater inan ND system at 20 to 30 d sludge age, the predicted
VSS/TSSratio isaround 0.80 for the measured influent | SS/COD
ratio of 0.040 (Table 2). Theyear 2002 measured annual average
V SS/TSSratio obtained from plant performanceresultswasaround
0.85. Thisindicatesthat either the ISS model predicts the reactor
ISSmasstoo highinrelation to the V SSmass, or that the measured
influent ISS/COD ratio of 0.040istoo high (Table2). Asindicated
inFig. 32, it is possible that the measured ratio of 0.040 mg ISS/
mgCOD isonthe high-end for Mitchells Plain settled wastewater,
even though it was measured at around this value on two separate
occasions (Table 2). Thelaboratory units generally yielded influ-
ent ISS/COD ratiosfor strained raw wastewater (see above) below
0.040, between 0.015 to 0.030 mglSS/mgCOD. Aninfluent 1SS/
COD ratio of 0.021 yields a reactor VSS/TSS ratio of 0.85. It
should benoted that generally influent I SS concentrationsarevery
small in magnitude and what may appear to be alarge percentage
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Figure 36
Calculated reactor VSS/TSS ratio for raw wastewater vs. influent
ISS/COD ratio at 10 and 30 d sludge age for ND systems (no
BEPR) and NDBEPR systems with anoxic (f,,.,=0.19) and
aerobic (f,,.,=0.38) P uptake BEPR

XBGP

difference in ISS/COD ratio is actually a small differencein ISS
concentration, e.g. for the settled wastewater of 450 mgCOD/£ and
|SS/COD ratiosof 0.03 and 0.04, theinfluent | SSconcentration are
13.5 and 18 mgl SS/2 respectively.

The ISS model indicates that for ND systems at short to
intermediate sludge ages (<15 d) and NDBEPR systems at all
sludge ages, the influent ISS plays a relatively small role in
determining thereactor ISSmass. For these systems, the | SSmass
ismost strongly influenced by the active biomass, in particular the
P content of the PAOsin NDBEPR systems. It ismainly for long
sludge age ND systems that the influent ISS/COD ratio strongly
influences the reactor VSS/TSS ratio (Figs. 20 and 33).

The conceptual basisfor SSmodel isaccumulation of influent
ISSin the reactor and the uptake of inorganic dissolved solids by
the biomass, in particular the PAOs. If no other changesin IDS
between influent and effluent take place (e.g. precipitation or
dissolution), then the model predicted effluent IDS vs. sludge age
forinfluent IDSof 400 mg/£ asshowninFig. 38. It can beseenthat
thelonger the sludge age, thelessIDSistaken up. Thisisbecause
the longer the sludge age, the longer the OHO and PAO endog-
enous processes have continued resulting in increased return of
IDS back to theliquid phase. Uptake of IDSin NDBEPR systems
ismuch higher than in ND systems due to the significantly higher
inorganic content of PAOs and the return is much less because the
endogenous rate of PAOs is very slow (0.04/d) compared with
OHOs (0.24/d).

The 1SS model shifts the uncertainty in design from selecting
areactor VSS/TSSratioto selecting aninfluent ISS/COD ratio. As
illustrated in Figs. 36 and 37, selection of an influent ISS/COD
ratiofor aparticular activated sludge system fixesthereactor VSS/
TSSratio, or, aswasdonein the past, selection of thereactor VSS
TSSratio presumed acertaininfluent ISS/COD ratio. OnceaVSS/
TSSratio is selected that conforms to the influent |SS/COD ratio
and the system type (ND, anoxic or aerobic P uptake NDBERR),
thereislittle difference between the empirical approach of assum-
ing a constant VSS/TSS ratio with sludge age and the I SS model
because of theinsensitivity of theratio to sludge age (Figs. 20 and
33, see below). Measurement of the influent ISS/COD ratio is
possible, but adatabase of val ues needsto be assembled to develop
greater confidencein the experimental method and realistic ranges
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Figure 37
Calculated reactor VSS/TSS ratio for settled wastewater vs.
influent ISS/COD ratio at 10 and 30 d sludge age for ND systems
(no BEPR) and NDBEPR systems with anoxic (f,,.,=0.19) and
aerobic (f,,.,=0.38) P uptake BEPR
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of values. The greatest uncertainty in the model is selecting the P
content of thePAOs(f, . ..). Thisisnot aproblem of thel SSmodel
itself, but rather adeficiency intheBEPR models. Withsignificant
anoxic P uptake BEPR, the P content of the PAOsisuncertain (Fig.
24), and consequently also the biological P removal. Factors that
promote and suppressanoxic P uptake BEPR in NDBEPR systems
are discussed by Sotemann et al. (2003). The conservative ap-
proach would beto assume 100% aerobic Puptake BEPR, i.e.f, ,
= 0.38 mgP/mgPAQV SS, because this leads to the lowest VSS/
TSSratio and hencethe highest TSS massin thereactor. Thisalso
gives the highest biological P removal that can be expected, and
conforms with the steady state BEPR model of Wentzel et a.
(1990) and the simulation models ASM2 (Henze et a. 1995) and
UCTPHO (Wentzel et al. 1992).

Thesimilarity of theempirical approach of assumingaconstant
VSS/TSS ratio with sludge age and the proposed ISS model is
shown in Figs. 39 and 40 for raw and settled wastewater and ND
and NDBEPR systems, the |atter for 100% aerobic P uptake (f, ..
=0.38 mgP/mgPAQV SS). For theraw and settled wastewatersin
Table 3 and influent ISS/COD ratios of 0.044 and 0.024 mgISS/
mgCOD respectively, yields from Egs. (4) to (7) the reactor VSS/
TSSratios listed in Table 4. Accepting these VSS/TSS ratios as
constant with sludge age for the empirical approach, the VSSITSS
ratiosand mass|SSinthereactor vs. sludge age calculated with the
ISSmodel andtheempirical approacharecomparedinFigs. 39 and
40. In Fig. 39, it can be seen that while the VSS/TSS ratio is
significantly different for the different system types ranging from
0.60to0 0.83, for each system the VSS/TSSratio is approximately
constant with sludge age. Closely constant VSS/TSS ratio with
sludge age cannot be predicted by the ISS model considering
influent 1SS only for both ND and NDBEPR systems; an ISS
content of OHOs (and PAOs if present) has to be accepted to
achieve this. Figure 40 shows the same behaviour, that while
different systems have significantly different masses of ISSin the
biological reactor (per themgCOD load per day onthereactor), the
empirical approach of assuming a constant VSS/TSS ratio with
sludge age and the | SS model predict virtually the same | SS mass
in the reactor. Consequently, the problem with the empirical
approach isnot that itisincorrect, but that it provides no guidance
ontheVSS TSSratiotoselect. Thel SSmodel providesabasisfor
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Figure 38

Calculated effluent inorganic dissolved solids (IDS) concentration
vs. sludge age for raw and settled wastewater for an influent IDS
concentration of 400 mg/¢ for ND and NDBEPR systems with
aerobic P uptake BEPR showing the extent of IDS uptake by
OHOs in ND and OHOs and PAOs in NDBEPR systems
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Figure 39
Reactor VSS/TSS ratio vs. sludge age showing similarity
between ISS model predicted values and the former empirical
approach (constant VSS/TSS ratio with sludge age) provided the
correct VSS/TSS ratio is selected for the empirical approach
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Figure 40
Mass of ISS in reactor per mass
COD load on reactor per day vs.
sludge age showing similarity
between ISS model predicted
values and the former empirical
approach (constant VSS/TSS
ratio with sludge age) provided
the correct VSS/TSS ratio is
selected for the empirical
approach
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VSSITSS ratio selection in conformity with influent wastewater
characteristics and the type of activated sludge system.
Theinfluent | SS/COD ratios cal culated for the MitchellsPlain
raw wastewater used inthelaboratory systemsand measured at the
WWTPshouldbeusedwith caution. Influent | SS/COD ratiosneed
to be measured at a number of WWTPs to gain confidence in the
analytical procedure and develop realistic ranges for thisratio.

Conclusions
A simple predictive model for estimating activated sludge reactor
1SS (and hence TSS) concentration hasbeen devel oped. 1tisbased

on the accumulation of influent ISS in the reactor, an ordinary
heterotrophic organism (OHO) 1SS content (f,,,,) and avariable
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phosphate accumul ating organism (PAO) 1SS content (f..,, ,) pro-
portional to their P content (f, . ..) due to the uptake of inorganic
dissolved solids (IDS) from the bulk liquid. This model can be
readily integrated into existing steady state or dynamic simulation
activated sludge model s because these model sformed the basisfor
determining the OHO and PAO ISS contents; and the OHO and
PAO VSS concentrations in these models are known from the
predictions. Thiswill eliminate having to guess the reactor VSS/
TSSfor design, but will require the influent ISS concentration to
beknown. Currently, thisconcentration isnot measured as part of
typical wastewater characterisation analyses. It is recommended
that in future this be done with the glass fibre filtration and
incineration method suggested.

The model was validated with data measured on 48 aerobic,
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TABLE 4
Calculated reactor VSS/TSS ratios with Egs (4 to 7) for the raw and
settled wastewater characteristics in Table 3 for accepted P contents of
) of ND (No BEPR), significant anoxic P uptake BEPR (Ax
BEPR) and aerobic P uptake BEPR (Aer BEPR) systems.

Wastewater Raw wastewater Settled wastewater
Influent 1SS 0.044 mgl SSYmgCOD 0.024 mglSSYmgCOD
System Type ND Ax BEPR | Aer BEPR| ND AXx BEPR | Aer BEPR
fraer 0.03 0.19 0.38 0.03 0.19 0.38
VSSI/TSS 0.81 0.75 0.69 0.83 0.71 0.60

anoxic-aerobic nitrification denitrification (ND) and anaerobic-
anoxic-aerobic ND biological excessphosphorusremoval (BEPR)
systems operated in 21 investigations conducted in the Water
Research Laboratory at the University of Cape Town over the past
15years. Thesesystemshad sludgeagesvarying from3to 20days,
nomina hydraulic retention times from 9 to 48 h and were fed
artificial or real wastewater fromthesameMitchelIsPlainwastewater
treatment plant.

From the enhanced PAO cultures investigation, the PAO ISS
content (f._, ) for 100% aerobic P uptake BEPR was cal cul ated to
be1.30mgl SSYImgPAQV SS. FromtheND systemsfed artificial or
real wastewater, the OHO ISS content (f, ) was estimated to be
around 0.15 mglSSYmgOHOVSS. These calibrated OHO and
PA O ISS contentswerethen applied to NDBEPR systems. For the
systems exhibiting more than 90% aerobic P uptake BEPR, the
predicted ISS correlated well with that measured. However, for
systems exhibiting significant anoxic P uptake BEPR, for which
the P content of the PAOswas lower, the correlation was poor. A
linear relationship between the Pand | SS contents of the PAOswas
established i.e,, f_, = 3.286 (f, ., - T acren) * fiacen MIISY
mgPAQV SS, wheref, , _isthetotal P content of the PAO biomass,
which significantly improved the correlation between calculated
and measured reactor |SS concentrations. The 3.286 factor isthe
1SS content of the PAQ intracellular polyphosphatewhich precipi-
tatesinthedrying step of the TSS-V SStest procedure. Thisvalue
correlates very closely with the 3.19 mgl SS/mgP value theoreti-
cally estimated for polyphsphate and the 3.23 value included in
ASM2 and 2d.

With the I SS contents of the OHO and PAOs established, the
influent | SS concentration to account for the measured reactor | SS
concentration was calculated as a ratio of the influent COD
concentration (X, ./S,). For artificial feed systems, asexpected, this
ratio was very low (0.000 to 0.007) and for the real wastewater
systems, it varied between 0.01 and 0.05 for both ND and BEPR
systems. Because the influent | SS concentrations were not meas-
ured in 18 of the 21 investigations, it was not possible to validate
thisrather largevariationininfluent | SS concentration. In1 of the
3 investigations in which the influent ISS concentration was
measured, a reasonably close correlation between calculated and
measured influent ISS/COD ratio was obtained, i.e. 0.0267 (28.1
mglSS/Z) vs. 0.0308 (32.5 mg ISS/2) in 111 on a fully aerobic
laboratory system. Inthe 2™ and 3 investigations, the difference
between calculated and measured influent 1ISS/COD ratio was
much larger, i.e. in 118 on two 2M£/d NDBEPR plants 0.0213
(13.1 mgISS/2) vs. 0.0413 (25.3 mgISS/k) and in 112 on two
laboratory ND systems, 0.0248 (12.2 mglSS/2) vs. 0.0915 (47.0
mglSS/2). Because influent ISS concentrations measured at the
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wastewater treatment plant with animproved analytical procedure
yielded valuesin therange 0.040 to 0.050, the very high measured
valuefor 112 was almost certainly affected by bias resulting from
the analytical procedure. The improved procedure reduced bias
and increased precision of the measured |SS concentration.

The validated model reflected the observed reactor VSS/TSS
sensitivity to sludge ageand BEPR. Sludge age doesnot affect the
V SS/TSS ratio much, whereas the the magnitude of P removal per
influent COD ratio (AP/ACOD) affectsit significantly, decreasing
as AP/ACOD increases.

Two parametersarerequired to usethisreactor | SS concentra-
tion model: theinfluent | SS concentration; and the P content of the
PAOs (f,,..)- The influent ISS concentration generaly is not
measured in wastewater characterisation analyses, so that, until a
database is developed from which reasonable values can be esti-
mated for raw or settled wastewaters, this concentration will need
to be guessed. However, within areasonable variation of influent
ISS concentration, the AP/ACOD has the largest influence on the
reactor |SS concentration and VSS/TSSratio. Because the steady
state and dynamic simulation models that include BEPR are
generally based on the aerobic P uptake BEPR kinetics as devel-
oped by Wentzel et al. (1989b, 1992), the effective PAO P content
is about 0.38mgP/mgPAQV SS. Sometimes significant anoxic P
uptake BEPR takes placein NDBEPR systems, which reducesthe
BEPR, the AP/ACOD, the P content of the PAOs (Ekama and
Wentzel, 1999; Vermande et al., 2000), and hence also PAO ISS
content.

The ISS model isintegrated into the steady state model equa-
tionsfor organic solids (V SS) massin the reactor including OHOs
for ND systems, and additionally PAOs for NDBEPR systems.
Until BEPR modelscan predict thereductionin P content of PAOs,
and hence P removal, with significant anoxic P uptake BEPR, it is
recommended that the P content of PAOs (f, . ..), whichis propor-
tional tothel SS content of the PAOs, be sel ected to suit the system
typeto obtainan estimate of thereactor VSS/TSSratio, i.e. 0.03for
ND, 0.19 for anoxic P uptake BEPR and 0.38 for aerobic P uptake
BEPR.

Applying the calibrated ISS model to design showed that the
reactor VSS/TSS ratio is not very sensitive to sludge age. This
means that once an appropriate VSS/TSSratiois selected to suit a
particular wastewater and system type, it can beassumedin design
toremain constant withsludgeage. A constantVSS/TSSratiowith
sludge age has been assumed in design for more than two decades,
but now with the proposed | SSmodel isgiven an experimental and
modelling basis. Some guidance for VSS/TSS ratio selection
obtained from the ISS model is given.
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