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Abstract

The IAWQ Activated Sludge Model (ASM) No. 2 is a kinetic-based model and incorporates two simple processes for chemical
precipitation and redissolution that are readily integrated with biological processes for carbon, nitrogen and phosphakus remov
This model was applied to experimental data collected as part of this study from parallel pilot-scale 3-stage Phoredwitlsystems
and without simultaneous dosing of chemical precipitant. The precipitants tested were alum, ferric chloride and ferrous-ferric
chloride. The model was calibrated to the control unit (without precipitant addition) in order to match effluent phosphate (P)
predictions (and hence P removal) as closely as possible. The same calibration was then applied to modelling the test unit (wit
precipitant addition). It was found that the default model input stoichiometry for the precipitation reaction (ideal Irdtimofar

metal ion (Me) to P) was suitable for ferric chloride addition at a 20 d sludge age, but did not accurately reflect sentest sy
behaviour for all experimental periods. A lower stoichiometry (0.60 to 0.75) was required for alum at a 20 d sludge age, and fo
a blend of predominantly ferrous chloride at a 10 d sludge age. The input stoichiometry was further decreased under P-limiting
conditions. A simple approach to, and possible reasons for, the manipulation of the model stoichiometry are discusged in the li

of observed stoichiometry from system P removal and fractionation data collected as part of this study. Furthermoreiven alterna
approach based on manipulation of the precipitation (and hence redissolution) kinetic constant is suggested and evaluated using
available experimental data. Model predictions and observed data in respect of polyphosphate (polyP) and suspenddsisolids are a
compared and discussed. It is concluded that the ASM No. 2 model provides a useful basis for modelling simultaneous
P precipitation, provided certain minor modifications are made. Further investigation into the kinetics of the precipitation
process(es) is recommended, particularly in relation to the effect of system sludge age. The model lends itself to hoémeernhha

by incorporating additional physico-chemical processes.

Nomenclature Me General symbol for metal trivalent ions
MeOH Metal hydroxide e.g. Fe(OH)
D Delta, meaning “difference in” or “change in” MeP Metal phosphate or metal hydroxy phosphate (depends
(e.9.DP,) on stoichiometry)
Myr Maximum specific growth rate of the autotrophs orthoP Orthophosphate
(nitrifiers), d* 0, Oxygen uptake rate (in mé/f])
AE1 or 2 Aerobic zone or reactors{tr 2') P Phosphate
BEPR Biological excess P removal PHA Polyhydroxy-alkanoate (organic storage products of
COoD Chemical oxygen demand PAOSs)
C,, Or Nti Influent TKN concentration polyP Polyphosphate
C,.or P, Influent total P concentration Prem Total P concentration removed
f.. Fraction of RBCOD which is acetate (i./(5, +S) RBCOD Readily biodegradable soluble COD in the influent
fis Fraction of (influent) biodegradable COD which is rem Removal/removed
readily biodegradable S, Fermentation products as acetate concentration
w Fraction of (influent) total COD which is unbio- (together with Smakes up the RBCOD)
degradable particulate COD [X SD Sample standard deviation
fl Fraction of (influent) total COD which is unbio- S, Fermentable substrate concentration (RBCOD which
degradable soluble COD JS can be converted to acetate)
IAWQ International Association on Water Quality (now S Soluble unbiodegradable COD concentration
International Water Association, IWA) S Soluble ammonia concentration
lsi N content of unbiodegradable soluble COD) (S S0 Soluble nitrate concentration
ISS Inorganic suspended solids Soos Soluble orthoP concentration
Kore Kinetic (rate) constant for precipitation inIAWQ model S, or S, Influent (total) COD concentration
Kois Kinetic (rate) constant for redissolution in IAWQ S Soluble TKN concentration
model TKN Total Kjeldahl nitrogen
#  Formerly Umgeni Water, PO Box 9, Pietermaritzburg 3200 Total P Total phosphate concentration
’ ' ) TSS Total suspended solids
*  To whom all correspondence should be a}ddressed. VSS Volatile suspended solids
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X General symbol for solids (e.g, X in IAWQ model) apart from influentammonia (which must be specified), the influent
X, Autotrophic (nitrifier) biomass concentration nitrogen fractions are calculated in proportion to the COD fractions.
X, Heterotrophic (non PAO) biomass concentration A similar procedure applies for influent phosphorus fractions.
X, Unbiodegradable, particulate organics concentration ~ Further, sincey) ;. can vary significantly, it was also considered to

(CoD) be an “influent characteristic” and adjusted to match effluent
Xeon Solids concentration as metal hydroxide ammonia concentrations on the basis of experimental data.
Xuer Solids concentration as metal (hydroxy) phosphate

Xero H_eterotrophic phosphorus accumulating organism (PAGReadily biodegradable COD
biomass concentration
Xpp (01 P )PolyP as model parameter in IAWQ (or UCTPHO) A shortcoming of the experimental procedure followed for the

model operation of the pilot plants (De Haas et al., 2000c) was that the
X, Slowly biodegradable substrate concentration (COD) influent readily biodegradable COD (RBCOD) fraction was not
Y.o, Yield stoichiometric constant of.§, release (polyP specifically measured throughout. The initial intention was to
requirement) for PHA storage develop fully “enhanced” cultures in the pilot plants such that the
influent COD was composed of 100% sodium acetate (i.e. 100%
Introduction RBCOD). However, the settling problems that emerged in the test

unit (alum dosed) and later also in the control unit during the first
The first five parts of this series of papers (De Haas et al., 2000zaaom dosing period with 250 mgicetate COD (seeart 3, De
d; 2001a) outlined the background and experimental investigatibtaas et al., 2000c) resulted in a revision of the experimental
conducted into simultaneous chemical precipitation of phosphaagproach. A lower acetate supplement in the influent (usually 150
in a biological nutrient removal (BNR) modified activated sludgeng# as COD) was accepted (De Haas et al., 2000c to d; 2001a),
systems, at pilot scale. Rart 6 (De Haas et al., 2001b), existing with the settled sewage contributing the balance of the influent
models for the chemical precipitation phenomenon were reviewe@OD. This resulted in the influent composition being more variable
It was concluded from Part 6 that the approach followed for tiban would ideally have been preferred.
precipitation processes in the IAWQ Activated Sludge Model For a limited number of experimental periods (Periods 3.6.1
(ASM) No. 2 (Henze et al., 1995) has the advantage of beiagd 3.6.2a,b withferric chloride dosing—see De Haas et al., 2000d),
relatively simple and can be most readily incorporated into &RBCOD was measured using the physico-chemical method of
existing kinetic model for the biological processes. AccordinglyMamais et al. (1993). For these periods, the measured RBCOD
an investigation was carried out in which the ASM No. 2 wagalues were used for characterisation of the influent. For the
applied to the experimental results reported in Parts 3, 4 and 5 (B#ainder of the experimental periods, the absence of RBCOD data
Haas et al., 2000c; d; 2001a). This paper describes the outcomeetessitated a trial-and-error approach with respect to
that investigation with the aim of evaluating the predictive powegharacterisation of the influent COD fractions. This was
of ASM No.2 for BNR-activated sludge systems incorporatingccomplished using the IAWQ ASM2 model by calibrating against
simultaneous addition of aluminium or iron salts for supplementaithe experimental results for the control unit (R2), as described

phosphorus removal. below. Since the principal aim of the investigation was to evaluate
the chemical precipitation processes in IAWQ ASM2, this approach
Modelling method was not unacceptable.

The IAWQ ASM No.2 (ASM2) model was available in matrix COD fractions

format (Henze et al., 1995). To apply this model as a computer

program, itwas formulated using the AQUASIM platform (ReichertfThe IAWQ ASM2 model has seven influent COD fractions:

1994), based on the three-stage Phoredox configuration used in‘ieetate” (or other similar fermentation products, considered to be

pilot plant trials for this investigation (De Haas et al., 2000c). WitRBCOD) (§); fermentable substrate (also RBCOD){Soluble

the exception of the maximum specific growth rate of the nitrifiersnbiodegradable COD ($ particulate unbiodegradable COD

(m,,;), Whichiis considered to be part ofinfluent characteristisatiofX,); slowly biodegradable substrate JXautotrophic biomass

the default values applied for kinetic and stoichiometric constant¥,); heterotrophic organisms (Xand PAO biomass (X,).

in the ASM2 model were those proposed by Wentzel and Ekarkknless the influent sewage has been aerated at some point, influent

(1995). biomasses X X, and X,,, may be taken as zero (Wentzel and
To verify that ASM2 had been correctly set up in AQUASIM Ekama, 1995). For each experimental period modelled, by means

the performance of the control unit (R2) for all experimentadf a trial-and-error procedure, the influent characterisitics which

periods was simulated and the results compared to those obtaigesie the best fit of modelled to experimental data were derived,

using the UCTPHO model described by Wentzel et al. (1992) asthrting with the control unit (R2) which was not dosed with metal

made available as a computer program by Wentzel (1997). Makigglts. The following steps were followed in this procedure:

allowance for the difference in approach to influent characteristics

in the two models by ensuring both models had the same m);,, Adjusted such that predicted effluent ammonia

concentrations for the various influent fractions, satisfactory concentration matched observed ammonia (free and saline)

agreement between the IAWQ and UCTPHO models was achieved values;

(De Haas, 1998). * |, Varied suchthatpredicted effluent TKN matched observed
values, taking into account that residuals of ammonia and
Influent characterisation organic biodegradable N also contribute to the effluent TKN.

» S Varied such that predicted effluent total COD matched
In order to apply the ASM2 model, the concentrations of the observed valuefThis approachis consistentwith allowing for
various influent COD fractions need to be input (see below). Then, atheoretical COD mass balance for the system. The model set-

152 ISSN 0378-4738 = Water SA Vol. 27 No. 2 April 2001 Available on websitéttp://www.wrc.org.za



up assumed that the effluent contains zero effluent suspendecteased with pH, ranging from ca. 0.3 mol P/mol C at pH 6, to
solids. This is not achievable in practice, with the effluenta. 0.75 at pH 8.3. At neutral pH, Smolders et al. (1994) reported
containing an estimate of ~10 to 25 #gspended solids. In an average ¥, value of about 0.5 mol P/ mol C. However, in the
the approach followed here, the COD contribution from th@H range 6.8to 7.5 (typical anaerobic reactor pH range found in this
solids is lumped with soluble unbiodegradable effluent COBstudy), the data scattered in the range ca. 0.42 to 0.6 mol P/ mol C,
Sl which is equivalent to 0.41 to 0.58 mg P/ mg COD as acetic acid
» Influent S Fixed by the known acetate dose in most casetSmolders et al., 1994). This suggested that the adjusted values for
[The only exceptions were experimental periods 3.4.1 to 3.4%4, , used here were in a valid range, although the effect of pH on
(inclusive) where observed P removal in the control unit wathis coefficient was not specifically determined.
significantly less than that predicted by either the UCTPHO or
IAWQ models. This pointis discussed later. For these periods1 and alkalinity in the models
a lower Svalue was accepted].
* Influent §, X and §,,: Adjusted in a series of iterations to The IAWQ model assumes that pH in the activated sludge system
match the following: is maintained close to neutrality. This is an acceptable assumption
Predicted VSS concentrations in the second (last) aerolgoven that most biological systems operate optimally at a pH close
reactor to within approximately +10 % of the observedo neutral. In Parts 3, 4 & 5 (De Haas et al., 2000c to d; 2001a), it
values. was reported that the reactor pH in the pilot plant systems used here
Influent S concentrations to available RBCOD data (forfluctuated in the range 6.9 to 7.8, with median values close to pH
Periods 3.6.1 and 3.6.2) as a guide, and assuming that td. On this basis, the inherent assumption in the model with respect
S, concentrations in the source sewage were negligibte pH appeared to be acceptable.
before supplementation. The IAWQ model does make provision for predictihgnges
Predicted effluent (i.e. filtered second aerobic reactoij system alkalinity. Thisis particularly useful where low alkalinity
nitrate concentrations to withirl mgZ of the observed influent wastewaters could yield a deficit in alkalinity as a result of
valueqThis approach ensured that nitrate recycled to thenitrification or chemical precipitation reactions. The change in
anaerobic reactor was matched in the model as closely aystem alkalinity due to metal hydroxide (MeOH) precipitation,
possible to that observed in the experimental system. Tf@lowed by the reaction of MeOH to form metal (hydroxy)
key objective in this study was to model biological exceghosphate (MeP) precipitate may be easily included on the basis of
P removal (BEPR) in the control unit as a basis fokknown (or assumed) stoichiometry for MeOH (e.g Me(QEihd
comparing it to the behaviour of the test unit with metal saMeP (e.g. M@Q,(OH), , — seeStoichiometry of chemical
addition. To this extent, N removal processes and tharecipitation in IAWQ model below). However, since surplus
adjustment to influent ammonia (and hence TKN) werkicarbonate alkalinity (approx. 70 to 300 tgé CaC(Q) was
considered to be of secondary importance in this studyJalways present in the effluent during the experimental periods
Predicted effluent S, (orthoP) concentrations to measuredconsidered here, alkalinity was not included as a model parameter
effluent total P concentratiorjSince the model did not in this investigation.
make allowance for effluent suspended solids, a match of
model effluent orthoP to measured total P was valid on Adopted influent characteristics and model calibration
mass balance basis. The predicted and measured P removal
could therefore be compared] The adopted influent characteristics based on calibration of the
IAWQ ASM2 model against the control unit (R2) are given in
Table 1.
From Table 1, the following points may be highlighted:

Stoichiometry of P release and PHA storage (Y )
During initial modelling attempts, UCTPHO results for the control

unit (R2) were compared to those for the IAWQ model. It was For Periods 3.6.1 and 3.6.2 (a & b), which spanned a period of
found that the reactor soluble orthoP concentratiores &) and approximately 5 months in 1997, moving from dry weather in
polyP concentrations &Eor X, predicted by the two models did winter into wet weather in early summer, the RBCOD of the
not always agree well, despite similar predictions for other critical influent was measured using a physico-chemical method
parameters (e.g. nitrate and polyhydroxy-alkanoate, PHA). The (Mamais et al., 1993). During these periods, the added acetate
IAWQ model sometimes over-predicted biological P removal (i.e. concentration was held constant at 100¢mag/COD. Based on
gave lower reactor and effluent orthoP concentrations), while in a the measured RBCOD during these periods and subtracting
few cases it under-predicted biological P removal. Itwas concluded 100 mgf (known influent ), estimated values for_Svere
thatthe critical parameter in these comparisons was the stoichiometry derived. The results obtained for Periods 3.6.1 and 3.6.2 (a &
of P release during sequestration of acetate (i.e. storage of PHA) asb), taken as a whole, werg=576 (+ 62) (mean + SD) and total
defined by the yield constant,y, Henze et al. (1995) suggesteda  COD = 400 (+ 96). Table 1 shows that the mean value for S
value of Y, , = 0.40 mgP/mgCOD for this constant, but Wentzel adopted was 76 (+ 44) and the mean measured influent COD
and Ekama (1995) recommended a higher valyg, £/0.52 mgP/ was 360 (x 74) for all the experimental periods subjected to
mgCOD). An increase in ), produces more P release (i.e. polyP  modelling here, which suggests satisfactory overall conformity
hydrolysis) per unit COD stored as PHA, and hence, with the same between the measured and adopted values_for S

P uptake per unit COD as PHA utilised, a lower system P removal. Some periods required relatively high values fo(@.11 to

By trial-and-error, fitting predicted to measured data for the 0.18)inorderto match observed VSS values for the control unit
experimental periods of this study, it appeared that adjustment of (R2). These periods appeared to correspond to periods in which
Y poWas required in the range 0.50 to 0.57 mgP/mgCOD (Table 1). the catchment of Darvill WWW (sewage source) received
Smolders et al. (1994) found that the stoichiometry of P release significant rainfall, notably:

with the uptake of acetate (i.e,)) was a function of pH: Y, - Period 3.3.4: October 1995 (spring-summer)
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Period 3.3.5: November 1995 (summer) concentration. Although not followed here, an alternative
Period 3.3.6: November - December 1995 (summer) approach would be to change the value of the half-saturation
Period 3.4.1: December 1995 - January 1996 (summer, coefficient for the nitrifiers (autotrophs, i.e JX for which the
accompanied by floods) default value is 1 mg K{Wentzel et al., 1992)].
Period 3.5.1: Mid June - July 1996 (unusual winter rainfall,
with widespread heavy rain and snow). Results for control unit (R2)
[The data for these periods therefore appear to confirm
observations made in Parts 3, 4 and 5 (De Haas et al., 2008y results for the calibration of the IAWQ model to the observed
tod; 2001a) thatthe Darvill settled sewage varied considerablgata for the control unit (R2) are summarised in Appendix A (Table
in composition, and that this variation was partly due to thé\1). The predicted and observed effluent P results are graphed in
heavy ingress of rainwater, and/or groundwater during weFig. 1. Agreement between predicted and observed values for
weather (usually summer). It was speculated that the increaséfluent (total) P was generally better than 1 mghd outlined in
in unbiodegradable particulate COD may be in the form of verthe Modelling Method, this was achieved by manipulation of the
fine soil particles (e.g. colloids comprised partly of humiadefined influent characteristics (Table 1).
acids) which do not settle in the primary sedimentation tanks, A more consistent set of influent characteristics could not be
but do contribute COD and become trapped in the activatagsed because of the variability of the sewage component of the
sludge flocs]. influent. That the composition of the sewage did vary considerably
was evident from the relatively large standard deviations in the
» Satisfactory prediction of P removal (see below) was obtainerbserved biological P removal data (refer to Appendix A in each of
for most periods using values fof erived from the known Parts 3, 4 & 5 — De Haas et al., 2000c to d; 2001a). This problem
acetate concentrations added to the influent. However, feeflects a shortcoming in the experimental set-up in this study,
certain periods (Periods 3.4.1 to 3.4.4), it was necessary stemming from the relatively weak and variable composition of
reduce the modelled,Sconcentration in order to improve source sewage used (refer to Part 3 - De Haas, 2000c). Despite the
agreement between predicted and observed P removal. livariability in influent sewage composition, reasonably close
unclear why this effect was observed. One possibility is that theerrelation between predicted and measured values was obtained,
very dilute sewage of these periods (due to high rainfall in trexcept for anaerobic P concentrations.
catchment) was slightly aerobic and may have contained With few exceptions, in this investigation the IAWQ model
significant concentrations of heterotrophic biomass. Thipredicted anaerobic reactor soluble P concentrations were less
biomass may have utilised some of the acetate over the two dd$% less on average) than the observed filtered total P con-
period during which each sewage batch remained in the influecgntrations for this reactfgata not shown]At lower influent P
tank (at 4°C)[Alternatively, some other influent componentconcentrations (<20 mgfp/the agreement appeared to be better.
(e.g. aqueous sulphides) may have inhibited the BEPWRoreover, for two experimental periods with stable pilot plant
mechanism during these periods. This possibility was discussegeration, low effluent P concentrations and good P and COD mass
in Part 5 for Period 3.4.3 (De Haas et al., 2001a) during whictbalances, agreement (to within 2%) between the observed and
fractionation studies showed a distinctly lower “biological P” predicted anaerobic P concentrations was obtained. However, in
component in the control, relative to the test system]. the upper range, the difference between observed filtered total P
and predicted soluble P concentrations for the anaerobic reactor
» Suspected problems with the TKN determination were noteslas ~10 to 20 m¢/Initially it was thought that this difference may
during examination of mass balances in Parts 3, 4 and 5 (IDave arisen because measured P concentrations were total soluble
Haas et al., 2000c to d; 2001a). Influent TKN (or influen®, whereas the predicted concentration is the sum of the phosphate
ammonia, §,, in the IAWQ model set up) were adjusted toweak acid/base species (i.e,P®,+ H,PO; + HPQ> + PO?);
improve agreement between observed and predicted efflughus, the difference may be due to bonded soluble P (soluble
nitrate concentrations. In this manner, overall agreementganic P or polyP) entering the anaerobic reactor with the influent.
between observed and predicted nitrate concentrations in &te influent total P of municipal wastewater may be approximated
the reactors was also improved. For all experimental periodss the influent soluble orthoP plus soluble polyP of detergent
it was found that this approach gave predicted effluent (@rigin; the organic P fractions are relatively insignificant (Henze et
second aerobic reactor) nitrate concentrations which wead, 1995). Hence, if the difference between measured and predicted
within ~1 mg N/ of the observed value. Using the steady-statenaerobic concentrations is due to the different forms of P, then this
model of Wentzel et al. (1990) it can be shown that nitratdifference must arise principally from polyP of influent origin.
variation of this order would affect the BEPR potential of th&uch large differences cannot be adequately explained on the basis
system used here by approximately <1 mg®rhich is well of influent polyP of laundry detergent origin: for Darvill settled
within the standard deviation of effluent total P concentrationsewage, the difference between total P and orthoP concentrations
observed for most experimental periods (De Haas et al., 200@es of the order of 3 to 4 mdPFurther research with enhanced
to d; 2001a). cultures and recalibration of the models would need to be undertaken
to explain the differences between predicted and observed P release
+ The maximum specific growth rate of the nitrifierg (, at ~ data. Since the model predictions for effluent P concentrations had
20°C)required to achieve good agreement between predictéeéen matched to those observed for the control unit, the differences
and observed effluent ammonia concentrations was varigdted for the steady state anaerobic reactor P concentration were
over the range 0.23 to 0.48 (mean 0.37THis appeared to be not expected to impact significantly on predictions of system P
acceptable on the basis of the range suggested for this modhoval with chemical dosing. Theoretically, the reactor orthoP
parameter by WRC (1984For low concentrations ofammonia concentration can influence the rate of metal phosphate precipitation
in nitrifying systems, a relatively large change iy, is  in IAWQ precipitation model formulation, but using the IAWQ
necessary to effect a small change in the efflaemhonia default values for rates of precipitation/ dissolution (Henze et al.,
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TABLE 1

Influent sewage composition and parameters assumed for IAWQ modelling of selected pilot plant experimental periods of this stud y.
Period |S ;o (S,) S, S; S, X X s f o o o [ S Modelled Measured |Modelled P . myr Yoos

mg/¢ mg/¢ mg/¢ mg/{¢ mg/¢ mg/¢ Crn (Nti) | Cop (NtD) N./S, orC., d-1 mgP/

CcoD coD coD coD coD coD # # # # mgN/¢ mgN/¢ mgN/¢ mgN/ mgP/¢ mg COD

# mgCOD
3.2.2 478 150 180 24 14 110 0.7% 0.46 0.05 0.03 o011 1p.6 20.0 40.3 .06 53.06 | 0.36 0.57
3.2.3 379 150 117 19 27 67 0.8 0.5p 0.05 0.07 0.15 2p.8 3B.6 38.3 0.09 19.67 0.3 0.52
3.24 346 148 126 17 28 27 0.91 0.5¢4 0.05 0.08 0.08 19.5 2r.7 38.3 0.08 19.00 | 0.25 0.53
3.25 251 149 42 16 13 31 0.86 0.78 0.06 0.05 0.11 19.2 24.3 3L.9 Q.10 16.71 | 0.32 0.52
3.2.7 350 148 81 18 11 93 0.74 0.59 0.05 0.03 0.11 19.5 28.3 3L.0 Q.08 17.02 | 0.45 0.57
3.28a| 317 151 100 16 16 34 0.88 0.60 0.05 0.p5 0/13 17.6 25.1 27.0 D.08 45.31 | 0.32 0.56
3.3.1b| 442 149 77 22 9 185 0.5% 0.6p 0.05 0.02 0.1 2p.8 36.5 31.3 0.08 19.85 | 0.45 0.54
3.3.2 407 151 97 20 33 106 0.7 0.6 0.05 0.08 0.04 20.8 31L.0 31.3 0.08 18.80 | 0.23 0.54
3.33 456 151 151 18 14 123 0.71 0.50 0.04 0.03 011 24.7 37.1 35.0 .08 52.64 | 0.23 0.55
3.34 461 150 69 18 83 140 0.61 0.6 0.04 0.18 0.p7 2p.1 36.9 3B8.5 0.08 50.61 | 0.32 0.50
3.35 398 150 67 20 50 112 0.6¢ 0.69 0.05 0.13 0.11 28.4 3b.6 30.1 0.09 50.33 | 0.32 0.53
3.3.6 354 150 61 18 39 86 0.71 0.71 0.05 0.11 0.p9 21.3 30.9 26.7 Q.09 16.02 | 0.38 0.52
3.6.1 403 100 72 58 36 137 0.5¢ 0.58 0.14 0.09 0.p2 10.8 3p.0 31.5 0.07 10.45 | 0.45 0.52
3.6.2a| 427 100 87 43 17 180Q 0.51 0.54 0.1 0.04 0.02 1p.5 3p.2 31.8 .08 10.46 | 0.45 0.50
3.4.1 237 107 24 14 36 56 0.7(¢ 0.82 0.06 0.15 0.p6 11.4 1y.7 1.4 Q.07 13.57 | 0.35 0.51
3.4.2 284 114 28 14 11 116 0.5% 0.8p 0.05 0.04 0.p6 15.6 2p.8 18.0 0.08 14.22 | 0.35 0.53
3.4.3 264 100 25 16 8 115 0.57 0.8p 0.06 0.03 0.13 18.3 21.3 1.6 0.08 1290 | 0.42 R1}:0.51
R2:0.58
344 323 136 15 19 8 145 0.51 0.90 0.06 0.03 0.11 20.5 204 26.6 0.09 16.58 | 0.48 0.57
351 278 20 34 19 42 163 0.25 0.37 0.07 0.15 oj1 23.4 35.8 34.1 .13 9.91 0.48 0.55
352 341 20 60 23 24 215 0.27 0.2 0.07 0.07 0.14 215 36.7 3p.7 Q.11 10.77 | 0.48 0.47
Mean 360 125 76 22 26 112 0.64 0.62 0.0p 0.97 0.09 19.7 30.0 30.2 0.08 38.89 | 0.37 0.53
SD 74 41 44 10 19 52 0.18 0.16 0.02 0.05 0.04 3|5 5|6 7.0 0.01 6.43 | 0.08 D.03

#: Not IAWQ symbols. Refer tNomenclature.

##. Calculated from: ¢ =§,,, + (X, .
where {X, + X_,, + X,} = 0 by assumption here. Values fqr i i

NXS’ INSF

as per Wentzel and Ekama (1995).

i) ¥ Kg e ¥ X+ Xo o ¥ Xt iew) ¥ (S i) +(§ - i) (Henze et al., 1995)
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Figure 1
Correlation between
observed and IAWQ

model predicted

effluent P

concentrations for the
control unit (R2) for all
experimental periods

modelled in this study

Figure 2
Correlation between
observed and IAWQ

model predicted effluent
P concentrations for the
test unit (R1) - before
manipulation of model
precipitation/
redissolution
stoichiometry for
individual experimental
periods

Figure 3
Correlation between
observed and IAWQ

model predicted effluent

P concentrations for the

test unit (R1) - after
manipulation of model
precipitation/
redissolution
stoichiometry for
individual experimental
periods
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1995), these model reactions proceed rapidly to virtual completion It should be noted that the method given by Henze et al. (1995)
within realistic reactor retention times. Hence, in this formulatiorfpr estimating additional TSS production (i.e. additional inorganic
the chemical P removal component is controlled mainly bguspended solids, or ISS) does not take into account the expected
stoichiometry, and it lowers the predicted steady-state orthaPange of residual metal hydroxide to metal oxide upon ashing at
concentration in all the reactors while the slower biological processgs0°C. This aspect is commented upon below in the context of ISS
continue to establish the relative orthoP concentrations in tipeedictions.

respective reactors. Where the kinetics of the precipitation/

dissolution processes are slowed (as discussed later in this pap&dopted precipitation stoichiometry vs. apparent

the precipitation rate may be controlled more heavily by the reactBEPR mechanism inhibition

soluble orthoP concentration. In this event, closer attention may

need to be paid to calibrating the biological processes to mat€hble 4 gives the values for precipitation stoichiometry in the

observed P release/uptake data more exactly. IAWQ model that were adopted on the basis of an acceptable fit to
the observed data. Model predictions and observed data for key
Results for test unit (R1) variables are given in Appendix A before and after manipulation of

the stoichiometry (Tables A2 and A3, respectively).
A comparison of the model predictions and observed data for the The values forthe adopted P:Me stoichiometry may be compared
test unit is presented in Figs. 2 and 3, as well as Tables A2 andWish observed values, based on system P removal or fractionation

(Appendix 1). data relative to metal dose (Table 4). For certain periods, there are
obvious discrepancies. For example, for Periods 3.2.3 and 3.2.4,

Stoichiometry of chemical precipitation in IAWQ the stoichiometry modelled was similar to that from fractionation,

model but was higher than that from the difference in observed P removal
(DP,.,) between the test and control units. As discussed in Part 3

The IAWQ model (Henze etal., 1995) only suggests stoichiomet(ipe Haas et al2000c), large variance in ti#¥, _data for these
for precipitation with ferric salts, as 1 mol P/mol Fe (for FePOperiods (at low alum dose) lessens confidence in these data.
formation). During initial modelling attempts, the same P:metdbimilarly, in Period 3.4.3, apparent inhibition of the BEPR
(Me) stoichiometry was applied to periods in which either alum anechanism was noted for the control unit (De Haas et al., 2001a).
ferrous-ferric chloride (ca. 90% Fe[ll] in blend) were dosed to thim the model, allowance was made for this by adopting a higher
pilot plants. For alum and the ferrous-ferric chloride blend, it wagalue for Y, for the control (R2) (Table 1). Again, the stoichiometry
found that the assumed 1:1 P:Me stoichiometry resulted in ovestimate based &P, data for this period cannot be considered to
prediction of the additional P removal found in the test unit (metdle reliable (Table 4).
dosed) relative to the control. That is, predicted effluent P Considering the practical constraints of precisely matching the
concentrations were lower than those observed for the test umitodel and observed data, the following general conclusions may
Improved predictions resulted when the model P:Me stoichiomethe drawn from Tables 4 and 5:
was adjusted to ca. 0.75 mol P/mol Me for alum and ferrous-ferric
chloride (blend) dosing (Fig. 2; Table A2). Further improvements Fairly good overall agreement between the adopted and observed
in the agreement between predicted and observed effluent P P/Me stoichiometry was obtained, assuming all metal ions
concentrations could be obtained by manipulating the stoichiometry dosed are available for precipitatioe. ignoring possible loss
for individual experimental periods (Fig. 3; Table A3). of metal ions through complexation with organics in the mixed
In order to provide a systematic method for adjusting the liquor matrix].
stoichiometry of the precipitation and redissolution processes in  The model is not capable of predicting apparent inhibition
the IAWQ model, the general formula for precipitate of (depression) by chemical dosing of the BEPR mechanism in
MePO,OH, , (from Luedecke et al., 1989) was accepted, where the absence of P limitatiofiDe Haas et al. (2000c to d; 2001a)
Me is a trivalent metal ion (Al or Fé*) and ‘r’ is the Me:P molar reported that approximately 3 to 24% apparent inhibition of
ratio. This allowed the stoichiometric constants for the metal the BEPR mechanism was observed in the absence of P
(hydroxy) phosphate and metal hydroxide precipitates to be limitation forthe range of metal salt doses examined. However,
calculated in accordance with those suggested for flgP@enze the IAWQ precipitation model assumes that the chemical and
et al. (1995). As an example, the values for aluminium (hydroxy) biological P removal mechanisms operate independently of
phosphate are given in Table 3. It is a simple matter to perform each other, except in respect of reactor soluble orthoP
similar calculations for ferric hydroxy-phosphates. Forexperimental - concentration (§). If S,, is not limiting, no interaction
periods using the ferrous-ferric chloride blend, it was assumed that between the two mechanisms is predicted. To account for
the ferrous ions were completely oxidised to ferric form before partial inhibition of the BEPR mechanism relative to the actual
precipitation[Experimental evidence suggests that such oxidation stoichiometry, one would expect that a lower model P/Me
does take place under aerobic conditions in activated sludge stoichiometry is required in order to match the observed and
systems, butthere is also evidence that ferrous phosphate (or other predicted system P removal. However, in several cases (e.g.
forms of ferrous precipitate) occurs in such systems, particularly Periods 3.3.1. 3.3.2, 3.3.3, 3.4.2, 3.4.4), the model input
in anaerobic reactors (De Ha&t al, 2000a). However, a generic stoichiometry was higher than that estimated from fractionation
formula for precipitates of mixed iron valency would be more data. This probably reflects the failure of the fractionation
complex; no advantage could be found at this stage for adding such procedure to fully recover the chemical P fraction from the
complexity. Rather, adoption of a lower Me:P stoichiometry for sludge matrix and, hence, to account for the additional P
periods with addition of ferrous ions appeared to be adequate and removal in the test unit, relative to the control. This possibility
may, in fact, be partly due to precipitation of ferrous phosphate, or was discussed in Part 4 (De Haas, 2000d)]
other amorphous iron phosphates]. « For modelling purposes, the choice of precipitation
stoichiometry should take into account depression of the BEPR
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TABLE 3
Example calculation of stoichiometric constants for precipitation and redissolution as
input to the IAWQ model
Reaction: PO * + Al(OH), ® AIPO, + 30H" whenr=1; P/AI=1
Stoichiometry S o Xyeon Xyep Xiss
mgP/¢ mg/{ as mg/{as mg/{ as
Al(OH), AIPO, TSS
Precipitation -1 -2.52 +3.94 +1.42
Redissolution +1 +2.52 -3.94 -1.42
Stoichiometry S o Xyeon Xyep
mmol/ ¢ as P mmol/ ¢ as Al(OH) , | mmol/ ¢ as AIPO
Precipitation -0.032 -0.032 +0.032
Redissolution +0.032 +0.032 -0.032
MW, AI(OH), = 78 g/mol
MW, AIPO, = 122 g/mol
Reaction: PO * + 1.33 Al(OH), ® Al . PO, OH + 30Hwhen r =1.33; P/Al = 0.75
Stoichiometry S o MeOH Xyep Xiss
mgP/¢ mg/¢ as Al(OH) , mg/¢as Al ., mg/{as TSS
PO, OH
Precipitation -0.75 -2.52 +3.58 +1.06
Redissolution +0.75 +2.52 -3.58 -1.06
Stoichiometry S o Xieon Xiep
mmol/{as P | mmol/ ¢ as Al(OH) mmol/¢ as
Al ,, PO, OH
Precipitation -0.024 -0.032 +0.024
Redissolution +0.024 +0.032 -0.024
MW, AI(OH), = 78 g/mol
MW, Al .. PO, OH =148 g/mol

mechanism in the presence of metal dosing. From the results of input stoichiometry from 0.3 (or 0.4) to 0.75 produced a change

this study, a selection of P/Me stoichiometry in the following
ranges appears to meet this requirerf@rperiods without P
limitation:

For alum at 20 d sludge age: 0.6 to 0.75

For FeCJat 20 d sludge age: 1.0 (apparently no inhibition)

For FeCJat 10 d sludge age: 0.6 (to 0.9)

For FeCJ FeC|, blend at 10 d sludge age: 0.75
Under P-limiting conditions where virtually complete P
removal was predicted (and observed) in both the test and
control units (i.e. with or without metal salt addition respec-
tively), the choice of model P/Me stoichiometry is less criticat
and may be guided by the fractionation data obtained in this
study:

For FeCJand/or FeClat 10 day sludge age: 0.3 to 0.6
The model does predict competition for available P between
the chemical and biological mechanisms. Under P-limiting
conditions, the effect of changing the precipitation stoichiometry
is to partition more or less P removal to one vs. the other
mechanism.[This may be illustrated by examining the data
presented in Table 5 for low effluent P conditions. For example,
in Periods 3.4.4, 3.5.1 and 3.5.2 with average effluent P
concentrations in the range ca. 3 to 4 mgRthange of model
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in predicted mixed liquor polyP concentrations of less than
10%. For Periods 3.6.1 and 3.6.2a where the average effluent
P concentrations were 0.2 to 0.6 mgRdr lower due to
analytical detection limitations), a change of model input
stoichiometry from 0.6 to 1.0 produced a change in predicted
polyP of 18 to 20%. As the P/Me stoichiometry is decreased, the
residual metal hydroxide concentration decreases; although
the mass of P removed chemically is smaller, proportionately
more metal is bound as metal hydroxy phosphate and less
remains as metal hydroxide (Table 5)].

Within the constraints of experimental observation in this
study, itwas not possible to exactly evaluate model performance
under very low effluent P concentratiofidlore care would
need to be taken with P measurements in the low range since
actual effluent P concentrations may fall below the detection
limits of methods such as the automated molybdate method
applied here]For Periods 3.6.1 and 3.6.2a (with P limitation)
the model predicted lower effluent P concentrations than the
average measured values. Nevertheless, the model did predict
slightly higher effluent P concentrations and lower polyP
concentrations for the test unit (with Fe@bsing) relative to

the control for these periods (Table 5). This is consistent with
observations of weaker BEPR in the test unit, based on
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TABLE 4
Calibration of IAWQ model for precipitation stoichiometry
Period Metal dosed Dose * Sludge Zone P:Me stoichiometry (mol P/mol Me) *
mg/¢{ as Me age (d) dosed **
Model Observed Observed
input DP,../Me .| fractionation
ok OrthoP/Me .,
3.2.2 Al 4.8 20 AE1 0.75 0.70 No data
3.2.3 Al 4.7 20 AE1 0.60 0.34 0.73
324 Al 47 20 AN 0.60 0.18 0.72
3.25 Al 9.2 20 AN 0.60 0.57 0.58
3.27 Al 9.2 20 AE1l 0.75 0.62 0.61 (a)
3.2.8a Al 9.2 20 AE1 0.75 0.69 0.62
3.3.1(b) Fe (1) 10.3 20 AE1l 1.00 1.02 0.72
3.3.2 Fe (1) 20.8 20 AE1 1.00 1.03 0.60
3.33 Fe (1) 10.3 20 AN 1.00 0.82 0.57
3.34 Fe (Il 10.3 10 AN 0.60 0.37 No data
335 Fe (1) 20.4 10 AN 0.90 0.80 No data
3.3.6 Fe (1) 20.5 10 AE1 0.50 0.52 No data
34.1 Fe(ll) + Fe(lll) 19.3 10 AE1l 0.75 0.74 1.37 (c)
3.4.2 Fe(ll) + Fe(lll) 9.7 10 AE1 0.75 0.62 0.49
343 Fe(ll) + Fe(lll) 9.4 10 AN 0.75 1.75 (d) 0.68
344 Fe(ll) + Fe(lll) 9.6 10 AE1 0.40 0.23 (b) 0.26 (e)
351 Fe(ll) + Fe(lll) 9.6 10 AE1 0.40 0.41 (b) 0.40
35.2 Fe(ll) + Fe(lll) 9.5 10 AN 0.30 0.21 (b) 0.37
3.6.1 Fe (1) 10.4 10 AE1 (0.40t0) 0.0  -0.03 (b) 0.38
3.6.2a Fe (1) 10.4 10 AE1l (0.40to0) 0.60  -0.03 (b 0.43
* Me : Al for alum; Fe for ferric chloride or ferrous-ferric chloride (blend)
** Zones: AN = Anaerobic; AE1 =s1Aerobic
***DP .- Difference in total P removal between test and control units (refer to De Haas et al., 2000c to d; 20014)
(a) No fractionation data for Period 3.2.7. Data given for Period 3.2.6 (similar operating conditions).
(b) P limited experimental conditions; model predictions not very sensitive to input stoichiometry.
(c) Transition period from ferric chloride dosing : high VSS in test reactor influenced fractionation results
(De Haas et al., 2001a).

(d) Apparent Inhibition of BEPR removal in control reactor (De Haas et al., 2001a).
(e) Last of three fractionation runs taken at end of Period 3.4.4 taken as closest to steady-state for mixed liquor solids.

fractionation data and P removal behaviour immediately aftdthe following constraints need to be considered when interpreting
lifting P limitation (De Haas et al., 2000d). Fig. 4:

* Reasonably good agreement was obtained between predicted
and estimated values for polyP and MeP, based on fractionation The model was calibrated to give close similarity between
data. P mass balance issues and the small number of fractiona-predicted effluent §,and observed effluent total P. This ruled
tion runs per experimental period are constraints when out the impact of solids loss in the effluent on the comparison
comparing the data sets. The polyP data are considered further of results, since the model assumes no solids loss in the effluent.
below. Agreement for MeP could be improved if the same Effluenttotal P was also used in mass balance calculations from
stoichiometry used in the model was applied to the fractionation observed data.
results. This reflects a degree of uncertainty over whether all Agreement between modelled and observed data is limited by
metal dosed is truly available for the precipitation (as opposed the deviation from 100% of mass balances from observed data
to complexation with other components of the sludge matrix) (especially for P and COD); the model assumes a mass balance
and the true recovery of the “chemical P” in fractionation of 100%. Overall, P mass balances for the experimental periods

procedure. gave the following results (mean + SD):
Alum dosing periods: 88 % (+ 19)
Poly-P results - Ferric dosing periods: 98 % (+14)

Ferrous dosing periods: 121% (+34)
In Fig. 4, the relationship between modelled and observed (frac- The modelling is heavily influenced by COD mass balance
tionation) polyP content of the mixed liquor is graphed. accuracy, particularly sincg fis not measured, but treated as
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TABLE 5
Comparison of IAWQ model predicted and observed data for P-related compounds during
experimental periods with relatively low effluent P concentrations
Period Unit Observed/ |Model P/Me Effluent Effluent Mixed Mixed Mixed
Model input S s Seos liquor liquor liquor
stoichiometry mgP/ & mgP/¢ PolyP X yep Xyeon
adopted mgP/ ¢ mg/¢ as mg/tas
molP/ precipitate precipitate
mol Me
3.4.4 Test Model 0.75 - 0.9 116 221 47
Model 0.40 - 1.3 120 201 34
Obs. - 0.93 1.14 82* 230* N/D
Control Model - - 2.26 136 - -
Obs. - 2.07 2.10 116* - -
351 Test Model 0.75 - 3.0 23 216 39
Model 0.40 - 4.2 24 209 27
Obs. - 3.87 3.07 30* 240* -
Control Model - - 6.1 24 - -
Obs. - 6.06 5.15 31* - -
3.5.2 Test Model 0.75 - 1.3 54 186 63
Model 0.30 - 2.2 60 191 37
Obs. - 2.68 1.29 29* 236* -
Control Model - - 3.4 61 - -
Obs. - 3.65 2.31 37* - -
3.6.1 Test Model 1.00 - 0.23 49 177 96
Test Model 0.60 - 0.15 60 184 73
Obs. - 0.45 0.24 64* 257* -
Control Model - - 0.16 86 - -
Obs. - 0.43 0.21 93* - -
3.6.2a Test Model 1.00 - 0.17 47 175 98
Test Model 0.60 - 0.10 59 182 75
Obs. - 0.53 0.44 51* 256* -
Control Model - - 0.09 84 - -
Obs. - 0.62 0.44 81* - -
* Observed from fractionation data

a ‘calibration constant’ based on predicted vs. observed VSS. the modelthis precipitated orthoP fraction is effectively lumped
Manipulation ofgpinﬂuencesthe biodegradable COD fractions  with organic P as the P content of the various biomass
and, hence, affects biological N & P removhlofmally the N fractions, notably j and i,,,,. No attempt was made here to
mass balance would also be important, but was less important manipulate these model constants; the default values suggested
here since influent TKN was manipulated to make effluent (last by Henze et al. (1995) were accepted].

aerobic reactor) nitrate concentrations agree with observed

values and hence minimise the impact on P removal prediction§}iven the above-mentioned experimental and modelling constraints,

« The comparison also depends on P recovery (i.e. mass balarite)ay not be realistic to expect agreement between observed and
for the fractionation procedure. The observed P recoverigsedicted polyP to be better than within +20 % when comparing
from fractionation were in the range 91 to 114%. fractionation and modelled results (refer to dotted lines in Fig. 4).

» The model does not make allowance for chemical P removal Figure 4 shows that two periods (3.3.3 and 3.2.8a) failed to give
in the control unit. Fractionation suggested that ca. 10 to 2@ceptable agreement (within a 20% tolerance) between predicted
mgP/gVSS (10 to 15% of ML TP) in the control unit mixedand observed polyP content for the control unit. In each case, these
liquor solids may be in the form of chemical precipitationftesults stem from a single fractionation per experimental period.
complexation of P, presumably incorporating metal ions frorfrurthermore, both of these periods had relatively poor mass balances
the influent. The model may over-predict polyP within thisfor P and/or COD (refer to De Haas et al., 2000 c & d). Period 3.3.3
margin, compared with fractionation daf@onceptually, in  presented settling problems apparently associated with poor sludge
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flocculation; Period 3.2.8a followed within two months ofsolids, which has been previously dried to a constant mass (at
redevelopment of ‘semi-enhanced’ cultures. These factors coull@5°C) for the total suspended solids (TSS) determination, is
have contributed to a failure to reach ‘steady-state’ and henigmited (at 550 to 600°C) and the volatile suspended solids (VSS)
detracted from the mass balances or observed polyP results. mass lossis measured. By difference, ISS=TSS -VSS. During the
Overall, subject to the constraints outlined above, Fig. @nition (ashing) process, it may be expected that metal phosphate
suggests that fairly good agreement between the predicted amtl remain in this form, but metal hydroxide (e.g. Al(QH)
observed polyP data was obtained. When P is limiting, the mode&(OH)) will be converted to metal oxide with the loss of water.
appears to be able to predict competition for available P between In the IAWQ chemical precipitation model, the conversion of
the chemical and BEPR mechanisms fairly accurately. In thmetal hydroxide (MeOH) to metal phosphate (MeP) is modelled
absence of P limitation, failure of the model to predict appareand the change in TSS expressed on the basis of the assumed
‘inhibition’ (or depression) of the BEPR mechanism is evident istoichiometry. An inherent assumption in the IAWQ model is that
Fig. 4: at higher polyP concentrations the points for the test uditg of metal hydroxide contributes 1 g to TSS. Accordingly, the
(R1) lie horizontally to the left of those for the control (R2). Futureonversion of metal hydroxide to metal oxide during ashing (see
versions of the model may need to incorporate a function fabove) in the measurement procedure must be taken into account
reducing the yield of polyP (e.g. by changing y to take into whencomparing predicted and observed ISS. From the stoichiometry
account a depressed BEPR mechanism in the presence of metabibtthe conversion from metal hydroxide to metal oxide, 1 g

addition, even where phosphate is not limiting. aluminium hydroxide (Al(OH) contributes 0.66 g ISS (i.e. &,)
while 1 g ferric hydroxide (Fe(OH))contributes 0.75 g ISS (i.e.
ISS results Fe,0,). Similarly, based on the generic metal hydroxy-phosphate

formula (MePOQ,(OH), ), conversion to ageneric metal “phosphate-
Chemical precipitate (ideally metal phosphate and/or metakide” (MePQ,(O), . , ) can be used to calculate the predicted ISS
hydroxide) will contribute directly to the inorganic suspendedontribution (De Haas et al., 2000c to d; 2001a).
solids (ISS) content of the mixed liquor, and hence to the TSS. To Figure 5 shows a comparison of observed and predicted DISS
determine inorganic suspended solids (ISS), the sample of filterealues, based on IAWQ model provisions for TSS but applying the
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IAWQ model, MeP & MeOH prediction - precipitation kinetics
Periods 3.3.2 and 3.3.6 for 60 mg/L FeCls dose (influent basis)
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above-mentioned correction factor for model predictions of MeOK,__and k . respectively (De Haas et al., 2001b). The stoichio-
contribution to ISS. In making this correction, the stoichiometry afhetry of precipitation is defined as being “ideal” (i.e. 1 mol P/mol
the metal (hydroxy) phosphate precipitate was taken into accouRg). No recommendations are made for application of the model to
based on the generalised formulaRi@(OH), ,(referto De Haas precipitants other than iron [Ill] salts (e.g. ferric chloride).
et al., 2000c to d; 2001a). To calibrate the two processes for chemical precipitation in the
In most cases, the differences between observed and predidi&d/Q model, either the stoichiometry or the kinetic constants may
DISS observed (Fig. 5) were relatively small (<5004my/<9%  be adjusted. As a point of departure in this study, the stoichiometric
of the mixed liquor TSS in the test unit). Similar results wereonstants were adjusted on the basis that these could be linked
obtained from calculations based on the observed system P remalie¢ctly to the precipitation stoichiometry observed. Henze et al.
and fractionation data (De Haas et al., 2000c to d; 2001a). Howevdr995) provided no guidelines for the choice of the kinetic constants
for some periods, close agreement between obsBtg&handthat k... and k ., other than the suggested values gf k1 ¢/(mg
predicted by the IAWQ model was not obtained (Fig. 5). ThiseOH,d) and k .. = 0.6 /d for ferric chloride. Accordingly, these
suggests that during these periods the pilot plants did not operdéfault values were accepted and the stoichiometry adjusted as
sufficiently closely to “steady-state” in all respects, as borne out Imecessary to match predicted and observed effluent phosphate
the mass balances (De Haas et al., 2000c to d; 2001a). The largesicentrations in the test unit (ddedelling Method and results
discrepancies between observed and predigit®8 results could discussed above).
be ascribed to large changes in the mixed liquor solids contents as Using the suggested default kinetic constants for precipitation/
a result of changes in the metal salt dose rate and/or experimemngaissolution, the IAWQ model predicted very low residual (steady
periods being too short (Fig. 5). state) metal hydroxide (MeOH) concentrations in the mixed liquor
It may be concluded that the provisions in the IAWQ ASMZ<40 mg! for periods without P limitation and <100 rafgr P-
model for TSS predictions in the presence of chemical addition dmmited periods). Also, the predicted MeOH concentration showed
adequate, provided the stoichiometry of phosphate precipitatiorry little difference for systems operated at 10 d sludge age,
has been suitably calibrated. Furthermore, in comparing measurmsnpared with a 20 d sludge age. This seemed surprising, con-
ISS with model predictions, metal hydroxide conversion to metaidering that a lower stoichiometry (or lower apparent precipitation
oxide during the ashing procedure needs to be taken into accoueafficiency”) was observed at the shorter sludge age (De Haas,
2000d). The model predictions do need to be seen in the context of
Precipitation kinetics the adjusted stoichiometry: For example, under P-limiting
conditions, the P:Fe molar ratio (stoichiometry) was adjusted from
The IAWQ ASM2 model (Henze et al., 1995) makes provision fot:1 to between 0.3 and 0.6:1 (Table 4). Hence, the implicit formula
two chemical processes: precipitation and redissolution. That fer the predicted metal phosphate precipitate ranged from
there are two kinetic expressions, each with a rate constant, namegy, PO,(OH),to Fg, ,PO,(OH),, which is similar to that modelled
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IAWQ model, Effluent SPO4 prediction - precipitation kinetics
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for P-limiting conditions by Luedecke et al. (1989). If the modeinvestigation in order to confirm the observations made. Assuming
prediction for metal hydroxy phosphate on this basis is convertélaht the observations were correct, then applying the IAWQ model
back to the ideal precipitates (e.g. FgR@ Fe(OH)as in the with the default precipitation kinetic constants does not predict a
IAWQ model formulation), then effectively the predicted steadysignificant change in P:Me ratio in response to sludge age. Figure
state amount of metal hydroxide would be greater (e.g. compdidlustrates the effect of sludge age on predicted P:Me ratio. Also
predictions in Table 5 for Periods 3.6.1 and 3.6.2a at model inpghiown is the effect of decreasing Krom the IAWQ default value
stoichiometry 1.0 vs 0.75). Hence, itis possible to adapt the IAWGF 14/(mg-d) (i.e. —log k.. increasing from the default zero on the
model for precipitates other than FeR@d Fe(OH) including  x-axis), butkeeping a constantratio betwegpand k . such that
those for aluminium salts, by adjusting the input stoichiometrk .= 0.6*k,..(Henze etal., 1995). From Fig. 6 itis clear that over
However, it would be inelegant and tedious to model the effect tife first one to two log decreases, the predicted P:Me (i.e. P:Fe in
sludge age (solids retention time) by means of adjusting thieis case) stoichiometry shows virtually no change and is relatively
stoichiometry. insensitive to sludge age. The reason for this is that the reaction
Itwas not an objective at the outset of this study to examine thates set by k _and k .. are high in relation to the solids retention
effect of sludge age on simultaneous chemical precipitatiotime (i.e. sludge age), allowing the precipitation reaction to be
However, as outlined iRart 4 (De Haas et al., 2000d), operationalvirtually complete; only a small amount of metal hydroxide remains
constraints with the pilot plants were posed by reactor solidsthe system at steady state. To reach a condition where sludge age
concentration and sludge settling, forcing a change from a 20dhas a more significant effect on the predicted P:Me stoichiometry,
a 10 d sludge age. This was carried out during a period of ferkg . would need to be decreased into the approximate range 0.005
chloride dosing. From an examination of the difference in syste(dog k... = 2.3) to 0.0005 (-log k.= 3.3). Figure 6 shows that for
P removal, this change appeared to result in a reduction in tReriod 3.3.2 (actual sludge age 20d) with ket at 0.001 (-log k.
apparent P:Me stoichiometry of precipitation by about half (De 2.7), the model predicts a P:Me ratio of 0.73 for a 20d sludge age
Haas et al., 2000d). This aspect requires further experimengaid 0.56 for a 10 d sludge age. Observed values from fractionation
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data or P removal data for periods in which a valid comparison may

be made were: 0.60 to 1.03 at a 20 d sludge age and 0.49 to 0.52 at

a 10 d sludge age (refer to Table [§ote: This comparison is
constrained by mass balance considerations, as well as the impact
of BEPR mechanism *“inhibition” obP  calculations and the
extent to which complete recovery of “chemical precipitate”
fractions occurred in the fractionation procedure — refer to De
Haas et al., 2000d and the preceding discussiBg]relating the
data in Fig. 6 and Table 4, an analogous argument may be applied
to the model predictions for Period 3.3.6 (actual sludge age 10 d).
Figure 7 shows that effluent P predictions could be matched to
the observed data with k values 0.0056 (-log.k. = 2.25) and
0.0006 (-log k.= 3.2), for Periods 3.3.2 and 3.3.6 respectively. By
iteration, similar values for f_could be derived for the other
experimental periods. Additional experimental data for chemically-
dosed systems operated under well-controlled conditions but
different sludge ages would be required to derive an appropriate
median value for k . The limits (e.g. range of sludge ages) for
validity of a derived constant value fqr kwould need to also need
to be assessed. As a first attempt, akalue of 0.00316 (-log k.
= 2.5 from Fig. 7) was adopted for ferric chloride (or ferrous-ferric
chloride blend) dosing periods by trial-and-error, ang.avalue
of 0.0006 (-log k.= 3.22) was adopted for alum dosing periods.
Again assuming k . = 0.6* k. and constaninput P:Me
stoichiometry at 1:1 (Henze et,al995), the results presented in
Fig. 8 were derived for all experimental periods modelled in this
study. It can be seen that Fig. 8 resembles Fig. 2 with fairly good
agreement between predicted and observed effluent P results.
Further refinement could be achieved by manipulation, qfflr
individual experimental periods, which would be analogous to
manipulation of the input stoichiometry as in Fig. 3. Since the
kinetics of the precipitation (or ion exchange reactions) should be
independent of sludge age, the validity of such manipulation should
be confirmed by experimentation. Particular care is required to

ensure steady state in the test systems used as a basis for modelling

in such experiments.
Conclusions

The IAWQ ASM2 model, which incorporates a simple kinetic
model for simultaneous chemical precipitation/dissociation,
was tested using the pilot plant experimental results of this
study. Calibration against the results for the control unit (not
chemlcally dosed) highlighted the following:
For the control unit (model assumption with BEPR only),
agreement between predicted and observed results was
satisfactory in most cases, given the variation in influent
composition and the influent characterisation procedure
adopted. It is important to note that in the modelling
approach adopted here, the influent TKN concentration
was manipulated where necessary, in order to match pre-
dicted and observed effluent nitrate concentrations; in this
manner, the impact of recycled nitrate on the BEPR
mechanism was minimised.
In order to improve agreement between observed reactor
and/or effluent phosphate results and those predicted using
the IAWQ model (both in the presence and absence of
chemical addition), it was found that the constant defining
the relationship between biological P release and PHA
formation (Y, required adjustment in the range 0.50 to

calibration was applied to the test unit receiving metal salt
addition.

For ferric chloride, using the kinetic and stoichiometric
constants suggested in IAWQ ASM2, the assumption of
1:1 (molar) precipitation stoichiometry for P:Fe appeared
to be valid for three experimental periods at a 20 d sludge
age. For the remaining periods at a 10 d sludge age, a lower
model input P:Fe stoichiometry was required, in the range
0.60 to 0.90 mol P/mol Fe. These results suggest reduced
precipitation efficiency at a shorter sludge age, which is
consistent with the hypothesis of Rabinowitz and Marais
(1980) that part of the chemical P removal in simultaneously
dosed activated sludge systems is due to a slowion exchange
reaction between colloidal metal hydroxide and soluble
phosphate. However, sustained ferric chloride dosing (at a
dose of 10 to 20 mgkFe, based on influent) appears to
partially inhibit BEPR (De Haas et al., 2000d) and this
would also reflect as a lower precipitation efficiency.

For alum and ferrous-ferric dosing, P precipitation
stoichiometry also appeared to be less than 1:1. For alum,
the stoichiometry of precipitation was estimated to be 0.60
to 0.75 mol P/mol Al. For ferrous-ferric chloride, the
stoichiometry was also estimated to be close to 0.75 mol P/
mol Fe.

Under P-limiting (i.e. low effluent P) conditions, precipi-
tation efficiency appeared to be lower, with an estimated
P:Fe stoichiometry of ca. 0.3 to 0.60 mol P/mol Fe. This is
in agreement with the model precipitate stoichiometry of
0.4 mol P/mol Fe accepted by Luedecke et al. (1989) for
limiting phosphorus conditions with ferric chloride from
batch and continuous tests using activated sludge in a
completely aerobic system. However, the model effluent P
predictions are not very sensitive to the input P:Fe
stoichiometry under P limiting conditions since the
biological and chemical mechanisms compete for available
P, leaving little P in the effluent.

A significant advantage of the kinetic approach to modelling
chemical precipitation processes in IAWQ ASM?2 is that it
integrates readily with processes describing biological carbon,
nitrogen and phosphorus removal in activated sludge systems,
and offers the potential for incorporation of processes for pH
and alkalinity. A kinetic-based model for mixed, three-phase
[solid/liquid/gas], weak acid-base systems using the AQUASIM
model platform has been proposed by Musvuto.€1.8B7).

This could form a further extension to the IAWQ ASM2 model
applied here. In this extension, precipitation efficiency in
relation to alkalinity (and/ or pH) in simultaneous precipitation
processes would need further investigation. This study found
circumstantial evidence (De Haas et al., 2000c) suggesting that
reactor pH (and hence system alkalinity) plays a role in
determining the extent of inhibition of the biological P removal
mechanism in the presence of simultaneous metal salt addition,
particularly with alum. Furthermore, the question of alkalinity
consumption in relation to the Me:P stoichiometry of
precipitation has not been adequately addressed in the IAWQ
model.

Satisfactory agreement between (IAWQ model) predicted and
observed values for polyP in the control system was obtained

0.57 mgP/mgCOD. Once suitable model calibration had when comparing the model predictions with observed values

produced satisfactory agreement between observed and
predicted P removal for the control unit, the same model
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from sludge P fractionation. For the test system (metal dosed)
the differences between the predicted and observed polyP data
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TABLE Al
Results for key variables, comparing IAWQ model predictions with observed data for control unit (R2)
Period Effluent phosphate Effluent nitrate Effluent Effluent Reactor Reactor VSS COD
ammonia TKN OUR (AE2) VSS (AE2) Bal.
Model | Obs. Obs. Diff Model |Obs. Obs. Diff Nodel Dbs.  Model Ops. Mopdel Ops. Model Obs. ORs/ Obs.
based based Model
SP04 STP SP04 on STP SNO:«X SNO:«X SN03 (AE2) on AVe. S NH4 SNH4 STKN c:TKN OURt OURt x\/SS X\/SS
mgP/¢ | mgP/¢ | mgP/¢ | mgP/¢ | mgN/¢ | mgN/¢| mgN/¢ | mgN/¢ | mgN/¢ | mgN/¢ [ mgN/¢ | mgN/¢ | mg/(¢4:-h) | mg/(¢-h) | mg/¢ mg/¢ % %
3.2.2 28.4 28.9 27.6 -0.5 2.6 2.4 2.4 0.2 0.2 0.3 2.8 29 18.6 20.9 2610 | 2693 | 103%| 112%)
3.23 255 25.3 23.1 0.2 59 5.8 6.0 0.0 0.4 0.4 3.2 3.7 15.9 16.6 2336 | 2749 | 118%| 109%)
3.24 | 246 23.7 225 0.9 3.9 3.3 2.7 0.9 0.7 0.7 2.1 2.4 14.1 15.4 2203 | 2386 | 108% | 111%
3.25 29.2 29.7 29.2 -0.5 6.0 6.0 6.1 0.0 0.4 0.4 2.2 1.9 10.8 12.1 1528 | 1911 | 125%| 122%
3.2.7 28.1 28.3 31.8 -0.2 4.5 4.3 4.8 0.0 0.1 <0.1 2.0 2.0 14.1 11.4 2039 | 1894 93% 87%
3.2.8a| 26.4 26.8 25.8 -0.4 35 3.6 3.1 0.2 0.3 0.3 2.4 2.3 12.9 111 1940 | 1885 97% 90%
3.3.1b| 28.9 27.7 26.0 1.2 6.4 6.3 6.1 0.2 0.1 0.2 2.5 2.3 18.4 16.2 2286 | 2490 | 109% | 114%
3.3.2 26.9 27.0 27.2 -0.1 5.0 5.5 4.4 0.0 0.9 1.2 2.5 2.6 17.8 18.2 2460 | 2509 | 102%| 102%
3.33 28.5 28.3 27.9 0.2 5.9 6.3 6.9 -0.7 0.9 1.2 2.9 2.6 21.2 15.5 2526 | 2424 96% 95%
334 | 213 21.2 20.8 0.1 5.7 6.0 6.0 -0.3 1.3 1.7 2.7 3.2 16.3 13.9 1805 | 1987 | 110%| 98%
335 25.9 25.3 25.0 0.6 6.6 6.6 7.4 -0.4 1.3 1.7 35 2.8 15.3 12.8 1464 | 1546 | 106% 92%
336 | 21.2 21.6 21.8 -0.4 6.0 6.1 5.9 0.0 0.7 0.6 2.3 25 13.3 14.7 1320 | 1319 | 100% 98%
341 | 257 25.8 23.1 -0.1 2.8 2.8 2.7 0.0 1.0 11 1.9 2.1 7.6 8.5 913 1135 | 124% 98%
342 | 26.8 27.2 25.6 -0.4 4.4 4.0 4.4 0.2 1.0 1.3 1.8 2.2 11.4 10.6 903 892 99% 97%
343 | 31.0 31.2 29.6 -0.2 3.7 3.9 3.6 -0.1 0.6 0.6 2.6 2.8 10.4 10.7 835 781 94% 99%
344 2.3 2.1 2.1 0.2 6.7 6.6 6.5 0.2 0.4 0.2 2.5 2.3 13.0 11.6 1014 945 93% 110%
351 6.1 6.1 52 0.0 10.4 9.9 10.6 0.2 0.4 0.3 2.3 2.3 11.3 11.9 875 965 110%| 101%
35.2 34 3.7 2.3 -0.3 8.7 8.6 8.3 0.2 0.4 0.2 3.6 34 14.6 131 957 985 103% | 108%
3.6.1 | 0.16 0.43 0.21 -0.3 6.7 6.2 6.7 0.3 0.5 0.5 2.2 2.2 13.4 14.2 1225 | 1218 99% 99%
3.6.2a| 0.09 0.62 0.44 -0.5 4.9 4.7 4.7 0.1 0.5 0.6 2.2 2.1 14.7 12.9 1205 | 1186 98% 100%
Excluding Periods with P limitation (Periods 3.4.4, 3.5.1, 3.5.2, 3.6.1 & 3.6.2a)
Mean 26.6 26.5 25.8 0.0 49| 49 4.8 0.0 0.7 0.8 2.5 2.6 14.5 13.9 1811 | 1907 | 106% | 102%
SD 2.7 2.8 3.1 0.5 1.3 1.4 1.6 0.4 0.4 0.5 0.5 0.5 3.6 3.3 616 649 10% 10%
Periods with P limitation (Periods 3.4.4, 3.5.1, 3.5.2, 3.6.1 & 3.6.2a)
Mean 2.4 2.6 2.0 -0.2 7.5 7.2 7.3 0.2 0.4 0.4 2.6 2.5 134 12.7 1055 | 1060 | 101% | 104%
SD 25 2.3 2.0 0.2 2.1 2.0 2.2 0.04 0.1 0.2 0.6 0.5 1.4 1.0 154 131 6% 5%
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TABLE A2

Results for key variables, comparing IAWQ model predictions with observed data for test unit (R1) before manipulation of stoic
experimental periods

hiometry for individual

Period | Model Effluent phosphate Effluent nitrate Effluent Effluent Reactor Reactor VSS COD

stoich. ammonia TKN OUR (AE2) VSS (AE2) Bal.

Model | Obs. Obs. Diff Model |Obs. Obs. Diff Model Dbs. odel Qbs. Mepdel Ops. Model Obs. Obs/ Obs.
based based Model
SPO4 STF—‘ SP04 on STP SNOC’Z SNOEX SNOC’Z (AE2) on AVe. S NH4 SNH4 STKN CTKN OURt OURt XVSS XVSS

mol P/ | mgP/¢ | mgP/¢ | mgP/¢ | mgP/¢ | mgN/¢ | mgN/¢| mgN/¢ | mgN/¢ | mgN/¢ | mgN/¢ | mgN/¢ | mgN/¢ | mg/(¢-h) [ mg/(¢h) | mg/t mg/{ % %

mol Me
3.2.2 0.75| 245 251 23.2 -0.6 2.6 2.8 2.5 0.0 0.2 0.3 2.8 2.7 18.6 18.8 2616 | 3040 | 116%| 111%
3.23 0.75| 21.8 22.8 20.3 -1.0 5.9 7.6 7.6 -1.7 0.4 0.6 3.2 3.8 15.9 16.1 2336 | 2756 | 118%| 109%)
3.24 0.75| 209 22.7 20.3 -1.8 3.9 4.7 3.3 -0.1 0.7 1.1 21 2.3 14.1 15.8 2203 | 2422 | 110%| 111%
3.25 0.75| 21.7 24.1 225 -2.4 6.0 5.8 6.0 0.1 0.4 0.5 2.2 2.1 10.8 10.8 1528 | 2110 | 138%| 113%
3.2.7 0.75| 20.8 214 224 -0.6 4.5 4.8 51 -04 0.1 <0.1 2.0 2.2 14.1 10.8 2039 | 2095 | 103% 87%
3.2.84 0.75| 18.9 19.6 18.6 -0.7 35 4.4 3.8 -0.6 0.3 0.4 24 2.3 12.9 10.7 1942 | 2069 | 107% 84%
3.3.1b 1.0 23.6 21.6 20.3 2.0 6.4 6.8 6.5 -0.2 0.1 0.3 2.5 2.3 18.4 16.1 2286 | 2273 99% 112%
3.3.2 1.0 16.3 15.1 14.8 1.3 5.0 6.1 5.2 -0.6 0.9 15 2.5 2.3 17.8 14.9 2460 | 2357 96% 92%
3.33 1.0 231 23.8 22.9 -0.7 5.9 7.1 6.1 -0.7 0.9 1.2 2.9 3.1 21.2 14.5 2526 | 2437 96% 91%
334 1.0 16.0 18.9 18.4 -2.9 5.7 6.4 6.2 -0.6 1.3 1.7 2.7 3.4 16.3 21.9 1805 | 2009 | 111% 98%
3.35 1.0 15.4 16.0 15.6 -0.6 6.6 5.7 6.8 0.3 1.3 1.9 3.5 3.1 15.3 12.4 1464 | 1581 | 108% 91%
3.3.6 1.0 11.0 15.9 16.3 -4.9 6.0 4.7 4.9 1.2 0.7 0.6 2.3 2.6 13.3 11.8 1320 | 1510 | 114%| 102%)
341 0.75| 18.2 18.0 16.6 0.2 2.8 4.7 5.0 -2.0 1.0 0.8 1.9 2.2 7.6 9.3 913 1361 | 149%| 108%
3.4.2 0.75| 229 23.4 22.7 -0.5 4.4 4.0 4.4 0.2 1.0 1.3 1.8 2.2 11.4 10.6 903 892 99% 99%
3.4.3 0.75 | 22.2 22.4 21.3 -0.2 3.8 51 5.2 -1.3 0.6 0.5 2.6 3.0 10.7 9.0 835 901 108% | 104%
3.4.4 0.75 0.9 0.9 1.1 0.0 6.7 6.5 6.3 0.3 0.4 0.4 2.5 2.3 13.0 13.4 1014 939 93% 97%
351 0.75 3.0 3.9 3.1 -0.9 10.3 10.5 10.7 -0.3 0.4 0.2 2.3 2.3 11.3 12.3 875 974 111%| 108%
3.5.2 0.75 1.3 2.7 1.3 -1.4 8.6 8.9 8.3 0.0 0.4 0.3 35 3.7 14.6 13.7 957 1061 | 111% 98%
3.6.1 1.0 0.23 0.45 0.23 -0.2 6.7 7.1 7.2 -0.4 0.5 1.0 2.2 2.4 13.7 131 1226 | 1291 | 105% 99%
3.6.24 1.0 0.17 0.53 0.44 -04 4.8 5.3 5.4 -0.6 0.5 1.1 21 21 15.1 11.4 1205 | 1223 | 101% 95%

Excluding Periods with P limitation (Periods 3.4.4, 3.5.1, 3.5.2, 3.6.1 & 3.6.2a)
Mean 19.8 20.7 19.7 -0.9 49| 54 5.2 -0.4 0.7 0.9 25 2.6 14.6 13.6 1812 | 1988 | 112%| 101%
SD 3.8 3.3 2.9 1.7 1.3 1.3 1.4 0.8 04 0.5 0.5 0.5 3.6 3.7 617 627 15% 10%
Periods with P limitation (Periods 3.4.4, 3.5.1, 3.5.2, 3.6.1 & 3.6.2a)
Mean 1.1 2.0 1.2 -0.9 7.4 7.6 7.6 -0.2 0.4 0.6 25 2.6 13.5 12.8 1055 | 1098 | 104% 99%
SD 1.2 1.5 1.1 0.6 2.1 2.0 2.0 0.36 0.1 0.4 0.6 0.7 1.5 0.9 154 154 8% 5%
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TABLE A3

Results for key variables, comparing IAWQ model predictions with observed data for test Reactor (R1) after manipulation of sto
experimental periods

ichiometry for individual

Period | Model Effluent phosphate Effluent nitrate Effluent Effluent Reactor Reactor VSS COD

stoich. ammonia TKN OUR (AE2) VSS (AE2) Bal.

Model | Obs. Obs. Diff Model |Obs. Obs. Diff Model Dbs.  Model Qbs. Model Qbs. Mgdel Obs. Obs/ Obs.
based based Model
SP04 STP SPO4 on STP SNO3 SNO3 sNO3 (AE2) on AVe. S NH4 SNH4 STKN CTKN OURt OURt XVSS >(VSS

mol P/ | mgP/¢ | mgP/¢ | mgP/¢ | mgP/¢ | mgN/¢ | mgN/¢ | mgN/¢ | mgN/¢ | mgN/¢ | mgN/¢ | mgN/¢ | mgN/¢| mg/(¢-h)| mg/(¢:h)| mgl¢ mg/¢ % %

mol Me
3.2.2 0.75 | 245 251 23.2 -0.6 2.6 2.8 25 0.0 0.2 0.3 2.8 2.7 19.5 18.8 2392 | 3040 | 127%| 111%
3.23 0.6 225 | 228 20.3 -0.3 5.9 7.6 7.6 -1.7 0.4 0.6 3.2 3.8 16.0 16.1 2336 | 2756 | 118%| 109%
3.24 0.6 216 | 227 20.3 -1.1 3.9 4.7 3.3 -0.1 0.7 1.1 21 2.3 14.1 15.8 2203 | 2422 110%| 111%
3.25 0.6 23.1| 241 225 -1.0 6.0 5.8 6.0 0.1 0.4 0.5 2.2 2.1 10.8 10.8 1528 | 2110 | 138%| 113%
3.2.7 0.75| 20.8 21.4 22.4 -0.6 5.3 4.8 51 0.4 0.1 <0.1 2.0 2.2 14.1 10.8 2039 | 2095 | 103% 87%
3.28a| 0.75| 18.9 19.6 18.6 -0.7 35 4.4 3.8 -0.6 0.3 0.4 24 2.3 12.9 10.7 1942 | 2069 | 107% 84%
3.3.1b 1.0 23.6 21.6 20.3 2.0 6.4 6.8 6.5 -0.2 0.1 0.3 25 2.3 18.4 16.1 2286 | 2273 99% 112%
3.3.2 1.0 16.3 15.1 14.8 13 5.0 6.1 5.2 -0.6 0.9 15 25 2.3 17.8 14.9 2460 | 2357 96% 92%
3.33 1.0 23.1 23.8 229 -0.7 5.9 7.1 6.1 -0.7 0.9 1.2 2.9 3.1 21.2 14.5 2526 | 2437 96% 91%
3.34 0.60 18.1| 18.9 18.4 -0.8 5.7 6.4 6.2 -0.6 1.3 1.7 2.7 34 16.3 21.9 1805 | 2009 | 111% 98%
3.35 0.90 16.4| 16.0 15.6 0.4 6.6 5.7 6.8 0.3 1.3 1.9 3.5 3.1 15.3 12.4 1464 | 1581 | 108% 91%
3.36 0.60 15.0| 15.9 16.3 -0.9 6.0 4.7 4.9 1.2 0.7 0.6 2.3 2.6 13.3 11.8 1320 | 1510 | 114%| 102%
341 0.75| 18.2 18.0 16.6 0.2 2.8 4.7 5.0 -2.0 1.0 0.8 1.9 2.2 7.6 9.3 913 1361 | 149%| 108%
3.4.2 0.75 | 229 234 22.7 -0.5 4.4 4.0 4.4 0.2 1.0 1.3 1.8 2.2 11.4 10.6 903 892 99% 99%
3.4.3 0.75 | 22.2 224 21.3 -0.2 3.8 51 5.2 -1.3 0.6 0.5 2.6 3.0 10.7 9.0 835 901 108%| 104%
3.4.4 0.40 1.3 0.9 1.1 0.4 6.7 6.5 6.3 0.3 0.4 0.4 25 2.3 13.0 134 1014 939 93% 97%
351 0.40 4.2 3.9 3.1 0.3 10.3 10.5 10.7 -0.3 0.4 0.2 2.3 2.3 11.3 12.3 875 974 111%| 108%
3.5.2 0.40 1.9 2.7 1.3 -0.8 8.6 8.9 8.3 0.0 0.4 0.3 3.5 3.7 14.6 13.7 957 1061 | 111% 98%
3.6.1 0.60 0.15| 0.45 0.23 -0.3 6.7 7.1 7.2 -0.4 0.5 1.0 2.2 2.4 13.7 131 1226 | 1291 | 105% 99%
3.6.2a| 0.60 0.10| 0.53 0.44 -0.4 4.8 53 54 -0.6 0.5 1.1 21 2.1 15.1 11.4 1205 | 1223 | 101% 95%

Excluding Periods with P limitation (Periods 3.4.4, 3.5.1, 3.5.2, 3.6.1 & 3.6.2a)
Mean 18.1 18.3 17.5 -0.3 5.0/ 5.5 54 -0.4 0.6 0.9 25 2.6 14.6 13.4 1728 | 1902 111%| 100%
SD 7.3 7.4 7.0 0.8 1.3 1.3 1.4 0.8 0.4 0.5 0.5 0.5 3.5 3.5 592 635 15% 9%
Periods with P limitation (Periods 3.4.4, 3.5.1, 3.5.2, 3.6.1 & 3.6.2a)
Mean 15 2.0 1.2 -04 7.4 7.6 7.6 -0.2 0.4 0.6 25 2.6 13.5 12.8 1055 | 1098 | 104% 99%
SD 1.7 1.5 1.1 0.5 2.1 2.0 2.0 0.36 0.1 0.4 0.6 0.7 15 0.9 154 154 8% 5%




