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Abstract - Models can play an important role in the evalmatbf upgrading strategies for biological
nutrient removal. In this paper the calibratiof ASM2d to a pilot plant with an intetient
aerobic/anoxic reactor is discussed. The performedeling study was part of a retrofit study. Ansérg
plant, removing only COD and where phosphorus wesnical precipitated, had to be upgraded towarliis fu
biological nutrient removal. Emphasis was put o phactical aspects of calibrating ASM no 2d ediitly.
The calibration procedure was based on an 'exjpg@mnoach’ rather than on a system engineering agiproa
With only changing three parameters (reductiondiact analysis rates for PAOs and the decay rate fo
autotrophs), the model proved well capable of desqy the performance of the pilot plant. A secaed of
parameter adjustments was tested. Good resultsol&amed as well, but more parameters had to begdd.
New findings are that oxygen entering the treatnmamt via the influent has an important influermsethe
simulated phosphate effluent concentrations. [Eurtheactions occurring in the final clarifier effethe
effluent concentrations. This is indicated by tleeessity to introduce and assign a virtual voluomhé settler
where reaction can occur. Both factors are exhg important to focus attention to becatlsy are
different between a pilot plant and a full scalsteyn.

1. Introduction

Wastewater treatment plants built in thast were mainly designed for COD removalricter
environmental regulations necessitate the removahitbogen and phosphorus in the treatment plants.
Including biological nutrient removal in exigj wastewater treatment faciliies means gigasg
existing tanks for new purposes, redesigning tf@mv scheme of the plant and when necesshey t
installation of new tanks. The high number of read, the interaction between the different proessthe
very strict regulations and the limited space amé for upgrading or building new treatment plants
necessitates nowadays the application of modelsdémigning these facilities. An IAWQ task group
presented ASM2d for modelling nutrient remo¥al

The parameters in the ASM models are averaljeeyaften based on laboratory experiments perfdrme
under extreme conditions favoring particular preess These parameters can be very case specificeand
values should be assigned based on pilot and losdale data. Indeed, the quality of the predididepends
on the quality of the parameters of the model ahthe quality of the wastewater and plant charaaéon.

In the case of upgrading an installation, investingney in prior pilot scale experiments with diféfet
scenarios will result in better modelling resultsdamaximized design knowledge. A goad strategieupet

benefits the success of the calibration procedAltough it is often said that for the applicatiohdynamic
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processes, default values may be retained fortstoretry and most kinetic constants, it wié shown
in this paper that ASM2d has some shortcomwgich can be overcome by adjusting certain paensie
Other parameters will be shown to be process dheeimt dependent.

Wastewater characterization was performed udimg Dutch standards proposed by STOWA
Laboratory experiments were used to obtain a firdtcation of the fraction of PAOs, to differengat
between denitrifying and non-denitrifying PAOs atal have an idea of the denitrifying capacity of the
heterotrophs. In this paper the standard notatiehedl AWQ task group has been uged

2. Materialsand methods
2.1. Installation

The projects involve upgrading an existing pfan COD removal to a full biological nutrient rewal plant,
including biological nitrogen and phosphorus rentofgpilot plant was built and long-term pilot instigations
with different AS processes were carried. An iste@ measurement campaign was set up wehpilot
plant consisting of an anaerobic tank of % am aerobic/anoxic tank of 6>rand a settler of 3.5 influent
was taken from the WWTP after the grit chamberfaddat a constant flow rate of 12 m3/d to the pplaint
without primary settling'. The aerobic/anoxic tank was operated intermitemith a complete cycle of 5000
seconds of which 2000 seconds with aeration swdtcime The oxygen concentration was regulatednad) 1

02/ |. Excess sludge was taken from this tanktatmnitted intervals to set a sludge retention toh&4 days.

The return flow was set to 81.6 .

2.2. Measurement campaign

Three automatic samplers (AS900, Sigma) weratéal respectively at the entrance of the bioldgind, at
the end of the anaerobic compartment and at theeatf24h composite samples were taken during iager
of 48 days. Within that period, 2h composite sasphere collected for 48 hours. VFA determination
was performed only for these 2h samples. All samplere cooled at 4°C and transported to the |latworat
every day for analysis.

Influent samples were analyzed for COD, GABDD, BOD, SS, VSS, KjN, NN, NOs;-N, NO»-N, TP
and PQ-P. Samples of the effluent of the anaerobic taakevanalyzed for COD, CQLSS, VSS, K|N, KjN
NH4-N, NOs-N, NO,-N and TP. Within the biological reactors ammomidrate and dissolved oxygen were
monitored on-line. The effluent samples were aredyfor COD, CORQ BOD, SS, KjN, NH-N, NOs-N,
NO.-N, TP and PQP.

3. Sludge characterization

Two jacketed laboratory fermenters of 2 litersre used to perform batch tests to determine reidn
of phosphate removing organisms and the temucfactors for anoxic acetate uptake ambxa
phosphate uptake. The activated sludge used aka tirom the aerobic basin of the pilot instabliati
preferably one day prior to the batch experiments.

The values resulting from the experiments aeduas indication for increasing or decreasingdevant
parameters. The tests were performed at a cordtri@iaperature of 20°C and pH of Z@.1.
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Prior to the experiments phosphate is added tsltltge to allow for eventual aerobic phosphatekgt@ihen
the sludge is subjected to an anaerobic staitpe acetate feed, followed by an aerobic ooxamperiod.
To this end the mixed liquor is divided two equal amounts after the anaerobic peRbsphate,
ammonium, nitrate, VSS and MLSS are measured fatigw pre-set sampling program.

3.1 Influent characterizations

Since the IAWQ models (ASM1, ASM2, and ASM2d) wereblished, a variety of methods emerged to
characterize the different components of the waetienw This method is based on a physic-chemical
method to characterize the soluble and particufedetions, combined with a BOD-measurement for
characterizing the biodegradable fraction of thduent COD. In Table 1 the average measurement date
obtained during the measurement campaign are pessealong with their standard deviations (34
measurement points). In the last column the setjoétions needed for the influent characterizatiotording
to the STOWA guidelines are presented. Since fSMR&d no soluble inert production is included in the
model, i.e. § being the stoichiometric parameter for productdrs in the hydro analysis process is set to

zero, the proposed equation=3.9 CORux, Was replaced by;S COD.g;.

Table 1 Average measurement data and conversiarufas®

M easur ed value Conversion equationsfor model values
Influent measurement data
Average Stdv
COD 524.7 188.4 COD=S+S+S+X +Xg (givesX))
-_— 1 * l * e 1
BODs 203.4 76.1 BCOD = 5 1 S BOD, =S, + S + X, (giveXy)
BOD -e
CODx 221.6 109.8 COD; =S, +S¢ + S (givesSy)
VFA 16.5 6.7 S (givesSy)
K;-N 46.1 5.9 Sura = Ki=N - (ins1 *S) + inse *Sg + inx *X 1 + inxs *X's + inxeio *Xsi0)
TP 7.6 15 Sp0a= TP - (bsi*S + ipse*Sk + ipx) *X| + Ipxs *X s + ipxaio *X Bi0)
S\H4 31.1 55
Sno3 0
Spoa 4 0.8
Effluent measurement data
COD 38 4 S = COD (givess)

4. Simulation environment
For simulation purposes the software package Sinba (c), based on Matlab ad Simulink, was uséé. T

plant lay-out consists of one anaerobic tank, atermittent aerobic/anoxic tank and one settler. A

proportional controller was used to set the oxygamcentration at 1 mg#D/ . To acoount for the processes taking place

in the settler, a virtual anoxic reactor is impleteel in the return sudge line of the model of phant.
Indeed, during the passage through the settlelpdieal processes continue. These processes are not

accounted for in the model as it is when a stangaidt settler model is used.
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The virtual reactor has a volume axespodnhéorstee time of the sludge in the settler.cdloulate the
residence time of the sludge in the setierthg gebdy and the rem fow raie have besedi With a return flow rate
of 81.6 m3/d and a superficial area of 5 m?, theewfiow velocity equals 0.68 m/h. Considering average
settling velocity of 2 m/h, an overall velocity 868 m/h is obtained. This value was rounde@.5 m/h.
As the sludge enters the settler at approximdtalf/ its height, a residence time of the sludg¢he
settler of 15 minutes is obtained. A virtual reaatoth a volume resulting in such a residence tnas

implemented. The reactor volume was set at 0.95 m3.

5. Results
5.1 Sludge characterization
From the experiments an uptake rate of 54Rfg VSS/h was determined. For enhanced cultures o

PAOs a value of 55 mg P/g VSS/h is measifleihdicating that about 10% of the sludge poputatian be
considered to be PAOs. The ratio between acetdagkeipnder aerobic conditions and acetate uptakleru
anoxic conditions revealed a value of 0.40 for réduction factor. In ASM2d the default value Moz is
0.8. The experiment thus indicates that the nunobbetenitrifying heterotrophic bacteria is probalbyver
for this plant than the average assumed valua. the reduction factor for denitrification byAPs a
similar value was found.

5.2 Influent characterizations

The rate constant of the BOD tesgdk , measured by an external laboratory) resulteal walue of 0.38

d* for the 24 hour grab samples and a value of 0:28od the period in which 2 hour grab samples were
collected. Using these values, the influeohoentrations of the different fractions wetalculated.
However, the calculated values revealed high cdratons for the particulate inert fraction in the
influent X. The actual value of this component in treaction basins depends on the influent
concentration via Xreaction basin= X1 influent *SRT/HRT, supplemented with the formation of inérmt the
analysis process. Only taking the.¥ent gave a higher value than the observed total sledgeentration of
4.63 g COD/ . The estimation ogde has in practice proven to be difficult. At the satime this valuéas
a large influence on the fraction of inertthe sludge, and thereby on the total sludgeyatamh. It was
decided to start with a value of 0.23 dr kop, this value is used in the Netherlands as aerame value

when reliable measurements are lacking. In Tatble Bbtained influent composition is given.



Table 2Calculated influent concentration

Soz 4 g O/m X, 136.5 g COD/n?
S 167.1 & COD/m Xs 166.6 g COD/n?
Sa 16.5 g COD/m X1 0 g COD/n?
SNH4 313 g Nm X pao 0 g CoD/n?
Svos 0.0 g Nim X pp 0 g P/nt
Sp04 4.3 g P'm X pria 0 g COD/n?
S (from COD:fuen) 38 g COD/m X auT 0 g COD/n?
Sak 5.0 mol HCOy/m’ Xr1ss 227.3 g TSS/nt
S\ 0 g Nm SS 333.1 g/m’

X1ss= itssxi *X| + itssxs*X s Hitssxeio *X o @s suggested as default in ASM2d.
SS = X + Xs+ Xy + Xpao + XauT, based on a COD/VSS ratio of 1.33 and a VSS/3& a&0.75 as observed for the plant.

5.3 Calibration procedures

Stel: Using the default parameters of ASM2d

The calibration procedure was started gusine default values of ASM2d and using théluent

concentrations as given in Table 3. With the stahd@aop value of 0.23 d reasonably good match
between simulated and measured total solids comtem was obtained. The concentrations fbe t
soluble components, however, did not corresponidfaetorily. In Table 3 the effluent concentratioas
measured during an extensive measurement campeggsuanmarized. In Table 4 the simulated effluent
concentrations are given. It can be seen framsehables that ammonium is far too high andateit and
phosphate are too low if ASM2d default values aedu

Table 3 Effluent measurement data during extensigasurement

Component Average Stdv Unit
BOD 7 1 g BOD/n?
coD 51 9 g coD/nt
CoD 38 4 g coD/n?
SS 18 9 g /m°
TKN 3.97 2 g N/m?
NH, 1.79 2 g N/m?
NO; 4.13 3 g N/m?
PO, 2.23 1 g P/nd

Table 4 Summary of calibration results using ASM2dhault values

SNH, (mg N/ ) SNC; (mg N/ ) SPO, (mg N/ )
low ok high low ok high low ok high
12.9¢ |0.6: 1.14

Step 2: Determining a set of parameters subgecalibration
A range of parameters which are unknown ontpdpecific can be proposed a priori. Thpagameters
are the most logical to change in the calibratimtedure.
The reduction factors for anoxic acetate and phatgpluptake {unos and nenog are considered to be

plant and influent dependent. The experimentalliainied values were used as an indication, not astex
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values since the experimental conditions inl#ke might have been somewhat different than inrde
plant. In the activated sludge models cell anslys incorporated. This analysis is modelledhstiat it
leads to generation of particulate substrate, wiigha hydro analysis process is converted intoldelu
substrate. The substrate is then convertecbittnass again by growth processes. Aside hehethis
proposed mechanism is correct or not, a gdescription of the activated sludge processobtained
[, Analysis of heterotrophic bacteria leads to resterotrophic bacteria using this “death-regenemati
concept”. In ASM2d, however, analysis of autotiopaind phosphorus removing bacteria also leadketo
creation of new heterotrophic biomass, instefchew respectively autotrophic and phosphomsioving
bacteria. Pure and enriched culture experimengsl i3 determine the analysis rates of PAOs andiestr
(bpao: bep beua and hyt), will give different values as those which wilhve to be used in the model of the
pilot plant. The value proposed BYor by calculated from a maintenance coefficient is indieseer than
suggested for ASM2d.

As such the rates for analysis of autotrophic ahdsphorus removing bacteria are considered to be

subject to changes during calibration procedures.

In the model, the hydro analysis process israss to be carried out by heterotrophic bactermvéver,
the exact mechanisms are totally unknown. Somtg heterotrophic bacteria are considered in ASM&d

hydro analysis rate can be adjusted by changingdghknown parameters fQinos andnye.

Oxygen concentration gradients in the reacthre to non homogeneous mixing will affect theralre
observed conversions in the anaerobic and anceacters. Floc internal oxygen gradients will also
influence the process in the aerobic and anoxicpestments. These effects are compensated fdneoy t
‘affinity’ and 'inhibition' constants for oxygenhi¥ means that the parametergnés and Kyoz are process
dependent and influenced by the type of flocs falraad the mixing intensity in the system. When latpi
plant is compared to a full scale possibleanges in these affinity constants haveefoes to be
envisaged. The calibration was thus started tathegfollowing parameters into accoumtinos, Nfe, NHNO3,
Nenoa brao, ber beua and iyt (reduced set). A second calibration sequel was dworporating Knos and
Knoz (full set).

Step 3: Parameter adjustments

The calibration procedure is started ljusting the nitrification kinetics to decreashe ammonia
concentration. This can be achieved by decreadmeg decay rate for nitrifiers fgr). Lowering the
saturation coefficient for oxygen (&,) will also decrease the ammonia concentratiatnvals found that
adjusting the nitrification kinetics had little imgt on the concentrations for nitrate and phosphate

The next step in the calibration procedure @8 of adjusting the denitrification kinetic pareters.
Decreasing the saturation/inhibition coefficient futrate (Kinos) IS one way of decreasing the nitrate
concentration. In ASM2d denitrification cdme performed by heterotrophic as well as sphorus
removing bacteria. So, reducing denitrification, ve@s necessary in this case, can also be obtamed

lowering the available COD amount. This was aattieby decreasing the hydro analysis rate. However,
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decreasing the available COD also has an impat¢h@mphosphate removal capacity of the plant. Adsuc
starting with adjusting denitrification, neces®tatthe simultaneous adjustment of the parametars fo
phosphorus removal. Where initially the effluentopphate concentration was too low, this shiftedlevhi
adjusting for the effluent nitrate concentration.

To increase the effluent nitrate concentrati@reduction factor for Denitrification n {3 was decreased
and hydro analysis was lowered by decreasing thection factors for hydro analysig.(os, Nre)-

Finally, to increase phosphorus removal, thesrdor analysis of ¥ao, Xpp and Xepa (brao, bep and
bpua) Were decreased. From own experimental evideneeast found indeed that the reduction factor for
anoxic activity of the PAOs should be lowered. Madue was changed in approximately the samg as
the other reduction parameters in the model.

In Table 5 and Table 6 the initial and finargraeters are given along with the resultieifuent

concentrations for both calibration exercises.

Table 5 Effluent prediction by the calibrated model

SNH, (mg N/ ) SNGO; (mg N/ ) SPQ, (mg N/ )

low ok high low ok high low ok high
full se 1.82 4.18 2.09
reduced set 1.67 4.20 2.16

Model based upgrading for nutrient removal: Modddlistudy — Efficiently calibrating ASM2d

Table 6 Summary of calibration parameters

| (nos |t I [beso ' bep e b Khnos Knoz
(d?) (d?) (d?) (d?) (GN m°) | (9O, m?)
IASM 2d 0.60 0.40 0.80 0.60 0.20 0.20 0.20 0.15 0.5 0.5
full set 0.25 0.15 0.20 0.20 0.03 0.03 0.03 0.1175 0.2 0.2
reduced set 0.25 0.15 0.26 0.20 0.069 0.069 0.069 0.065 IASM2d IASM2d

! the temperature dependence of these parametsug@ssted in ASM2d is not changed, only the constan

Calibration efforts should preferable resultas few parameters to be changed as possibieedn
changing many parameters will probably always lea@ set of values giving satisfactory resulsr
interpretation reasons and to facilitate the comsparbetween results of different authors, a seteset of
parameter adjustments is to be preferred. At she reduced set of parameters was chosen éor th
model to be used in testing upgrading scenariosFigure 1 the dynamic concentration profilasthe

intermittent reactor and for the effluent are shdanthis set of parameters.
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Figure 1Dynamic concentration profiles in the anoxic/aerobiactor and in the influent

6. Discussion

The number of paragter: involved in the ASM2d alonwith its non-linear character causkentification
problems if a straightferard systems engineering approashused with a reasonable and ceiétctive
measuring campaign.oF ASM1 with its lower number ofeactions taken into account, mamythors
have investigated throbhigsensitivity analysis which paratees are the most sensitive. Indeedher a
parameter is known tbe very difficult to assess througbxperimental procedure, investirigne and
money to obtain moreeliable values for it is rather seasss when its value has little impaan the
simulation results.

From theoretical seitivity analyses ¥, by, Ya, and R often are reported along withy jand ng

(phosphorus removal i1soi taken into account in ASM1, guarémeters connected to theseaagon: are
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not encounteredy’. Calibration efforts using data from real wastewateatment plants revealed somewhat
different results, meaning that the yield coefintieloes not appear to be as important, hytpyy and Ks
remain to be importarit®. It should, however, be remembered that the @egfesensitivity is system
specific.

The heuristic calibration method used in thisdg reveals differences compared to the above iored
results. It was decided from the beginning to asé&nowledge based' approach rather than ak'btex’
approach as e.g. in most parameter sensitivityiedt®dl It was decided e.g. not to change Y and peslu
considering these values as properly known.limited set of parameters to be adjusted obtain
satisfactory simulations results was founds linclear why in this treatment plant the redurcfiactors are
relatively low. It could be that this was duedomme operational conditions, like a relatively hagtygen
input in the anaerobic reactor, or a direct feedifiginaerobic effluent in the aerobic reactér All other
parameter changes are in accordance with pripergrental evidence or understanding of the mbdel

6.1 Importance of reactionsin settler

Simulations were performed to evaluate theugrice of an increased residence time in the setitethis
end the size of the virtual anoxic basin was ingedafrom 0 to 1.75 m3. From Table 7it can be sbkanhthe
size of this reactor indeed has an important impacthe overall result$”. Due to the increased size of the
reactor fewer nitrates is returned to the inlethef anaerobic reactor, leaving more COD availabiettie
phosphorus removing bacterfd. Hence, an increased phosphorus removal capacitbtained. The
effluent nitrate concentration decreased as wall. firther calibration purposes, measurement deast
nitrate in the return flows could be consideredisT an important factor when pilot plant data ased for
evaluating the full scale operatiBf.

Table 7Dynamic concentration profiles in the antaecobic reactor and in the influent

SNH, (mg N/ ) SNO; (mg N/ ) SPQ (mg N/ )

low ok high low ok high low ok high
Refetence (Vol = 0.95m?) 1.67 4.2C 2.1€
\Volume =0 mé 1.48 5.29 4.68
\Volume = 0.5: n?® 1.57 4.58 3.19
\Volume = 1.75 m3 1.96 3.58 0.81




6.2 Oxygen entering the plant via the influent
During calibration the importance of oxygen entgrihe plant was noticédf”. Initially it was suggested
that no oxygen entered the plant. This working lilgpsis was checked in practice and turned out to be

invalid: influent concentrations were on averagendg O/ /

This higher oxygen level is due to the aeratation of the influent screw pumps and an aergtéd
chamber®. In Table 8 the simulation results are given whiéferent inlet oxygen concentrations are
considered. From the results it is shown that phosp removal increases with decreasing influegger
91 |t is clear that the effect is of such import@nbat a good measurement of this value is required

model calibration campaign. Therefore it needse®@waluated when predictions for the full scaleplae
made'??.

Table 8 Influence of influent oxygen

SNH, (mg N/ ) SNC; (mg N/ ) SPO, (mg N/ )
low ok high low ok high low ok high
Reference (O, = 4mg/ ) 1.67 4.20 2.16
Inlet oxygen = 3 mg/ 1.68 4.14 1.96
Inlet oxygen = 2 mg/ 1.70 4.08 1.75
Inlet oxygen =1 mao/ 1.71 4.02 1.55
Inlet oxygen = 0 mg/ 1.73 3.96 1.37

In Figure 2 and Figure 3 the influence of iefit oxygen and of the virtual anoxic reactor size o
the effluent concentrations are shown. Whereasmtheence of the size of the virtual reactor ispontant
on NH;, NO; as well as PQ the influence of oxygen penetrating the system thie influent is only
noticeable on the effluent R@oncentration.
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7. Conclusions

It was shown that based on understanding of ntuglel, parameter changed could be
proposed leading to a limited set of adjustmentes®ary in the calibration procedure, allowing
a relative quick calibratioR®. There are several aspects of importance whermodel of a
pilot plant is used for predicting the full scabehavior. These were in this study: (i) oxyge
entering the treatment plant via the influent (@xctions occurring in the final clarifier, which
may be accounted for by e.g. a virtual settler carmpent (iii) mixing intensities which might
affect the values of the affinity/inhibition consta for oxygen.

Finally it could be that the relatively low redwsti factor for anoxic reactions is due to
anomalies introduced by the pilot plant set-up.(eetative large oxygen diffusion through the
air/water interface in the anoxic phase). In gendrigher reduction factors are found for full

scale application$Y.
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