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ABSTRACT

An attempt was made to calibrate a steady stateated sludge model
(ASM2d) for the biological nutrient removal process the Gold bar
wastewater treatment plant. This calibrated modeldcbe used on a regular
basis to test various operational strategies aedigr effluent quality under
different scenario. To achieve this historic datanf the plant database was
collected based on 24 composite samples. A trial arror method of
wastewater characterization of the primary effluemas attempted using the
influent advisor module of the GPS-[X] software.nSiéivity analysis of
kinetic parameters was carried out and the mostitapt ones identified were
calibrated (default values were modified) basediterature. After calibration
it was observed that the model was overestimatirey doncentrations of
carbonaceous biological oxygen demand, total swgmensolids and
orthophosphate in the effluent, compared to thaeahastalue measured at the
plant. Similarly the effluent ammonia concentratiwas underestimated for
most days along with the nitrate and nitrite com@dion. This clearly
indicated the need for a more accurate calibrdtimsed on experimental data

to improve prediction capabilities and the relidpibf the model.
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CHAPTER 1

INTRODUCTION

Goldbar wastewater treatment plant (GBWWTP) wasnegein 1956 as

Canada’s largest activated sludge treatment ptatreait domestic waste. It is
located along the southwest shore of the North @ekkwan River. Presently
the plant serves a population of 700,000 and haratleaverage daily flow of
340 ML/D and a peak daily flow of 550 ML/D. Apprawately 95% of sewer

flow from Edmonton is treated by GBWWTP.

There were two major expansions at the plant duatey 1960's and early
1980’s to increase their treatment capacity. In6188condary aeration tanks
were converted to bioreactors for nutrient remalahg with the installation
of two new bioreactors and secondary clarifiers. 2004 an additional
bioreactor and secondary clarifier was installed e plant presently has 11
bioreactors and secondary clarifiers numbered ftahrough 11. In 1998 U-V
disinfection facility was also added for tertiargvél treatment. In 2006
enhanced primary treatment was introduced to imptoratment during peak
flow. The plant is currently owned by the city adfaonton.

Wastewater entering the plant passes though vatreatment stages before
being discharged into the North Saskatchewan RiMee various treatment
stages include:

1) Pre-treatment: Raw effluent first enters aergetdchambers. There are 7



grit chambers currently installed at the planttHa grit chambers because of
aeration, grit and other coarse material settlelevttie organics remain in
suspension. Settled grit is removed using screwemsugrhe effluent then
passes through bar screens. Materials trappeceibdah screens are removed
using raker bars and are disposed along with tihhéngandfills.

2) Primary treatment: After passing though mechanscreens, the effluent
enters rectangular primary settling tanks/ primargrifiers. There are
currently 8 primary clarifiers installed at the mlaDense solids settle under
the influence of gravity in these large tanks drallighter particles rise up and
float on the surface forming scum. Mechanical soeap operate at a slow
speed of 2ft/ min (0.01 m/sec) gently scrappinglodf settled sludge and scum.
The sludge and scum are pumped to anaerobic digeB@lowing anaerobic
digestion, sludge is thickened in lagoons and thesd as fertilizer. Around
55% of total suspended solids (TSS) and 45% obhgioal oxygen demand is
removed during this stage of treatment. The effiderm the primary clarifier
is referred to as the primary effluent and entemselactors for secondary
treatment.

3) Secondary treatment: Primary effluent is distiéldl among the 11
bioreactors. Each bioreactor is divided in to 4apiar passes. The dimensions
of each pass are as shown in Table 1.A, Appendbh&.BNR configuration
operated at goldbar for nitrogen removal is sirgjlelge preanoxic (shown in

Figure 1).
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FIGURE 1: BNR configuration at GBWWTP.

Pass I: Pass | is divided in to three distinct spseparated by baffles. Three

zones in this pass are:

a) Pre-anoxic: Primary effluent enters this zone alomigh the return
activated sludge (RAS) from the secondary clarifiéris zone is devoid of
free oxygen. The only sources of oxygen for theraganisms growing
in this zone are the nitrates from the RAS and anmeffluent. In this
zone biological conversion of nitrates and nitrites nitrogen gas
(denitrification) occurs. Effluent from this zonaters the anaerobic zone.
RAS flow is maintained at 100% the influent flomtea RAS (sludge
settled in the secondary clarifier) is rich in biss and helps to maintain
the microbial community for BNR process.

b) Anaerobic zone: The effluent stream stripped offatés and nitrites

(inhibitors in this zone) enters the anaerobic zdiere the phosphorus



accumulating organisms (PAO) uptake volatile fattyds (supplemented
externally from fermenter) and store them as pglgrbxy-butarate.
Energy requirement for this step comes from therdiydis of stored
polyphosphate (in aerobic zone).

c) Anoxic zone: Effluent from the anaerobic zone alaritp the recycle from
the aerobic zone (end of pass IV), called the materecycle (IR) enters
this zone. The IR stream is rich in nitrates antlites. Similar to the
pre-anoxic zone denitrification occurs. IR flownmintained as 2-3 times
the influent flow rate.

Pass I, Il and IV: The final three passes arebierzones where two major

processes take place. One of them is the grow®A@fs and their uptake of

phosphorous as polyphosphates. The second majoegzas the growth
autotrophic organisms for the conversion of ammaaiaitrates and nitrites

(nitrification). The hydraulic retention time atettaerobic zone is maximum,

for the slow growing autotrophs and PAOs.

The BNR process configuration at GBWWTP is such thast of the CBOD

is removed in the anoxic zone so as to reduce ¥ygem demand in the

aerobic zone. This saves cost and energy.

Effluent from the BNR (end of pass IV) enters tlwbsequent clarifier. Here

the biomass is separated from the treated effl @86 of the settled sludge is

recycled back to the pre-anoxic zone and 10% ideslass waste activated

sludge (WAS). The WAS is pumped in to anaerobicesligrs. The effluent



from the clarifier enters U-V disinfection facilitypefore being finally

discharged into the river (Molla, 2008).

1.1 OBJECTIVE AND SCOPE OF PROJECT

The scope of this project was to evaluate the @isestoric data available in
the Gold Bar WWTP archives and information avagali the literature to
calibrate the ASM2d steady state model. The go#hisfwork was to identify
data needs for the calibration of the ASM2d modael to catalogue parameter

estimation methods.



CHAPTER 2

20LITRATUTE REVIEW

21 NEED FOR WASTEWATER TREATMENT PLANT

Wastewater is generated from both industrial anchesktic activities.Fresh
water is often used for various domestic and irmhlsactivities and the used
water (wastewater) is discharged into water bodiesorder to protect the
aguatic bodies from water pollution the waste sirdws to be treated before
being discharged. So the basic need for a wastewa@ment plant is to
achieve a simple goal- protect nature’s resourndsnigaintain a balance in the
ecosystem (USDE 1997).

Depending upon the source of wastewater the pHysind chemical
characteristics vary greatlin general physical composition of wastewater is
0.1% solids and 99% water content. Of this abo@b 8)suspended solids and
70% dissolved solids. Chemically wastewater cossi$torganic compounds
like proteins, fats, lipids, oil, phenols, carbohgigs and inorganic compounds
like heavy metals, nutrients like nitrogen and gihasus, sulphur compounds,
chlorinated compounds, alkalinity, toxic compourgls. Of these around
80-90% of the inorganic is dissolved and 55-60%heforganics are dissolved.
Gases in wastewater include: hydrogen sulphidehamet oxygen, carbon
dioxide, and nitrogen. Biological composition ind&s microbes like bacteria,

fungi, algae and protozoa. The coliform group ajamisms are used as an



indicator of pathogenic organisms. Materials ofnpland animal origin are
also common.htp://www.atl.ec.gc.ca/epb/issues/wstewtr.html)

Factors like increasing awareness and consequeaicester pollution,
increasing demand for high water quality, diminmghiwater resources in
contrast to increasing demand from rapid populagioowth and industrial
development have resulted in the implementatiorstahgent regulations,

imposed by agencies on effluent quality (Tabrizlet2004).

2.2PROCESSESIN A WASTEWATER TREATMENT PLANT

A typical wastewater treatment plant generallgtams primary, secondary
and an optional tertiary treatment stages. Prinséage is mainly to remove
coarse suspended solids from the influent raw strézar screens/ bar racks
followed by grit chambers are employed for phys®aieening purposes. In
case of enhanced primary treatment this is folloWwgdhemical coagulation
and flocculation to further remove fine solids frdire waste stream. This
treated water is referred to as primary effluere)(F-ollowing the primary
treatment the PE enters the biological treatmeagestwhere fixed or
suspended cultures of microorganisms utilize tloelégradable organics and
nutrients present in the PE for their growth andntemance. This is referred
to as the biological nutrient removal process. Téféuent then enters
secondary clarifiers where the flocs are alloweddtile and the final effluent

is either directly discharged or enters a tertiaeatment stage depending on



the effluent regulations. Disinfection using UV,ooe or chemicals like

chlorine is common treatment options in the teyteiage.

2.3BIOLOGICAL NUTRIENT REMOVAL

Presence of nutrients in waste stream poses disposislems. Phosphorus
and nitrogen are the major nutrients responsibialfgal growth in most of the
receiving streams. If wastewater is dischargedeatdd, eutrophication is a
major problem. Eutrophication refers to excessikx@mh of algae and other
aqguatic plants which in turn prevents sunlight pext®n into water body and
depletes oxygen in the lower layers. As a resuliatiq habitat is disturbed.
Also the stream can no longer be used for domdsicause of odour
problems), industrial or agricultural purposes (dare et al., 2007).

Use of Activated sludge process began as earliQa® for biological
removal of organic carbon. It was based on thecppie of allowing the waste
stream enter an aeration tank containing a suspengimicroorganisms for a
stipulated time period. Microorganisms use the wigaarbon present in the
waste stream as a substrate for growth and theéedrezffluent is sent to
clarifier where the flocs settle down and the fieffluent (treated waste) is
discharged. The settled sludge is recycled bacthéoaeration tank and is
called activated sludge. This is typically a singtage process. In case of
two-stage process, two activated sludge plantsabgpeén series. Sludge from

the second plant is recycled to the first. Thigaserally used when the PE has



high concentrations of toxic substances and sldvwdygegradable organics.

(Jordening et al., 2005).

23.1NITROGEN REMOVAL:

Nitrogen is a major nutrient that has to be alnmmmstpletely removed for
water reuse and to meet stringent effluent regudatfor preventing problems
like eutrophication and ammonia toxicity in the e®ing bodies. Main
sources of nitrogen include rainfall, runoffs fragricultural land (fertilizers),
industrial and domestic waste, animal manure &eeyes, 1972\itrogen is
present in wastewater in various reduced forms agalrea, amino acids, urea,
proteins, and ammonia. Nitrates and nitrites areegdly present in negligible
concentrations. Most of the organic nitrogen preserthe waste stream is
converted to ammonia by a process referred to amcgmfication. Various
mechanisms that result in the liberation of ammanigdudes: hydrolytic,
oxidative, reductive and desaturative deaminaiidordening et al., 2005).
There are different methods of nitrogen removak Tdmmonly used ones are
air stripping, ion exchange and biological nitrogemoval. Other processes
include electrochemical treatment, demineralizatielectrodialysis, reverse
osmosis, and distillation), breakpoint chlorinati@gae harvesting and land
application.

All compounds of nitrogen are easily soluble in evatSo chemical

precipitation followed by sedimentation and floatidn is not applicable for



removal of nitrogen from wastewater. (Jordeninglet2005).

Air Stripping: Ammonium ions exist in equilibrium with ammonianca
hydrogen ions hydroxyl ions of water at neutral fiHthe presence of air and
when the pH is elevated to 10, around 85% of amumonis converted to
ammonia liberated as gas. Generally air strippgngarried out in packed tray
towers equipped with air blower. In wastewater atb®0% of nitrogen is
present as total ammonia (ammonium ion and ammami@pmpounds that
can be converted to total ammonia. The optimum @tsfripping was found
to be 11 (Reeves, 1972).

This method was well suited for industrial wastethwhigh ammonia
concentration. But in case of domestic waste becanfslow levels of
ammonia this method did not provide satisfactorflueht quality. Other
disadvantages of the method include high solubiityammonia in water
making the process difficult, high aeration reguiemt making the process
expensive, and poor cold weather performance agiitf of ammonia in
water increases with decrease in temperature (ReeM@2 and Cooper,
1994).
lon Exchange: In the ion exchange unit process an ion exchangterial is
placed in a bed and the waste is passed througtoitdemineralization of
ground water or final effluent after nitrificationitrate ions are removed using
an anion exchange resin bed and ammonium usingjandazed. Once all the

ions in the bed are replaced, and the bed is eidtdusis regenerated using a

10



regeneration solution containing the anion or thatioo. The main
disadvantages of the method include complexityhefrhethod, fouling of the
bed because of dissolved organics in the wastarstrAlso the regenerant has
to be treated prior to disposal. This method isocadgoption for tertiary
treatment. (Reeves, 1972 and Cooper, 1994)

Biological Nitrogen Removal: Microorganisms are capable of biologically
transforming ammonia nitrogen to nitrogen gas bywa-step process of
nitrification and denitrification. It is estimatetat for the synthesis of 1g of
bacterial biomass, approximately 0.08 g of ammaiitiagen is required. The
remaining ammonia that is not incorporated into ¢bls is transformed into
molecular nitrogen and removed from the waste stre@ordening et al.,
2005).

Nitrification:

Ammonia nitrogen present in wastewater is firstwasted to nitrite and then
into nitrates by the process the process of raaifon (Cooper, 1994).
Nitrification is generally carried out by a groupaerobic organisms referred
as autotrophic nitrifiers. The first step in thgsthe conversion of ammonia
nitrogen to nitrite.

NH; 2 NO, + 2H" + H,0

Organisms that are capable of catalyzing this r@aetre:Nitros
Nitrosolobus sp, Nitrosospira sp, andNitrosovibrio sp.

The second step is the conversion of nitritesit@tes byNitrobacter sp,

11



Nitrococcus sp and\itrospira sp.

NO,2+0.5 Q> NO3~

Step two occurs at a faster rate. So the conceriraf nitrites is generally
very low.

Nitrification is an energy-yielding step for the tamophic growth of the
nitrifiers.

Heterotrophic organisms are also capable of rgaifon. Some of the
organisms includeArthobacter sp, Flavobacterium sp, andThiosphaera sp. In
contrast to the autotrophs they are capable otia only nitrogen containing
organic compounds or require an organic substatgrowth. (Jordening et
al., 2005).

The growth rate of autotrophs is much lower tham gnowth rate of the
heterotrophs and thus there is tendency for therbiebphs to out-compete the
autotrophs and inhibit the nitrification processs@\the pH during nitrification
fluctuates, becomes alkaline due to £&£Gnsumption and acidic due to nitric
acid production. In the absence of proper bufferingrification maybe
inhibited (Jordening et al., 2005).

Denitrification

Denitrification is the process by which nitraterogen is removed from
wastewater under anoxic conditions. Denitrifyingctiesia are heterotrophic
organisms that require a carbon source as an @bedtmor. They are capable

of utilizing nitrates as terminal electron acceptartheir growth. Since there

12



is no free oxygen, and only chemically bound oxyupetihe form of nitrates is
available for respiration it is referred to anogiowth. Nitrates produced in
the nitrification stage are reduced to nitriteddeted by the conversion of
nitrites to nitrous oxide and nitrogen gas, whishremoved from the system
and returned to the atmosphere.

Facultative heterotrophic bacteria require suffitibiodegradable source
of carbon for growth. Waste stream is seldom dewdittee oxygen. So it is
important sufficient carbon source should be sw@gplintil it is respired and
anoxic condition is achieved. This can be ensuidtereby supplementing
sufficient amount of carbon source externally ordmsuring that the waste
stream enters the anoxic zone of the reactor(fEsbper, 1994 and Jordening
et al., 2005).

Another mechanism for ammonia oxidation is the gwldie process
referred as “Anammox” process. In this case a gafughemolithoautotrophic
bacteria carries out the combined oxidation of amono and nitrite directly
to dinitrogen gas under anaerobic conditions. Th&iitable for waste streams
with high ammonia and low carbon concentrationsn#&or disadvantage of
this method is that the chemolithoautotrophs gramy\slowly so it takes a
long time for the process start, especially aftexakdowns (Taylor et al.,

2006).

13



2.3.2 PROCESS CONFIGURATIONS:

The following is a summary of information (of vau® process configurations

available for biological nitrogen removal) availabh Tchobanoglous et al.,

(2003).

1)

2)

Ludzac- Ettinger and modified Ludzac- Ettinger: This is a preanoxic
configuration introduced as early as 1962. In ttase the waste stream
first enters the anoxic zone followed by the aerobbone. The nitrate
produced in the aerobic zone is recycled via RA&kato the anoxic
zone. Denitrification greatly depends on the RA8ycke ratio. So this
process was modified later in the 1970’s by intmdg an IR that enters
the anoxic zone directly from the aerobic zone. irternal recycle ratio
typically ranges from 2 to 4 and an effluent ngrabncentration of 4-7
mg/L can be achieved.

Step-feed Denitrification: In the step-feed denitrification configuration
there are two to three Preanoxic/denitrificatiomes The RAS from the
secondary clarifier is allowed to enter the finsbaic zone. Influent stream
is distributed into each of the anoxic units. IRnfr each aerobic zone
enters the preceding anoxic zone for denitrifigatié typical influent flow
splitting in case of a 4-pass system is 15:35:30FRfw into the final pass
is very critical as it determines the final nitratencentration in the

effluent.

14



3) Bio-denitro: The Bio-denitro process was developed in Dennzartt a
final effluent concentration as low as 8 mg/L washiaved. In this
configuration at least two oxidation ditches operat series. However the
sequence and operation of the ditches as anoxicaarmbic zones are
varied. Mixers are provided to ensure only miximgl &o aeration in case
of anoxic conditions.

4) Nitrox: Effluent nitrate nitrogen concentration less th&nmg/L and
ammonia nitrogen concentration as low as 1.0 torigh. can be achieved
using the Nitrox process. Unlike Bio-denitro a $engxidation ditch is
operated under alternatively aerobic and anoxiditimms by turning off
aeration once nitrates are generated under aeguiditions. Usually
aeration is turned off twice a day.

5) Postanoxic single-sludge: In a postanoxicsingle sludge system the
influent stream enters the aerobic zone first drgh tthe anoxic zone for
denitrification. In order to achieve high nitrogeemoval efficiency
detention time has to be longer in the anoxic tank.

Preanoxic single sludge systems also exist. The difference is that the
influent stream enters the anoxic zone first.

6) Bardenpho (4-stage): Bardenpho configuration was developed in South
Africa. It incorporates both pre and post-anoxiaitidication. It consists
of alternating anoxic and aerobic tanks with thituent entering the first

anoxic tank. The IR from the second tank (aeroaic) the RAS from the
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7)

8)

clarifier enters the first anoxic tank. The effluérom the second aerobic
tank enters the following anoxic and aerobic taakd finally into the
clarifier. Because of lack of readily biodegradabégbonaceous material
in the second anoxic zone denitrification rateois.ISo a carbon source is
supplemented externally.

Oxidation Ditch: Different variations in an oxidation ditch can beated
depending on the dissolved oxygen concentrationgalbe ditch. Both
aerobic and anoxic zones can exist in a singlddiitches with suitable
volume and length have also been designed for &esrof nitrification
and denitrification under low dissolved oxygen camication (below 0.5
mg/L). Typical example is the Sym-Bi% process.

Orbal™: In this process three channels operate in séftes dissolved
oxygen in the first channel varies from 0-0.3 md#ius creating three
distinct zones: aerobic, anoxic and anaerobic zaméise channel. In the
subsequent channels the DO concentration incréasad).5-1.5 mg/L in
the second channel to 2-3 mg/L in the third chanfie¢ IR and RAS from

the third channel and the clarifier respectivehtee channel 1.

2.3.3PHOSPHORUSREMOVAL:

Various technologies were introduced as early2s’s for the removal of

phosphorus from wastewater because of increasirigcgueutrophication of

the receiving streams. Different strategies includeemical precipitation,
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magnetic phosphorus removal and biological phosghemoval

Chemical Precipitation: Divalent or trivalent metal salts like ferrougfric
chlorides or sulphates, aluminium sulphates arenconfy used to precipitate
phosphorus as metal phosphates. Lime was also Hseeever it produced a
highly alkaline effluent. Anionic polymers were adtto aid solids separation.
Chemical precipitation could be applied to varicstages of wastewater
treatment, making it a very versatile process. duld be applied before
primary clarification or during the activated sledgrocess to remove
phosphorus in secondary clarifiers. The sludge edhist then used as fertilizer
(Cooper, 1994 and Morse et al., 1997).

A metal to phosphorus ratio of 1:1 has to be maieth to avoid
competition from other ionic constituents in thesteastream, and achieve
effective phosphorus precipitation. This ratio isoaimportant to coagulate
suspended solids and colloids. Although aeratiost end secondary sludge
produced is reduced, expenses of chemical usageasswtiated primary
sludge produced are high. Also, this process capnetipitate organically
bound phosphates (Cooper, 1994).

Magnetic Phosphorus Removal: This process is relatively new and has been
used for the last ten years. This process has imestly used in the tertiary
stages of water treatment. In this case phosphisrigst precipitated as
metal phosphates as in case of chemical precimitaiflagnetite is then added

to induce magnetic properties to the precipitai@ydétectrolyte is added to
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enhance attachment of magnetite to the precipitates mixture is then
passed through a large magnet where the precipgatemoved. Magnet is
then cleansed by backwashing and the precipitatisgosed (Cooper, 1994
and Morse et al 1997).

Biological Phosphorus Removal: Biological P removal is brought about by
a group of microorganisms called “Phosphorus acdaiimg organisms”,
PAOs. They are capable of accumulating polyphogshantracellularly.
When they are subjected to varying aerobic and rabae conditions
phosphorus accumulation and release occurs acgbydin

When bacteria are subjected to anaerobic condjtigpigke of volatile fatty
acids that are naturally available or supplemerggternally occurs. The
volatile fatty acids are stored as poly hydroxytyoate. Energy required for
this step is obtained from the hydrolysis of théypbosphates stored in the
cells during the aerobic phase (Taylor, et al 20Q8)der aerobic conditions,
uptake of soluble phosphates by the selected sifalracteria occurs. These
are stored intracellularly as polyphosphates. Pgiyroxyl butyrate stored in
the cells under the anaerobic conditions is usddisnphase for the synthesis
of new biomass. Various process designs for bicédgphosphorus removal
includes:

1) Photostrip Process: It is one of the oldest designs that can be addexh
existing plant without modifying the existing pladesign (Cooper, 1994).

Here a portion of the activated sludge from theosdary clarifier and the
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influent enters the anaerobic zone, with a resideimoe of 8-12 hour. The
PAO release phosphate under anaerobic conditiohe 3Supernatant is
separated from the sludge and is lime-treated ¢gipitate phosphorus. The
sludge is sent to the aerobic zone of the reactofurther phosphorus uptake
from the influent stream (Tchobanoglous et al.,300

2) A%/O Process: This refers to Anaerobic/ Anoxic/ Aerobic proceShis is
similar to A/O process, except that the anoxic tarnkdded for denitrification.
Oxygen in the form of nitrate is provided throughIR stream that enters the
anoxic zone from the aerobic zone. The detentio tin the anoxic zone is
approximately one hour. This offers an advantagenimimizing the amount
of nitrate entering the anaerobic zone throughRAS& line (Tchobanoglous et
al., 2003).

3) Modified Bardenpho Process/ Phoredox: In case of modified Bardenpho
process, phosphorus removal is achieved by addingnaerobic zone to the
existing Bardenpho process (used for nitrogen raf)ahereby combining
nitrogen removal and phosphorus removal. To enhiatethe concentration of
nitrates and nitrites entering the anaerobic zemainimal, the RAS is mixed
with the influent and an IR stream enters the anarne for denitrification to
minimize nitrates in the RAS line (Cooper, 1994).

4) University of Cape Town (UCT): The UCT process was introduced to
resolve the problem of nitrates and dissolved omryeetering the anaerobic

zone as in the case of phoredox process. To achieyeRAS is combined
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with an IR stream from the aerobic zone, and id4 serthe anoxic zone to
enhance nitrate removal. An IR from the anoxic zibvem enters the anaerobic
zone.

In the case of modified the UCT process, theretare anoxic zones. The
RAS enters the first anoxic zone and an IR from xandanks after
denitrification, enters the anaerobic zone. TheoseclR enters the second
anoxic tank from the aerobic tank (Tchobanoglous.e2003).

5) Virginia Initiative Plant (VIP): The main objective of the Virginia
Initiative Plant process is to achieve enhancedsphate removal with short
retention time. It operates similarly to th&@ and UCT processes except that
the zones are staged such that at least two caghptatxed cells are in series.
IR from the end of the anoxic zone enters the aerzone along with the
influent and IR from the end of aerobic zone entieesanoxic zone inlet along
with the RAS (Tchobanoglous et al., 2003).

6) Johannesburg Process. This was another strategy to minimize nitrate
concentration entering the anaerobic zone. The za@me arranged in the
following sequence: preanoxic-anaerobic-anoxicHaieroThe influent enters
the anaerobic zone along with the effluent from gheanoxic tank. The RAS
enters the preanoxic zone preceding the anaeralie. 2R stream from the
aerobic zone enters the anoxic zone along witlettheéent form the anaerobic
pass. The anaerobic zone has a detention time aiutalan hour

(Tchobanoglous et al., 2003).
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2.3.4 ADVANTAGESOF BNR TEATMENT

In the recent past more importance has been givehet concept of:"green
engineering”. This refers to application of tectogy that is eco-friendly.
Biological nutrient removal process fits this foetfollowing reasons (Randall,
1998 and Sharma et al., 2005):

1) The effluent discharged after BNR treatment haseptebly low
concentrations of nutrients like N and P, orgardndg suspended solids.
The quality of the effluent produced is better tha@remical treatment
(Cooper, 1994). This reduces chances of eutrofificaand depletion of
oxygen in the receiving water bodies

2) Reduction in amount of nutrients also reduces tences of microbial
re-growth in the distribution systems

3) Reduces usage of chemicals and eliminates furthaslgms of sludge
handling and disposal making it more economicaldwering capital and
operating cost relative to chemical methods.

4) Biological transformation of hazardous compondikis benzenes, ethyl
benzene to other less harmful end—products hasakso observed

5) With the introduction of various configurations wianoxic and anaerobic
zones, oxygen requirements have reduced significanaking BNR
processes economically more feasible and reducendepce on energy.

Also the amount of sludge produced in these zosesignificantly less

21



when compared to the amount of sludge producecttpba processes
6) The waste activated sludge is rich in nutriente IRk making it a good

fertilizer.

235LIMITATIONSOF BNR TREATMENT

1. Long sludge age is required to achieve sufficmpulation of nitrifiers
for nitrification. This is mainly due to the slowayth of autotrophs. If
the sludge age is reduced it was observed thapldm capacity could
actually be increased by about 40% (Ekama, e1999).

2. Influent composition of the waste stream is vemyportant. High
concentrations of certain constituents or evemikee presence of certain
compounds can be toxic to the microorganisms iralin the BNR
process. It was noted that BNR process:

(i) Cannot be used to treat waste stream with highcentration of
ammonia (500mg/L) as this inhibits the process itffication (Carrera,

et al., 2003 and Ekama, et al., 1999).

(i) Cannot be used to treat waste stream with loighcentration of iron
(over 10mg/L). In case of iron oxidation the micediyst absorbs iron and
intracellular and extracellular enzymes furtheratyate the oxidation
reaction. Since the rate of rate of absorptionois, Iwaste stream with
high iron concentration is not treated effectivéharma et al., 2005).

3) Another important constraint of BNR process is that all compounds
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can be subjected to the process of biodegrada@mme compounds
depending on their chemical structure (size andgmee of reactive sites)
can be bio-recalcitrant. These compounds have to subjected
pre-treatment or post treatment methods that défieaadvantage of BNR
as the most economic alternative. Most recent & uke of advanced
oxidation process using chemical and photochenmhods (Tabrizi., et
al 2004 and Scott., et al 1995).
There are also specific problems associated wehatitivated sludge process.
They are:
1) Problems of sludge disposal: Waste sludge g@ter@oses great disposal
problems and affects effluent quality. To effeclyveettle, the individual
microbes must flocculate and aggregate into uaitgel enough to settle out of
suspension. If the biomass does not flocculate, wethe biosolids will end up
in the final effluent and affect effluent qualitydeters et al., 2007).
Dewatering (water should be reduced to below 8@&pmmonly done, as it
will reduce sludge volume and the subsequent treattnrand the disposal
operations. Many elements, such as particle site¢ &tructure and
composition have been found to control activateddgt dewaterability
(Sheintuch et al., 1986).
A survey on bulking of sludge on biological wastésvdreatment plant was
conducted and it was estimated that at least 25%ah suffered bulking

problem (Wilen et al., 2004). Factors that miglieetf the rate of flocculation
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may include:

) Alteration in the physicochemical conditions of thkidge taking
place without bacterial influence;

i) Alteration in the local physico-chemical conditionadirectly
mediated by bacterial activity (e.g. pH changes); o

i) Changes in the bacterial metabolism directly aiifigcthe stability,
e.g. extracellular polymeric substances (EPS) potaio;

iv) Negative influence of filamentous microorganisma sludge
settling as they cause filamentous bulking. Themtiol is still very
difficult to achieve because of the diversity oésjes.

Studies have been carried out to study the impoetaf aerobic microbial
activity on the strength of activated sludge flottswas identified that
extra cellular polymeric substances play an impartale in the structural

and functional integrity of the floc&hen et al., 2001)

2.4 PROCESS CONTROL

Because of the variability in influent quality afldw rates WWTP process
parameters have to be constantly monitored to ensffiuent quality criteria
are not violated. Control tests are recommended tfis reason. Both
physiochemical and microbiological parameters asedu Physiochemical
parameters include: TSS, B@DIN, TP, TS, COD, conductivity, pH, and

temperature. Frequently used microbiological patarse include: Total
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coliforms, fecal coliforms (FC), fecal streptocod€S), sulphite reducing
clostridia, somatic coliphages, and bacteriophage$Bacteroides flagilis
(TCEQ regulatory guidan¢c2000 and Howard et al., 2004).
However the use of physical or chemical parametsridicators of toxicity
to aquatic species has disadvantages. They are:
1) Large number of toxic compounds exists at varyimigcentrations
2) Numerous interaction effects exist that are diffito study.
3) Results from lab may not be a reliable source
4) Results from the lab may not be applicable to fie&tause of various
environmental factors.
5) Highly treated effluent stream can also cause potiuin the receiving
stream because of the chemicals used.
6) Concentration of certain toxic chemicals can bewaletectable levels
In such cases biological parameters such as changée structure of a
community are better indicators to assess watditgidoward et al., 2004).
State, federal and local government to deal witiigasing water pollution
and as a new approach to water quality managensnpassed new stricter
laws. As a result online monitoring of water quablong with the concept of
instrumentation, control and automation (ICA) isingay importance with
increasing pressure on wastewater treatment ptacbmply with discharge
requirements. Main aim behind these new technadoggeto improve the

efficiency of WWTP, help in the implementation awn solutions by lowering
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operational and capital costs.

Important characteristics of online analysers R&pid and automatic data
transmission, reliable data in terms of sensitjvétyailability and ability to
reproduce measured data. The most important aspxet design, operational
and maintenance cost associated with the sensatssaitable recording
equipment for recording all online data measureméthlegel et al., 1996).
Monitoring activities are broadly classified as: t®aacquisition and data
utilization. Data acquisition refers to the samplalection from different
locations, sample analysis using laboratory tealesgor automated sensors.
Once relevant data is collected it is saved in gyppate databases using data
acquisition software. Data utilization includes tocess of data handling,
data analysis, data interpretation and informatigitization for decision
making (Bourgeois et al., 200&/ard, 197%ndJeppsson et al., 2002).

For successful monitoring and control at a WWWRnrolleghem et al.,

2003):

1) Clear understanding of the processes occurring hat glant is
important.

2) Accurate sensors that provide reliable online dataquired.

3) Proper control strategies depending on controlletput must be

implemented.
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25MODELLING AND SIMULATION

Models are generally defined as:” mathematical esgpntation of real
systems”. They serve as an important tool thatshedisearchers, designers,
and operators to optimize and better understandeps®s occurring in a
wastewater treatment planrA model that is well calibrated is capable of
providing valuable information about the followiagpects of a WWTP(GPS-
[X] user guide, 2006 and Pena-Tijerina, 2007):
1) Variable flow conditions that can affect perf@amee of the plant
2) Equipment requirements
3) Pre-treatment requirements
4) Chemical usage for treatment
5) Identify bottleneck situations
6) Cost and energy savings associated with newtdobies by predicting the
outcome of implementing a new technology
7) Effects of upgrades to meet stringent effluanteglines

Because of the above advantages, large efforts lbeme taken to promote
user-friendly computer tools that create model Faorks depending on the
needs. (GPS- [X] user guide, 2006 and Pena-TijeB0@a7)
Models are broadly classified as being mechanistempirical.
1) Mechanistic Models: These models are based on fundamental laws of

physics, chemistry and biology. So a thorough ustdeding of the processes
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is essential. The model framework is constructesetieon the processes. In
case of mechanistic models, data are collected tfmmplant and used as a
basis to modify the parameters (rate constantshstonetric coefficients, and
physical dimensions) contained in the model.

Generally a bottom-up approach is adopted in thastcoction of
mechanistic models. This means that the modeks$ ¢onstructed based on
fundamental laws and the parameters in the equatised to construct the
model are then modified according to the data ctahk
2) Empirical Models: In the case of empirical models, more importarsce
given to data in the sense that the model is coctstl based on data collected.
This approach to modelling is considered as toprdapproach. This means
that the equations used to construct the model setected from basic
candidate equations based on goodness of fit tddteecollected at the plant.
Although these models are simpler than the mectiamsodels they are less
reliable that the mechanistic models. These moaesuseful in cases where
there is limited knowledge about the systems bemogelled (GPS- [X] user
guide, 2006).

Non- mechanistic models are also referred to askkddax models. These
models are generally used for prediction purposesino cases when
mechanistic models fail. An artificial neuraltwerk is an example of
non- mechanistic model where online or offline diaten the present or past

are used for prediction purposes (Matas, 2000).
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251STEPSIN MODELLING

1)

2)

3)

4)

Goals in modelling: The first step in any modellprgpcess is to define the
goal. It is essential to identify the reason fordeiting, the expected
results from modelling and the acceptable limitagi@f modelling. Prior
to data collection a model is selected so thatrtlveleller gets an idea
about the data requirements.

Data collection: Data are collected for calibratiparposes. Data are
collected from the plant through sampling or histalata available can be
used. The amount of data collected depends on nmedaelrements, data
reliability and plant stability. Sampling is genkyadone in cases where
the following parameters are not monitored at tl@tpon a daily basis:
TSS, VSS, COD, BOD TP. Soluble P compounds, NTOX &iKN.
Generally, 24-hour composite samples are colledtech the major
streams at the plant for calibration of a steadyesinodel. A well planned
and carefully conducted sampling programme can igeovgood
information for reliable calibration.

Data Analysis: Data analysis is essential to scozta that can be used in
the model calibration stage. This is done by medmeass balances, flow
balances to input data, comparing data from sambnthe historic data
available at the plant, and by solids mass balaocedarifier data

Model Calibration: Models generally comprise stesgiables, composite

variables (calculated from state variables), antetkt and stoichiometric
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constants. State variables are defined as “basgtewater components
like nitrates, ammonia, biomass that are continlyansegrated over time”
(GPS- [X] user guide, 2006). State variables agawized into different
libraries in GPS-[X].
Common composite variables include TSS, VSS, CODDBIP, soluble P
compounds, NTOX and TKN and are calculated frontestariables. Values
for kinetic constants is initially assumed and tleatibrated / modified until a
good fit is obtained between the values predictethk model and the actual
measured value.
During this stage “sensitivity analysis” is perfardd The sensitivity of model
output to changes in each of the model paramesemseasured. This is done
systematically or in most cases is done based @mtidellers experience and
knowledge. This is the most important step as didés the reliability of a
model.
5) Model Simulations: Once the model is calibrategmulations can be
performed. Simulations are the process of testingaat against “What if”
scenarios. It helps the operators to get an andweguestions such as
responses to upgrades, problems at the plant duengng flow conditions
and so on. Some of the common simulations performeldide: Feasibility
assessmentaeration analysis, solids managemesmd biological nutrient

removal (Pena-Tijerina, 2007).
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252 IMPORTANCE OF MODELLING

WWTP involve a series of complex treatment processeddress a variety of
problems. However introduction of advanced techgpldo improve the
performance of WWTP is difficult because of lackreliable instrumentation.
Reasons for constantly improving the performance V@WTP include:
stringent legislation for the discharge of pollusancost effectiveness,
concerns about partially treated waste and untleatste on receiving water
quality. At most existing WWTP, control strategidepend on operator’s
experience, technology available at the plant dred monitoring of a few
common process parameters (Gamal EI-Din, 2002).

WWTP are subjected to large variations in and uacdgres with respect to
flow, composition of influent and loading. Complxiincreases, as BNR
facility is included. Various control strategiesveaeen proposed. However,
comparing different strategies and implementing thest effective one is
limited because of cost and time. Modelling playsimportant rolein the
optimization of existing facilities and in the dgsiand development of new
facilities.

Different software like GPS-[X] has been develogedtest the various
control strategies and implant the most effectivee.oThis is done by
subjecting the plant input to varying influent cawsftion; flow and loadings
as in the case with a real plant and using theigextiresults to study plant

performance (Alex et al., 1999 and Makifet al., 2006).
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253 REQURIEMENTSFOR MODEL CALIBRATION

Major steps involved in model calibration inclu(feetersen et al., 2002

and Alex et al., 1999):

1)

2)

3)

4)

Information collection: Design data about tank vo&y dimensions ;
operational information including flow rate of imbal recycle, return
activated sludge, influent stream, effluent streaemperature, pH;
plant hydraulics including residence time and logdisettler model
characteristics like settling velocity.

Organizing intensive sampling campaigns

Lab analysis for- characterization of wastewatertarms of BOD,
COD, TKN, TP etc depending on model requiremengsjmation of
kinetic parameters like growth rates, decay ratestimation of
stoichiometric parameters like yield coefficient

Defining model structure followed by parameter athent to obtain a
good fit between predicted value and measured value
Requirements vary depending upon the purpose ofehmgd If the
requirement is only to understand processes ard,ompare process
design or during modeling situation where only gatiVe information
is required, then the default values, for examptmmended by the
international water association task group for A&w be used and the
laboratory estimation of kinetic and stoichiomefp@rameters can be
minimized.
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However for performance evaluation and optimizatiparpose more
elaborate description of the processes are requireduch cases extensive
sampling campaigns to collect average or dynamia,daerforming mass
balance and online data collection is recommen(f®etersen et al., 2002 and

Alex et al., 1999).

254 SENSITIVITY ANALYSIS

Sensitivity analysis is used to determine the $ertgi of a model output to

changes in parameter value and structure of theemod

In case of parameter sensitivity a modeller chavgéses of a parameter and
tests how different parameter values affect thabielur of a model. This type
of analysis helps to study uncertainties associatgd parameter that are
sometimes difficult to measure in reality. Relialbedels can be built by
estimating values of a few important parameter$ witeater precision than
others. Also testing a wide range of values cawigeoa good insight into the
dynamic  behaviour of a system under varying coodgi

(http://sysdyn.clexchange.org/sdep/Roadmaps/RMEPBL. pdf)

2.6 MONOD KINETICS

The kinetics of microbial growth under substrateiied condition is clearly
explained by Monod kinetics based on the follon&agiation (Tchobanoglous

et al., 2003):

33



H XS

™ Y(K-+9)

where g, = rate of substrate utilization (gird)
MU= maximum specific bacterial growth rate (g new callsells. d)
Y = true yield coefficient ( g/g)
X = biomass concentration (gfm
S = growth limiting substrate concentration (§/m
Ks= half saturation or velocity constant, substratecentration at half
maximum specific substrate utilization rate (§m
Efficiency of any biological wastewater treatmembgess depends on the
dynamics of substrate utilization and microbial wite. The term substrate
utilization is used to indicate the depletion okafon donors (organic
substances, ammonia, nitrites etc) for the prodocof biomass. Monod
kinetics explains that the rate of substrate w@tiian is maximum at high
substrate concentration and decreases almost liinedth decrease in the
substrate concentration.

All rate equations used in ASM is based on Monatetcs. Table 2.7.1
contains the rate expressions used in ASM2d alatiy tve kinetic constants
that are all in the form of Monod kinetic equatidxny model in which the
rate equations are not limited by Monod terms, $aans are difficult and

less reliable (Tchobanoglous et al., 2003 and Heha&, 2000).
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2.7ACTIVATED SLUDGE MODEL PLATFORMS

Realising the importance of mathematical modelliogdesign, control and
optimization, the IAWQ (International Association water quality) group in
1987 introduced a common platform for model devedept (Gujer et al.,
1995). It was called as the Activated Sludge m@ad&M 1). Following this a
series of similar models was developed.

It is very important to judiciously develop a matiaical model and ensure
that a good balance is achieved by incorporatinghajor processes essential
to describe the system being modeled at the same ttie model equation
involved must be solvable.

ASM-1: This was the first model developed by the IWA tgsbup. It involves
major processes such as carbon oxidation, nittifinaand denitrification. All
the kinetic and stoichiometric coefficients reqdite describe these processes
are written in matrix format for easy understandamgl to clearly indicate the
interaction between the variables. Major componeniglved are first
identified. Particulate and soluble componentsd@snguished using X and S
subscripts, respectively. Subscripts were also usedpecify individual
components: B for biomass, O for oxygen, S for sabss and so on. Once the
major components are identified, an index i isgesil to them. For ASM1,
the index i range from 1 to 13 (for each of the cb8nponents) and these

components are represented across the matrix.&8lyninajor processes are
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identified by an index j. For ASM1, j ranges fromdl8 to represent each of
the 8 major processes. These are listed on thadsftcolumn of the matrix
and the corresponding process rate for each oftbeess is listed on the
rightmost column of the matrix. Process rates amresented ap;. The
elements within the matrix system are stoichioroeatodefficients that establish
mass relationships and interaction between compgsne&f individual
processes (Henze et al., 2000). A simple examplaatfix representation for
heterotrophic growth rate is presented in Tablel2.7

The main advantage of using matrix representat®onhat fate of each
component involved can be studied and mass balagcations can be
prepared easily. Continuity checks can also beopedd easily by ensuring
that the sum of stoichiometric coefficients acrtss matrix is zero when the
units are consistent (Henze et al., 2000).

To maintain consistency in the measurement of acgam wastewater,
COD was chosen as it provides a link between ocgsuibstrate, biomass and
oxygen utilized. Mass balance equations can alsorégared based on COD.
So all organics, including biomass are expresse@@B units in all ASM
models (Henze et al., 2000).

Components included in this model: Particulate- oNwiphic and
heterotrophic biomass, inert organics, biodegraadabdanic nitrogen, product

of biomass decay.
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2.7.1 PROCESS EQUATION FOR AEROBIC HETEROTROPHIC

GROWTH RATE (Henze et al., 2000)

Component (i) 1 2 3 Process rate,
Process (j) Xg Ss So ()
-1 1-Y
1.Growth 1 — -—— MSq
Y Y Xg
KS + SS
2.Decay -1 -1 bX g

Soluble: Inert organics, readily biodegradable tabs, dissolved oxygen,

nitrate and nitrites, ammonia nitrogen, alkalindgganic nitrogen.

Constraints of ASM1 (Henze et al., 2000):

1) System operates at constant temperature

2) pH is assumed to be constant near neutral

3) Changes in wastewater characteristics with resfmectature of organic
matter cannot be modeled

4) Limitation of nutrients like nitrogen, phosphorus the cell growth and
removal of organics are not considered.

5) Changes to correction factors of denitrificationthwchanges in system
configuration are not considered.

6) Hydrolysis of organic matter and organic nitrogerassumed to occur
simultaneously with equal rates.

7) Factors affecting sludge settleability are not stdered The entire

process of nitrification and denitrification can Ibeodelled using the
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activated sludge model ASM1 or the improved versh&M3 developed
by the international water association task grolWgA) (Henze et al.,
2000).
ASM2: ASM2 is an extension of ASM1. In addition to thegesses included
in ASM1, biological and chemical phosphorus remaaal be modeled using
ASM2. Hence major component- internal cell storsgeacluded in this model.
However only the basics of bio-p removal are inelidnd the model is a base
for further development. Unlike ASM1 units in thaisodel are not entirely
based on COD. TSS was included to model poly-phatsptomponent that is
important for bio-p removal. Compared to ASML1 thisdel is more complex
because of the number of components included. Hew&y simplify the
model to the greatest possible extent those conmp®rikeat do not affect the
kinetics of the processes were excluded from th&ixnanother important
fact about ASM2 model is that the kinetic expressised are non-linear in
nature and are based on average properties ofpoplilation and not on
unique cell propertie€ujer et al., 1995 and Henze et al., 2000).
Notations for matrix representation are similaAgiMV1.
Components included in this model are:
Particulate: Nitrifying organisms, heterotrophicganisms, inert organics,
metal hydroxides, metal phosphates, PAO, cell materstorage of PAO,
polyphosphates, slowly biodegradable substratesT&%.

Soluble: Fermentation products (acetates), alkglinof wastewater,
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fermentable readily biodegradable organics, ingldlde organics, dinitrogen,

ammonium and ammonia, nitrate and nitrite, dissblexygen, inorganic

soluble phosphates and readily biodegradable substr

Constraints of ASM2 (Henze et al., 2000):

The exact role of PAO in phosphorus removal is tetbe studied. So

assumptions made include:

1) PAOs can utilize only fermentation products suchaastate for their
growth

2) PAO can grow aerobically only on stored PHA andutdize fermentation
products directly for their growth.

3) PAO cannot denitrify

4) PAO are capable of storing glycogen and carbohgdras carbon storage
material. However due to lack of sufficient infortoa they have not been
included as a model parameter.

5) Similar assumptions as in ASM1 with respect to pld eoefficient values.

6) Like ASM1 hydrolysis of organic matter, organicragen and organic
phosphate are coupled.

7) Growth limitations at low inorganic nutrient contextions were not
considered. So it is essential to assume thatcsuifi nutrients are
provided

8) Reduced poly-phosphate uptake by PAO in the absehaations like

magnesium and potassium was not considered.
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9) Inhibitory effect of nitrite and nitrogen monoxides not considered

10)The model was applicable only for domestic wastewaand at
temperatures rages of 10-°25as the behavior of PAO beyond this
temperature was not studied.

ASM2d: ASM2d was developed to resolve the assumptionRA&ls cannot

denitrify by considering both aerobic and anoxiovgh of PAOs unlike

ASM2 where only aerobic growth was considered. ldeihds only a “minor

extension” of ASM2.

Components included in this model are:

Particulate: Nitrifying organisms, heterotrophicganisms, inert organics,

metal hydroxides, metal phosphates, PAO, cell materstorage of PAO,

polyphosphates, slowly biodegradable substrateS, TS

Soluble: Fermentation products (acetates), alkglinof wastewater,

fermentable readily biodegradable organics, ingldlde organics, dinitrogen,

ammonium and ammonia, nitrate and nitrite, dissblexygen, inorganic

soluble phosphates and readily biodegradable substr

Like ASM2 this model is applicable only for munieipvastewater containing

sufficient magnesium and potassium ions, at neptiadnd temperature range

of 10-25°C (Henze et al., 2000).

The process equations to represent the entire Bi&eps using ASM2d is as

shown in Table 2.7.2 and the definitions of modehponents is as shown in

Table 2.7.3
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2.7.2 ASM 2d MODEL PROCESS EQUATIONS:

PROCESS | EQUATION CONSTANTS
HYDROLYSIS UNITS
Aerobic X Hydrolysis Rate Constant 3.00 |2.00 |d*
s K,
Hydrolysis K So2 Xy X .
"K, +S X o Anoxic Hydrolysis Reduction factor 0.60 |0.60
©2 % Ky +7°8 X Mo,
H
Anoxic K s n Anaerobic hydrolysis reduction factor 0.40 |0.40
Hydrolysis K. Mo.- % _ YNo, fe
0,
Ko, +So, So, * Ko, « | Saturation/Inhibition coefficient for Oxygen | 0.20 | 0.20 | g om?
)
X% K Saturation/Inhibition coefficient for nitrate | 0.50 | 0.50 | g Nm™
Xy NOs
K +X% X K Saturation coefficient of particulate COD | 0.10 | 0.10 | g Xsg* X4
X Xy X
Anaerobic
. K K
Hydrolysis Ki e < -(:ZSO S +NE
0, ., NO;, NO;,
X%
X
__/TH X,
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HETEROTROPHIC ORGANISM S

Growth on
fermentable
substrates, ;S

So, S S
A Ko +S, Ko +S  § +S,
Sk, SPQ, Sak

X
SNH4 + KNH4 SPO4 + KP Sak T Kax "

Growth on
fermentation
products, ®

Soz Sa Sa Sk,
M4 Ko, +S, Si+K, S +S, Sy, +Ky,

Denitrification
with
fermentable
substrates S

SPo4 Sak X
SPO4 +Kp Sy +Kak "
Ko, S
Ao Thes s, Kors
o, o, FtS
S Sk, Svo,
S +S, SNH4 + KNH4 Swo, + Kyo,
Sk SP04

X
Sax +Kak SPO4 + KP "

Hy

/7fe

Maximum Growth Rate on substrate
Maximum rate for frementation

Reduction factor for denitirification

Rate constant for lysis and decay
Saturation/inhibition coefficient for oxygen
Saturation coefficient for growth on S
Saturation coefficient for fermentation of S

Saturation coefficient for growth on acet:
Sa

Saturation/inhibition coefficient for nitrate
Saturation coefficient for ammoniu
(nutrient)

6.00

3.00

0.80

0.40

0.20

4.00

4.00

nt6.00

0.50

n0.05

3.00

1.50

0.80

0.20

0.20

4.00

4.00

4.00

0.50

0.05

g XsgXpd*

0SS GXud?t

gOo,m?
g COD m®
g cCobm™®

g cCobm™®

gNm

gNm
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-3

Denitrification Ko S S K Saturation coefficient for phosphate (nutrient).01 | 0.01 | g Pm
with ,UH ,7NO3 2 g £ P
Ko +S S, +K S, +S . - - .
fermentation % = 7% ACTTA FoTA K Saturation coefficient for alkalinity (HG§» | 0.10 |0.10 | moleHCQ™
products $ ALK m3
SNH4 SNo3 SALK
SNH4 + KNH4 SNo3 + KNo3 Sak Kk
Seo, X
SPO4 + KP "
Fermentation
Koz KNOs SF
e KoZ + So2 SNo3 + KNo3 K e SF
SALK
SALK + KALK ;
Lysis bH X,
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PAO

St f
2 orage o . SALK SA pr /XPAO
PHA - .
e SALK +KA|-K SA+KA KPP +XPP/XPAO
X PAO
Aerobic So Seo S
St f . 2 . 4 _ ALK
oreage o qpp Ko + So SPO + KPS SALK + KALK
pr 2 2 4
XPHA/XPAO KMAx _XPP/XPAO
KPHA+XPHA/XPAO KIPP+KMAX _XPP/XPAO
X PAO
Aerobic 802 SNH4 Sux
growth on Heao Ko2 + So2 ' SNH4 + KNH4 ' SALK + KALK
XpHaA

SPO4 X PHA / X PAO

SPO4 + KP KPHA + XPHA/XPAO e

Rate constant for Storage of% 3.00
Upra
q Rate constant for Storage ofX 1.50
pp
Maximum growth rate of PAO 1.00
/'IPAO
n Reduction factor for anoxic activity 0.60
NOs
Rate for lysis of Xao 0.20
bPAO
Rate for lysis of Xp 0.20
bPP
Rate for lysis of Xpa 0.20
bPHA
K Saturation/inhibition  coefficient  for0.20
% | oxygen
Koo, Saturation/inhibition  coefficient for0.50
nitrate
Saturation coefficient for growth 9om.00
KA
acetate

2.00

1.00

0.67

0.60

0.10

0.10

0.10

0.20

0.50

4.00

g Xena g Xpao
d-l
g Xppg ™ Xpaod™

d-l

d-l

d-l

gOo,m?

gNm

g cCoODm’®
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Anoxic

t f | Pu=pun Ko, _ So,
storage o 12 114/ No,
Ko S
Xpp So NO, NO,
Anoxic Ko Swo
storage of Pra = P13f]no, S - K +3S
pr ®) NO. NO.
Lysis of Xpao S
b . x ' ALK
PAO PAO SALK + KALK
Lysis of Xpp S
b.. X .¢
o PP SALK + KALK
Lysis of Xepa S
. X ALK
bPHA PHA SALK + KALK

Saturation coefficient for ammoniu
(nutrient)

Saturation coefficient for phosphorus
storage of PP

Saturation coefficient for phosphate

(nutrient)

Saturation coefficient for alkalinity
Saturation coefficient for polyphosphal
Maximum ratio of Xy/Xpao

Inhibition coefficient for PP storage

Saturation coefficient for PHA

n0.05

i0.20

0.01

0.10

(.01

0.34

0.02

0.01

0.05

0.20

0.01

0.10

0.01

0.34

0.02

0.01

gNm
gPm

gPm

moleHCQ™* m™
g Xppg ™ Xpao
g Xppg ™ Xpao
g Xppg ™ Xpao

g XpHag ™ Xpao
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AUTOTROPHIC BIOMASS

Aerobic S, S\k, Sro, p Maximum growth rate of Xyt 1.00 | 0.35 | d*
growth of Haut - KOZ + SOZ SNH4 + KNH4 SPO4 + KP AUT
X auT o Decay rate of Xyt 0.15 | 0.05 | d*
AUT
S
ﬁ X ot K Saturation coefficient for oxygen 0.50 | 0.50 | g O, m*
ALK ALK o,
K Saturation coefficient for ammoniuml.00 | 1.00 | g Nm?
Lysis of Xaut b X S Ns | (substrate)
T AT R AUT PO, « Saturation coefficient for alkalinity 0.50 | 0.50 | moleHCQ*m*
ALK
K Saturation coefficient for phosphorus | 0.01 | 0.01 | g Pm*
P
SIMULTANEOUS PRECIPITATION OF PWITH FERRIC CHLORIDE
Precipitation % Rate constant for P precipitation 1.00 | 1.00 | m® g Fe(OH)
Kere 7 MeoH Kere gl
Redissolution S K Rate constant for Redissolution 0.60 | 0.60 | d*
K X ALK RED
RED MeP SALK +KALK . . . .. 1.3
K Saturation coefficient for alkalinity 0.50 | 0.50 | moleHCQ ™ m
ALK
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2.7.3 DEFINITION OF MODEL COMPONENTS:

SOLUBLE COMPONENT UNITS
S, Dissolved oxygen g om?
S, Readily biodegradable g cCODm™®
substrate
S, Fermentation product g CODm™®
(acetate)
s Ammonium g Nm’®
NH ,
S Nitrate + nitrite g Nn®
NO
Phosphate Pl
Sro, P )
s Inert non- biodegradable | g CODm™
! organics
Bicarbonate alkalinity mole HCO m™
SALK
PARTICULATE COMPONENTS UNITS
X Inert non- biodegradable | g CODm™
' organics
X Slowly biodegradable g CODm™
S substrate
X Heterotrophic biomass g caop®
H
X Phosphorus-accumulating | g CODm™
PAO organisms
Stored poly-phosphate ofy Pm™
X PAO
Organic storage products pff CODm®
X Autotrophic biomass g com?
AUT
X Ferric-hydroxide g Fe(OHM™
MeOH
X Ferric-phosphate g FeR@n™
MeP
X Particulate material as modef) TSS n?
TSS

component
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ASM 3. Similar to ASM1, ASM3 was developed to describe oeal of
organic compounds and nitrogen from municipal waater. It is now used as
a standard model as number of defects in ASM1 wa®cted in this model.
The main differences between ASM1 and ASM3 are(&syret al., 2004):

1) ASM3 assumes that all rbCOD is initially stored adernal cell
components before it is used for growth. So ASM@8ludes storage
components similar to biological-p removal modébs the other hand
ASM1 assumes the direct use of roCOD for growth

2) ASM3 is easier to calibrate as it is based on dnewgndogenous
respiration model, unlike ASM1, which is based oovgh —decay model.
ASM1 growth of heterotrophs is correlated to decéynitrifiers. It is

assumed that autotrophic biomass decays to fornicplate inert and

particulate slowly biodegradable substrates. Thertiqudate slowly
biodegradable substrates then contribute to thewtroof heterotrophic
biomass. On the other hand ASM3 clearly separaegtowth of autotrophs
and heterotrophs, and assumes no flow substratedre to another (Henze et

al., 2000).

3) State variables in ASM1 are very sensitive to cleangp the value of
parameters during modelling, unlike ASM3 (Gernaeglg 2004).

Components in ASM3 include: Soluble: Inert organresdily biodegradable

substrate, dissolved oxygen, nitrate and nitrigesmonia nitrogen, alkalinity,

and dinitrogen. Particulate: Inert organic materiglowly biodegradable
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substrates, heterotrophic biomass, cell storagedugto of heterotrophs,

nitrifying organisms, suspended solids.

Limitations of ASM3 (Henze et al., 2000):

1) Applicable only for domestic wastewater and notifalustrial waste

2) Like ASML1 it is applicable only within a temperaturange of 8-2& and
a pH range of 6.5-7.5.

3) Does not describe the growth of biomass in an ahéeenvironment.

4) ASM3 is not applicable to waste stream with verghhtoncentration of
nitrites

5) Like ASM1 it is not suitable if SRT is less thamldy, when flocculation is
limited.

6) ASMS3 does not provide an absolute value of modedpaters, users have
to identify applicable parameters.

ASM3C: It is an extension of ASM3 and is a carbon basedlaho

Dichromate method for COD determination (COD-Crpigatly inhibited in

the presence of heavy metals like Hg, Ar, and @e permanganate method

(COD-Mn) underestimates theoretical oxygen dema) and hence is

not valid for use in ASM3. To rectify this ASM3C wantroduced where all of

the organic state variables were measured in tefrtetal organic carbon

(TOC). Rest of the processes and parameters ararsimthe ones in ASM3.

(Henze et al., 2000).

A3DX: Technological University of Delft developed a newathematical
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model similar to ASM3 called A3DX to model carbaitrogen and biological
phosphorus removal. This new model was a modiboatof ASM3 by
including processes for chemical and biological gphmrus removal using
GPS-[X] and Mathlab software. A special Monod bagatetics was also
included to account for Magnesium limitation. Apdrom the variables
included in ASM3, soluble phosphorus, polyhydrokgaloates,
polyphosphates, glycogen and PAO is also incly&e@. Ky et al., 2001).

Different simulation platforms include AQUASIM (Sterland), BioWin
(Canada), GPS-[X] (Canada), SIMBA (Germany), STQAK), and WEST

(Belgium) (Makinia, 2010).

2.8 PARAMETER ESTIMATION

No single estimation procedure is capable of ifigng all of the model
parameters because ASM variables that are measlgedot help in the
identification of all model parameters. Also theality and quantity of data
obtained are seldom sufficient for modeling allgraeters. Search algorithms
can be used to estimate model parameters. The disaalvantage of this
method is that it is very complex, time consumitggious and enormous
simulations have to be performed before model patars are estimated.
Some of the commonly used search algorithms inchNdkler and Mead's
simplex algorithm, genetic algorithms, simulatesheading and Monte Carlo

simulation (Sin et al., 2008).
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Structural identifiability and practical identifidity are two commonly used
approaches for parameter identification. Structudahtifiability is used to
identify distinct values of parameters once modeicsure and measurements
to be performed are identified. Practical identifiidy gives an estimate of the
accuracy of the parameters estimated. Fisher irgfbom matrix, parameter
estimation covariance matrix or its inverse are wamly used for practical

identifiability (De Pauw et al., 2004).

29WASTEWATER CHARACTERIZATION

Wastewater characterization is used to estimateth®l components in
wastewater according to the requirements of theeindabsen. It can be done
using physical, chemical and biological methodsar@bterization includes the
biodegradable organic fractions, nitrogen fractiamsl phosphorus fractions
present in wastewater. Important readily biodedvblaorganics include
volatile fatty acids, ethanol, methanol and gluc@$enze et al., 2000).
Organic Fractions: The total organic content of teaster is calculated as
COD. IWA recommends all measurements and mass dedare made based
on COD units because COD provides a link betweegaroc substrate,
biomass and oxygen utilized in terms of electromivelence. To ensure
accurate mass balance calculations, it is generatgmmended to use the
dichromate method of COD estimation instead of ghemanganate method

(Henze et al., 2000). For ASM 2 and ASM2d:
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1)

ii)

Organic fractions include: VFA/ Fermentation prosudS), readily
biodegradable substrategfSinert non-biodegradable organics (dissolved
and soluble) (S X)), slowly biodegradable organics )XHeterotrophic,
autotrophic and phosphorus accumulating biomass X&ut, Xpao) and
stored poly-hydroxy-alkanoate §Xa).
Inert non-biodegradable organics (dissolved)G®nerally the effluent
concentration of $s higher than the influent concentration becayse S
is produced from the hydrolysis ofsXSince there is no direct method
to estimate the concentration of &alysis of effluent soluble COD
gives a good estimate of. S
Slowly biodegradable organics {)X This component is generally
measured using oxygen uptake rates (OUR) or Nitragstake rate
(NUR).
Inert non-biodegradable organics (Particulate): Xsince there is no
direct method to determine this component, it isamied through
model calibration
Xy Heterotrophic biomass fraction is either includeédng with Xs
component or is neglected as it does not affectatiing significantly
VFA/ Fermentation products 4h readily biodegradable substrate)(S
These components are measured using OUR and plathlibration
curves. The VFA portion is also measured usingimntétric

measurements.
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Vi) The other biomass components (autotrophic and ploosp
accumulating organisms) and poly-hydroxy-alkanoat{&Xpna)
components is present in negligible quantitiesh@ wastewater and
hence is neglected (Petersen, 2000, Henze, 199%eHet al., 2000
and Xu et al., 1996).

2) Nitrogen Fractions:

Nitrogen fractions include: Dinitrogen, Ammoniarogen, Nitrate and Nitrite

nitrogen. The major portion of nitrogen in the veastream is present in the

form of ammonia which can be measured using comnwealt chemical
analytical techniques. The ammonia and organidgodan be measured with
the TKN analysis. Similarly there are standard deamprocedures to

measure the nitrate and the nitrite portions (Beter 2000, Henze, 1992,

Henze et al., 2000 and Xu et al., 1996).

3) Phosphorus Fraction: It is not necessary to attarize the phosphorus

fraction in detail similar to the organic fractiorilBhe most important is the

soluble orthophosphate component and standard texalyrocedures are
available. The stored polyphosphate and the méatadghate concentration are
generally negligible (Petersen, 2000, Henze, 18&hze et al., 2000 and Xu

et al., 1996).
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210 ESTIMATION OF KINETIC AND STOICHIOMETRIC

COEFFICIENTS

It is generally difficult to set up lab scale expsnts for the estimation of
most of the kinetic constants of the process egusti Also, using data
obtained through lab scale experiments may not beliable source to
calibrate full-scale plants. So in most of the sas&ing recommended default
values followed by model calibration to adjust #enstants accordingly is
recommended. Nevertheless, lab scale experimentsecperformed to obtain
values for a few constants.

Respirometric lab scale experiments using sampfesvastewater and
activated sludge are commonly performed for themedion of various
constants. Other experiments like titrimetry, ndrautilization rates and
ammonium uptake rates are also used. Respironme¢asurements help in the
calculation of oxygen uptake rate and oxygen temsbefficient (Petersen,
2000, Petersen et al., 2002).

Maximum specific growth rates of autotrophic andehatrophic bacteria
are commonly measured using the exogenous oxygakeipate, Rex that is
caused by wastewater COD and ammonium additiomguhie respirometric
experiments. On the other hand the decay ratesmmasured from the
endogenous oxygen uptake ratgef3). No reliable lab scale experiments to
determine kinetic parameters of phosphorus accumglaorganisms are

presently available (Petersen, 2000, Petersen.,eR@02. A few guidelines
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were recommended by the IWA task group for thebecation of ASM2 using
non-dynamic data.

For the calibration of heterotrophic organisms: URssfrom respirometric
experiments can be used to calibrddgrate of lysis of heterotrophs). If the
observed S, (soluble products of fermentation, acetat@)e is lower than
the simulated one then it is recommended to deeréas K, (saturation
coefficient for growth on acetatealue to increase the value of the Monod
term. Typical range ofK, varies between 3 and 5 g COD’and is affected
by diffusion limitation in the roc.K02 (oxygen saturation coefficient) is
modified only if experiments have been carried muta DO range where
oxygen is process rate limiting (0 to 2 mg/L) (Hert al., 2000).

Autotrophic calibration: Calibration of terms reddt to autotrophic
metabolism is very similar to the calibration foropesses carried out by
heterotrophic organisms. Effluent ammonia conceiotras considered in this
case instead of soluble biodegradable COD. Simitarthe K, value,
K, depends on turbulence and floc size distributidre default growth rate
is modified only if it is impossible to fit the &ffent ammonia value by
changing ammonia saturation coefficient value (Hegizal., 2000).
Denitrification Calibration: Once theu,, value has been calibrated using
respirometric measurement it should not be altergdis calibrated based on
the effluent nitrate level from the anoxic tankpigal values of77,, ranges

between 0.6 and 0.9K, is calibrated similarly t& , (Henze et al., 2000)
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Calibration of phosphorus remova¥,,, can be calibrated using effluent
phosphate concentration from the anaerobic tanthelfsvalue is high, then
model is calibrated by modifying thgegalue. Otherwise Kis used. For
aerobic growth of PAOs, it is recommended not todifiyo ppao until
respirometric data are available or if modifying d#koes not give good fit

(Henze et al., 2000).
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CHAPTER 3

3.0METHODSAND MATERIALS

3.1 MODEL DEVELOPMENT AND CALIBRATION

Modelling was attempted using the General Purpdsaul&tor version 5.0

(GPS-[X]) developed by Hydromantis Inc. GPS-[X]oa¥s both dynamic and
steady-state modelling of both industrial and mipeicwastewater treatment
plants. It has 50 pre-compiled layouts and allowsruo create/ add new
layouts. Modelling carbon removal, nitrogen and ggtwrus removal is
possible using the GPS-[X] software. GPS-[X] indadseveral modules and
utility tools. The modules include: simulator, llgl, optimizer, analyzer,
dynamic parameter estimator, advanced control aolfi-mstance licences.
Utility tools include: influent advisor to charadize the influent and MOUSE
to GPS-[X] link tool to link GPS-[X] to MOUSE simation software package.
One of the most important features of GPS-[X]hattany dynamic system
can be represented on a drawing board without d teelevelop complex
computer code for modelling and simulations. GPH\ites “error- free

simulation code” which saves the user from the aieslitask of “program

coding and debugging”. As a result of this the nledean devote much time
in understanding the processes of the system réaflaer programming and
debugging. Another feature of this software is thabffers an “extensive

library of process models” ranging from pre-treatinenits to biological
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nutrient removal processes.

In 1994, a study of plant flow measurements w@sducted in Goldbar
and modelling was conducted using GPS-[X]. So it wacided to continue
using the same software for this project too (Repar flow improvement
study for GBWWTP, 1994).

To begin with, a suitable library (containing dflet state and composite
variables) along with appropriate ASM model haschomsen. In this work,
ASM2d and the carbon-nitrogen-phosphorus librarys whosen to model
carbon, nitrogen and phosphorus removal procedses.various processes
(shown in Table 2.7.2) modelled using ASM2d inclidenze et al., 2000):

1. Hydrolysis: This is a process where high molecu@ight organics
(slowly biodegradable substratec; ) are converted to readily
biodegradable substrates by hydrolytic enzymess ptocess can occur
under aerobic, anoxic and anaerobic conditionss pinocess is slow
under anoxic and anaerobic conditions and is adedufor in the
model by using reduction factors.

2. Aerobic growth of heterotrophs: Growth occurs orthbfermentable
substrates and fermentation producg& @ndS,). Both the processes
are modelled parallel with identical growth rated aneld coefficents.
These processes require oxygen and nutrients likenamia and
phosphorus that are included in the process eqstio

3. Anoxic growth of heterotrophs: This is similar teetaerobic growth.
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However instead of oxyger8,,, is included in the process equation.
A reduction factor g, ) is also included to compensate for a reduction
in the growth rate under anoxic conditions.

4. Fermentation : This process in carried out by loétephs under
anaerobic conditions wher&_ is transformed t8,

5. Lysis of heterotrophs: This includes all processike endogenous
respiration, lysis, predation etc and is indicdigdhe ternb,,

6. Storage of poly-hydroxy-alkanoates: This processais anaerobic
process and occurs along with the release of pladsphfrom
poly-phosphates,, from X, ).

7. Aerobic and anoxic storage of poly-phosphates: Thisssentially the
storage of orthophosphate as cell internal polysphate G,,, asX ).
This process occurs at a reduced rate under anoritition by a factor
of e,

8. Aerobic and anoxic growth of PAOs: PAOs grow byngsistored
poly-hydroxy-alkanoates K, ). This is reduced under anoxic
conditions and is accounted for by the reductiatcia

9. Lysis of PAO: This is modelled as 3 processesslg$iPAOs, lysis of
Xppand lysis ofX ., -

10. Growth of autotrophs: This process is modelled mserobic process
where ammonium is consumed as nutrient.

11. Lysis of autotrophs: This process is modelled simtb the lysis of
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heterotrophs and the product of lys{s (converted to S. by
hydrolysis reactions) is used by heterotrophs fomngh.

A model of the GBWWTP (the BNR system along witle teecondary
clarifier) was created. The physical and operatiggaaameters required as
input were obtained from Gold Bar personnel. Phatsgimensions of the
bioreactor are tabulated in the Appendix 1 (Tabbk).1The method to build a
model and conduct simulations is clearly indicatethe user guide manual of
the software (GPS- [X] user guide, 2006).

Data collected from the plant database were figdidated by calculating
SRT based on MLSS concentration and WAS flow rabaitored at the plant.
Data for days when the calculated SRT exceededy6 das not used for
modeling. For the remaining days, influent was abtarized based on a trial
and error approach using the influent advisor tytiiool. Input to the model
along with wastewater characterization is as shiomfrable 1.B.1 in Appendix
1. The goal of this work was to attempt model caliion based solely on
historic data available in the GBWWTP archives arfdrmation available in
the literature.

This calibration process involved the following pba: (1) The use of
default values (values suggested by the IWA taglugy;, (2) A sensitivity
analysis of important kinetic parameters (identifi'om the literature) in
which the value of a parameter was varied by +5@¥tive to its default

value and the influence of the change on the modgiut was observed; and
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(3) Based on the results of the sensitivity analyie kinetic parameters were
modified (from default value) based on literature.

A steady state simulation was conducted and thdigieel model output
was compared to values measured at the plant. SiB¢R system was being
modelled, the following output parameters were wmered: final effluent
CBOD, TSS, OP@NH3; and NTOX.

Steady state simulations were conducted a numbgémes until a reasonable

fit between the predicted and measured value wisnsal.

3.2SAMPLE COLLECTION

A sampling program was also begun to provide datai$e in the next phase
of the plant model calibration project. Two inter&kehour sampling programs
were conducted during the month of August and Ndwan2008. During the
first sampling campaign discreet samples were calte every hour for 24
hours (24 samples from each sampling location). @esnwere collected from
different locations at the plant. The sampling p®imclude: raw influent,
primary effluent, effluent at the end of Pass | @BNeffluent at the end of
Pass IV (BNR) and RAS. All samples were collectasthg auto samplers
provided at the GBWWTP.

During the second 24 hour sampling campaign corduict November, 24
hour composite samples were collected from rawarit, primary effluent,

effluent at the end of Pass | (BNR), effluent & é&md of Pass IV (BNR). Auto
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samplers provided at the GBWWTP were used for sammglection.
Apart from the sampling campaigns historic datamfrthe plant database
(collected at the plant) based on 24 hour compos#mples was also

collected.
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3.3SAMPLE ANALYSIS

The samples collected were analyzed for variouarpaters based on model
requirement. The samples from the first campaigmewanalyzed for the
following parameters:

1 Raw influent: Ammonia nitrogen, TKN, nitrate and trite, total
phosphorus, orthophosphate, total and soluble C®| and soluble
BOD, TSS and VSS

2 Primary Effluent : Ammonia nitrogen, TKN, nitratend nitrite, total
phosphorus, orthophosphate, total and soluble @3, and VSS

3 Effluent from Pass | : MLSS, MLVSS, nitrates anttites

4 Effluent from Pass IV : Ammonia nitrogen, TKN, m@ite and nitrite, total
phosphorus, orthophosphate, total and soluble QW3S and ML VSS

5 RAS : Alkalinity, MLSS and MLVSS

Samples from the second campaign were analyzed tHer following

parameters:

1 Raw influent: Ammonia nitrogen, TKN, total and dolet COD, total and
soluble BOD.

2 Primary Effluent: Ammonia nitrogen, TKN, total asdluble COD, total
and soluble BOD.

3 Effluent from Pass I: MLSS and MLVSS

4 Effluent from Pass IV : Ammonia nitrogen, TKN, tbtphosphorus,
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orthophosphate, total and soluble COD, MLSS andu8IS
All analysis was performed in the Gold bar wastewdaboratory based on

standard methods.
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CHAPTER 4

4. RESULTSAND DISCUSSION

The main scope of the project was to calibrate aB8M2d model
(GPS-[X]software) for GBWWTP using historic planatd and parameter
values available in the literature. The parametaeelled include: final
effluent CBOD, NH, OPQ, TSS and NTOX. Characteristics of the influent
stream (PE) are shown in Table 1.B.1 in Appendi Historic data collected
at the plant (from 2007-2009) for PE and final wdfit (for the parameters

mentioned above) was used for modelling purposes.
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4.1 DEFAULT MODEL VALUES

4.1.1 CBOD Modelling

Figure 4.1.1 presents a comparison of the CBOD eglpredicted by the
model to the actual CBOD values measured at GBWVIDEPault values of
the all kinetic parameters indicated in Table 4ekewsed during the first run
of calibration. It is evident from Figure 4.1.1 thahe model was
overestimating the CBOD concentration as compared tie CBOD
concentration measured at the plant for most ofdiédngs. The mean square

error calculated was 1.728.
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1.0 +
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CBOD GBDATA
(mgQ/L)

CBOD MODEL
(mgQ/L)

FIGURE 4.1.1: Comparison of measured and predicted CBOD
concentration using default values of model kinetic parameter. Symbols
lying on the 45° line would indicate perfect agreement between modelled
and observed values.
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4.1.2 NTOX Modeling

Figure 4.1.2 presents a comparison of NTOX valuedipted by the model to
the NTOX values measured at GBWWTP. Default vabfabe all the kinetic
parameters were used during the first run of thibregion. It is evident from
the figure that the model was underestimating th&centration as compared
to the actual NTOX concentration measured at tlaatplThe mean square

error calculated was 29.302
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8.0

6.0 | b4 s

NTOX MODEL (mg/L
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0.0 : : : : : : :
0.0 2.0 4.0 6.0 8.0 10.0 12.0 14.0
NTOX GBDATA(mg/L)

FIGURE 4.12. Comparison of measured and predicted NTOX
concentration using default values of model kinetic parameter. Symbols
lying on the 45° line would indicate perfect agreement between modelled
and observed values
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4.1.3TSSMode€ling

Figure 4.1.3 presents a comparison of TSS valuedigied by the model to
the TSS values measured at GBWWTP. Default valtigkeoall the kinetic

parameters were used during the first run of caflibn. It is evident from the
figure that the model was overestimating the cotraéion as compared to the
TSS concentration measured at the plant. The mgaare error calculated

was 14.11.
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FIGURE 4.1.3: Comparison of measured and predicted TSS concentration
using default values of model kinetic parameter. Symbols lying on the 45°
line would indicate perfect agreement between modelled and observed
values.
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4.1.4 OPO,Moddlling

Figure 4.1.4 presents a comparison of @R&ues predicted by the model to
the OPQ concentration measured at the GBWWTP. Defaulteslof the all
the kinetic parameters were used during the fiust of calibration. It is
evident from the figure that the model was ovenesting the concentration as
compared to the ORQoncentration measured at the plant for all day=

mean square error calculated was 52.42

85 1ee

OPG MODEL (mg/L
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FIGURE 4.1.4: comparison of measured and predicted OPO,4concentration
using default values of model kinetic parameter. Symbols lying on the 45°
line would indicate perfect agreement between modelled and observed
values
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4.1.5 NHzModelling

Figure 4.5.1 presents a comparison ofsNidlues predicted by the model to
the NH; values measured at the GBWWTP. Default valueshef dll the
kinetic parameters were used during the first rdinthe calibration. It is
evident from the figure that the model was undéeregting the concentration
as compared to the NHtoncentration measured at the plant for most ef th

days. The mean square error calculated was 3.915
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FIGURE 4.1.5: comparison of measured and predicted NH3 concentration
using default values of model kinetic parameter. Symbols lying on the 45°
line would indicate perfect agreement between modelled and observed
values
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4.2 SENSITIVITY ANALYSIS

Sensitivity analysis is used to identify the degséenodel output sensitivity to

changes in input parameters. In this type of amaly® input variable value is
sequentially increased then decreased by a cgrgmgentage and the effect of
these changes on the output variables is observed.

Sensitivity analysis was carried out on the kin@i@rameters as indicated
in Table 4.1. For all the parameters, 100% is tbiawt value set in model.
The default value was decreased by 50% initiall¢ & effect on the output
variables like CBOD, ammonia, TSS and orthophospkats monitored and
plotted in the graph as shown in Appendix 1. Durihg second run of the
sensitivity analysis the default value was incrdasg a factor of 50% and the
effect was observed on the same set of outputhiagaAll sensitivity analysis

results are shown graphically in Appendix 1.
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Table4.1: List of kinetic parameterscalibrated after sensitivity analysis.
Default value = 100%, 50% = 50% reduction in the default value, 150% = 50% increase in the default value. *calibrated value = 100%,
50% =50% reduction in the calibrated value, 150% = 50% increasein the calibrated value.

Name Units Default 150% | 50% | Calibrated 150 50
(100%) Value(Makinia® % | %
et al., 200%

Hydrolysis rate constant (K dt 3 4.5 15 4

Anoxic hydrolysis reduction factor - 0.6 09] 0.3 0.8

(Mno3)

Rate constant for storage ofas @ g Xpnag Xpao 3 45| 15 10

PHA) d!

Rate constant for storage ofXqrd) | g Xpp G Xpao 1.5| 2.25| 0.75 8| 12| 4
d—l

Rate of lysis for %ao Opao) d? 0.2 0.3] 0.1 0.14

Rate of lysis for X%p bpp) dt 0.2 0.3 0.1 0.14

Rate of lysis for %ua (bpna) at 0.2 0.3] 0.1 0.14

Saturation coefficient for growth on | g COD m® 4 6 2 1

acetate (K)

Inhibition coefficient for PP storage | g Xep g™ Xpao 0.02 0.03| 0.01 0.3] 0.45] 0.1

(Kipp) S

Maximum growth rate of autotrophs-| d* 1 15| 05 1.2

Xaut (HAUT)
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It is evident from the sensitivity analysis thattmodel output was more

sensitive to the following parameters:

1) Lysis of PAO: From the sensitivity analysis (Figyr@.1) it is evident that
when the rate of lysis was increased from the defaalue, the
orthophosphate concentration in effluent also iaseel and decreased with
the subsequent decrease in the value of the kipatiameter. So during
model calibration the rate of lysis was decreasethfa value of 0.2
(default value) to 0.14H(Makinia® et al., 2006) to improve the rate of

orthophosphate removal.

0

OPGQ: (mg/L)

BN B
5

DATA SET

® 50% = DEFAULT = 150%

FIGURE 4.2.1: Effect of rate of lysis of PAO on the effluent OPO,
concentration, where 100% = default value, 50% = 50% reduction in the
default value, 150% = 50% increasein the default value.

2) Rate constant for storage ofp:. From Figure 4.2.2 it can be clearly

observed that the orthophosphate concentratiomeneffluent decreased
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with the increase in the value of the rate constBased on this result it
was decided to increase the value from 3sgaX " Xpao d* (default value)

to 8 g %ona g Xpao d* (Makinia® et al., 2006). Even though the calibrated
value of 8 g X%ua g Xpao d* was outside the range of the sensitivity
analysis values, the effect obpaon the effluent OPQOconcentration was

evident within the range used.

9.0

-
2 =
=~ N
9 NN
o - B 3
N B B o
N
BN BN 8N B
70 60 50 40 30 20 10
DATA SET
& 50% % DEFAULT * 150%

FIGURE 4.2.2: Effect of rate constant for storage of Xpya On the effluent
OPO,4 concentration, where 100% = default value, 50% = 50% reduction
in the default value, 150% = 50% increasein the default value.

3) Saturation coefficient for growth on acetate fofG%A From Figure 4.2.3 it
is evident that orthophosphate concentration inefflaent decreased with
the decrease in the value of the saturation coefficSo the default value

of 4 gCODNT was decreased to 1 gCODrtMakinia® et al., 2006).
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FIGURE 4.2.3: Effect of saturation coefficient for growth on acetate for
PAOs on the effluent OPO,4 concentration, where 100% = default value,
50% = 50% reduction in the default value, 150% = 50% increase in the
default value.

4) Autotrophic maximum growth rate: From Figure 4.2t4s evident that it
is one of the most important parameter as it cémtiioe growth of the
aerobic autotrophs. Autotrophs are generally slawwgng and face
competition from the heterotrophs and PAOs for CBCEEnsitivity
analysis indicates that when their growth rate vemsiced by 50% of the
default value there was almost no nitrogen rem@bwatause of lack of
nitrification). On increasing the value 50% fromethdefault value
significant nitrogen removal was observed. So dyroalibration the

default value of 1 dwas increased to 1.2'dMakinia® et al., 2006).
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FIGURE 4.2.4: Effect of maximum growth rate of autotrophs on the effluent

50% reduction

in the default value, 150% = 50% increasein the default value.

OPO,4 concentration, where 100% = default value, 50%
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FIGURE 4.2.5: Effect of autotrophic maximum growth rate on the effluent

50% reduction

in thedefault value, 150% = 50% increasein the default value.

default value, 50%

NH3 concentration, where 100%
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The effect was also observed in the effluent retredncentration (graph
attached in Appendix 1) which was zero when thevgiaoate was reduced by
50 % of the default value. The effect was also nleskin the effluent nitrate
concentration which was almost zero (Figure 1.CA@yendix 1) indicating
that there was no nitrification and denitrification

The other variables that were calibrated includdrblysis rate constant,
anoxic hydrolysis reduction factor, rate constamtdtorage of Xp, lysis rate
of Xpp and Xua, and inhibition coefficient for PP storage did r@ve an
independent impact during the sensitivity analysis the model output.
However the combined effect of all the kinetic paeters had improved the
overall prediction of the model in terms of CBOD,PQ and NH
concentrations. A final run to study the combineteat of the kinetic
parameters was carried out by using default veiluethose parameters whose
impact was not observed through the sensitivitylyasiga and the results are
presented in the Appendix 1 (Figures 1.D.1- 1.Dit5jvas evident that in the

absence of calibration of these parameters moeeigiron results were poor.
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4.3 MODEL CALIBRATION

Selected model parameters were calibrated to vahwaslable in the literature

(Makinia® et al., 2006) based on the results of the seitgitinalysis.

4.3.1 CBOD modelling

Figure 4.3.1 presents a comparison of the CBODegajiredicted by the model to the
CBOD values measured at GBWWTP. Kinetic parametsesl were modified (Table
4.2) as explained in section 4.2, to improve thddring the second run of calibration.
It is evident from the figure that the model was@stimating the CBOD. However

the mean square error after model calibration leaedsed to 0.936.
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FIGURE 4.3.1: Comparison of measured and predicted CBOD concentration
using calibrated values of model kinetic parameter. Symbols lying on the 45° line
would indicate perfect agreement between modelled and observed values.
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4.3.2NTOX Mode€ling

Figure 4.3.2 presents a comparison of the NTOXe&shredicted by the model to the
NTOX values measured at the GBWWTP. Kinetic paransetised were modified
(Table 4.2) to improve the fit during the second of the calibration. It is evident
from the figure that the model was underestimating NTOX concentration as
compared to the actual NTOX concentration measaitrélge plant. However the mean

square error after model calibration had reduceiBt841.
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FIGURE 4.3.2. Comparison of measured and predicted NTOX concentration using
calibrated values of model kinetic parameter. Symbols lying on the 45° line would
indicate perfect agreement between modelled and observed values
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4.3.3TSSModdling

Figure 4.3.3 presents a comparison of TSS valuedigied by the model to the TSS
values measured at the GBWWTP. Kinetic parametszd were modified (Table 4.2)
to improve the fit during the second run of thalralion. It is evident from the figure
that calibration had very little impact on the effht TSS concentration and the model
continued to overestimate the TSS concentration caspared to the TSS

concentration measured at the plant. The mean sguear was 15.66.
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FIGURE 4.3.3: comparison of measured and predicted TSS concentration using
calibrated values of model kinetic parameter. Symbols lying on the 45° line
would indicate perfect agreement between modelled and observed values.
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4.3.4 OPO,Moddlling

Figure 4.3.4 presents a comparison of @R&lues predicted by the model to the
OPQ, values measured at the GBWWTP. Kinetic paramatsesi were modified
(Table 4.2) to improve the fit during the second of the calibration. It is evident
from the figure that the model was overestimatimg ¢toncentration as compared to
the actual OP@concentration measured at the plant for most efdays. However

the mean square error had reduced considerablyt808 due to model calibration.
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FIGURE 4.3.4: Comparison of measured and predicted OPO,4 concentration using
calibrated values of model kinetic parameter. Symbols lying on the 45° line would
indicate perfect agreement between modelled and observed values.
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4.3.5 NH3zModelling

Figure 4.3.5 presents a comparison of;N#lues predicted by the model to the ;NH
values measured at the GBWWTP. Kinetic parametszd were modified (Table 4.2)
to improve the fit during the second run of thalralion. It is evident from the figure
that the model was underestimating the concentrai® compared to the NH
concentration measured at the plant for most oflthes and overestimating for three

days. However the mean square error had reduck®3%aafter calibration.
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FIGURE 4.3.5. comparison of measured and predicted NH3 concentration using
calibrated value of model kinetic parameter. Symbols lying on the 45° line would
indicate perfect agreement between modelled and observed values.
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4.4 DISCUSSION

From most of the graphs in sections 4.1 and 4.3, évident that model was either
overestimating or underestimating the concentratbénall the parameters when
compared to the actual data collected from the tpl&ahe main reason for an
inaccurate calibration (from the mean square ewould be attributed to wastewater
characterization. Characterization of the influeaste stream is an essential step that
affects the quality of any modelling process. Th®DC fraction especially the
biodegradable and inert fractions have to be estithaising various analytical
methods as this greatly affects the performancangfwastewater treatment system.
The basic theory behind a BNR system is that ammaumicroorganisms use the
biodegradable fraction in the input stream as &tsate and the nutrients like nitrogen
and phosphorus for their growth and maintenance.

The scope of the project was to use historic datailable at the plant for
calibration purposes. However during the coursenotlelling it was identified that
the wastewater characteristics was an importantgfahe input to the model. In the
absence of experimental data, characterizatioheofMastewater was attempted using
the influent advisor module of the GPS-[X] softwamed successful characterization
based on a trial and error approach was possibleifi@ days during the months of
November, January and February. Lack of experinhetdta for accurate influent
characterization could be one of the major contiifgufactors to the inaccuracy in the

calibration of the model. The soluble fraction ofal COD and the inert fraction of
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soluble COD were modified based on a trial andreaggproach as shown in Table
1.B.1 in Appendix 1. The VSS/ TSS ratio was cal@darom plant historic data. For
the other stoichiometric coefficients, default \edwere used as shown in Table 1.B.2
in Appendix 1.

CBOD removal: From Figures 4.1.1 and 4.3.1 it is evident thet model was
predicting higher CBOD concentration, with reducedor (mean square error
reduced from 1.728 to 0.9361) after calibration.ddscussed, the main reason could
be due to the errors in the influent wastewaterastiarization. This is evident from
the differences in the influent CBOD concentrationgasured at the plant and
calculated by the model based on the influent C@Des, shown in Table 4.2. Figure
1.E.1 attached in Appendix 1 gives a comparisotnefeffluent CBOD concentration
measured at the plant to the effluent concentrapi@dicted by the model before

(using default values of kinetic constants) andragtlibration.

Table 4.2: CBOD concentration of primary effluent measured at the plant and

predicted by the model.
DATA INFLUENT CBOD MEASURED INFLUENT CBOD PREDICTED
SET AT PLANT (mgO,/l) BY MODEL (mgO,/l)
1 142 203.4
2 170 220.2
3 149 201.5
4 164 205.9
5 140 188.8
6 136 163.6
7 192 226.7
8 206 219.2
9 190 224.2
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Nitrogen removal: Nitrogen removal is a two step process of ndafion under
aerobic conditions followed by denitrification umdenoxic conditions. It is evident
from the Figures 4.1.2 and 4.3.2 that the nitratecentration was underestimated by
the model even after calibration. The main reasoudcbe that in GBWWTP the
BNR design is such that the influent stream riclbimdegradable organics comes in
contact with the anoxic zone first followed by tlamaerobic zone where the
heterotrophs and the PAOs respectively, consumet mbsthe CBOD. These
organisms especially the heterotrophs are fast iggpvand compete with the
relatively slow growing autotrophs. For ASM2d, thiefault growth rates for
heterotrophs, autotrophs and PAOs are™s H d* and 1 &, respectively. This
clearly explains that the rate of denitrificatioocarring at the plant was less when
compared to the rate predicted by the model regulin the underestimation of
NTOX concentration. To compensate for this and ngorove nitrification the
autotrophic growth rate was increased from thewdefalue to the value reported in
Makinia® et al. (2006). From Figures 4.1.5 and 4.3.5 @vislent that after calibration,
the mean square error in predicting ammonia remioadlreduced from 3.915 to 1.95.
Influence of autotrophic growth rate can be seamfrthe results of sensitivity
analysis, Figures 1.C.16-1.C.17 in Appendix 1.

Phosphorus removal: Orthophosphate removal is achieved by group gamisms
called PAOs. These organisms are slow growing aade fcompetition for
biodegradable organics from the heterotrophs. S&'8/&re supplemented externally.

From Figures 4.1.4 and 4.3.4 it is evident that thedel is underestimating
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orthophosphate removal. Using default value for kivetic parameters there was
little or no removal owing to the high competitidrom the heterotrophs. To
compensate for this kinetic parameters like: ratestant for storage of pga , rate
constant for storage ofp¥ rate of lysis for Xao, rate of lysis for %p, rate of lysis for
Xpua, Saturation coefficient for growth on acetatejhition coefficient for PP storage
was calibrated (as shown in the Table 4.2). Afadibcation there was a significant
improvement in the removal as the mean square &adrreduced from 52.42 to
0.1803. Results of sensitivity analysis for the\abmentioned parameters are shown
in Appendix 1.

Another reason for the noted discrepancy couldhbethe soluble orthophosphate
concentration which is an important input parameighe model is not measured for
the primary effluent from the clarifier at the plaA default value of (90% of total
phosphate) as suggested by the influent advisdrabthe GPS-[X] software was
used. Although OPPwas measured during the first sampling programyas not
used for modelling purposes because it was na@hielito make an estimate based on
limited data (one sampling campaign).

Total Suspended Solids removal: From Figures 4atdB4.3.3 it is evident that the
model was overestimating the value of TSS. Calidmadlid not seem to have a great
impact on the TSS value. This could be becausentie objective of the project was
to calibrate a model for the BNR system. So infdromarequired to model the
secondary clarifier where the settling and remafalotal suspended solids occurs

was not collected. To improve TSS calibration, siamgpat of the secondary clarifier

86



is recommended.
Other major observations:

1. All the kinetic constants calibrated were basedlitamature. After sensitivity
analysis if lab experiments are carried out to metee the values of the most
important parameters (discussed under sensitiviifyais section) then a more
accurate calibration could be achieved.

2. The data collected at the plant are the combined gisinfection final effluent,
from all the secondary clarifiers and was compaoetthie model output from the
secondary clarifier specific to the BNR modellediisTcould be the other reason
for the observed discrepancies between the modetgred and observed value
at the plant.

3. Differences were also seen in the SRT calculatathysant data and the SRT
predicted by the model as shown in Figure 1.E.Appendix 1. A reason for
this difference could be attributed to the factt tth@ SRT was calculated using
MLSS concentration monitored at the end of pas$ the BNR system at the
plant. However SRT is predicted by the model frévta MLSS concentration
observed at the end of each pass of the modelldgl 8/dtem.

4. Parameter values adopted from the literature wesduated at 19% and
validated for a temperature of 19CL (Makinid et al., 2006). The effluent
temperature measured at Gold bar was within thgerafi 14 to 17C. However
to improve the overall prediction capabilities amediability of the model it is

important to study the temperature sensitivityhed kinetic parameters. Due to
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limited time frame and scope of the project, thieafof temperature on the

kinetic parameters was not included in the modgllin
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CHAPTER S

5.0 CONCLUSIONS:

An attempt was made to calibrate a steady stateehtodoredict final effluent water

quality at GBWWTP. Historic data collected from thwant supplemented by

information from the literature were used to caliterthe ASM2d model using the

Hydromatis GPS-[X] software. ASM2d was chosen taleidhe entire BNR process

(nitrogen and phosphorus removal) occurring atpih@t. Several observations were

made during the course of model calibration:

® A complete characterization of the wastewater (pryreffluent from the clarifier)
is very important to determine the biodegradablganic fractions required for
the BNR process. Characterizing wastewater to raprseasonal variations
would be ideal especially for modelling BNR process

® Trial and error approach for characterizing wastewaluring the months of
November, January and February was used in thenedbsd experimental data.
Since the differences in the wastewater charatti®bserved was minimal
during these months seasonal characterization msyfiieient (Table 1.B.1 in
Appendix 1).

® Only the soluble fraction of total COD and ineradtion of soluble COD were
modified from the default value used in the influadvisor module.

® Difference was observed in the CBOD of the influgmimary effluent from the

primary clarifier) calculated by the model and #ual value measured at the
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plant indicating discrepancies in the influent weasiter characterization (Table
4.1).

Exact orthophosphate concentration of the primédfijpent at the plant was
unknown as this parameter is not measured forringapy effluent at the plant.
The nitrate and nitrites and dinitrogen concerdratf the primary effluent were
assumed to be 0.03 and 0.00 gN/respectively.

The most important parameters recognized and eddithr after sensitivity
analysis include: hydrolysis rate constang)kanoxic hydrolysis reduction factor
(Mno3), rate constant for storage ob4 (QpHa), rate constant for storage opX
(gep),rate of lysis for Xao (beao), rate of lysis for Xp (bpp), rate of lysis for Xua
(bpna), saturation coefficient for growth on acetate Y Knhibition coefficient for
PP storage (l&p), maximum growth rate of 21 (uaut). Laboratory experiments
to determine the value for these constants carobhducted for a more accurate
calibration.

Calibration results indicate that the CBOD concatidn in the final effluent was
overestimated for all days by the model. However thean square error in
prediction had reduced from 1.728 to 0.936 aftébiation.

Ammonia removal was overestimated for most dayeixfor two days when a
higher concentration than observed at the plant pradicted. Similarly nitrate
and nitrite concentration predicted by the modtdragalibration is lower than the
concentration observed at the plant.

The TSS concentration did not seem to vary much efer calibration and was
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overestimated for all days. A separate modellinthefsecondary clarifier would
be required for accurate calibration.

The mean square error in the prediction of orthgphate concentration has
reduced considerably after calibration from 52.42 (.1803 although the
concentration predicted for most of the days waghdn than the actual
concentration observed at the plant.

Competition for CBOD between the fast growing hetir@phs, and the relatively
slow growing PAOs was clearly seen. Hence, a higaier of denitrification and
lower rate of phosphorus removal was predicted timerved at the plant.

The mean square error for nitrate removal was redidiiom 29.302 to 13.941.
More accurate calibration of the denitrificatioropess is required to improve the
overall prediction capabilities of the model.

Difference in the SRT predicted by the model andutated using plant MLSS
data was also observed (Figure 1.E.6, Appendix 1).

Values predicted by the model were for the efflueoin the secondary clarifier
specific to the BNR system being modelled and was compared to the final
effluent (combined effluent from all the clarifig¢rdata collected at the plant
which could add to the differences observed betwkeemeasured and predicted

values.
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5.1 RECOMMENDATIONS

A well calibrated steady state model can be usestudy the outcome of operational
changes under different scenario. One of the imapbrtequirements of a reliable
model is good wastewater characterization. So gwofitant recommendation is to
perform laboratory experiments to determine the Cf@dtions of the influent. The
COD fractions would include: readily biodegradall®D (&), volatile fatty acids
(Sa), inert soluble COD ($$, heterotrophic biomass fraction ()X autotrophic biomass
fraction (Xaut), phosphorus accumulating biomass fractiopafX inert particulate
COD (X)) and slowly biodegradable particulate CODs)\X Roeleveld.et al., 2002
and Garcl’a-Usach et al., 2006 ). Since a theee dgference in the influent BOD
calculated by the model and measured at the glamtrécommended to measure the
BODs to UBOD ratio.

Seasonal characterization of the primary efflueay e sufficient to model BNR
system, as differences in the wastewater charatiteriobserved during the months of
November, January and February (trial and errorcgmh for characterization was
used) were minimal. Seasonal characterization amportant to study the
temperature sensitivity of kinetic parameters.

From the sensitivity analysis, around ten kineticgmeters were identified to have
an impact on the model output. The most importargisoof these are: rate of lysis of
PAO (bpao), rate constant for storage ok @ pHa), Maximum growth rate of xr

(naut), and saturation coefficient for growth on acetdt€,). Respirometric
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measurements can be used to estimate the valbes# tonstants.

Apart from using historic data from the plant, 28uh composite samples can be
collected from the end of primary clarifier, end pkanoxic, anoxic, anaerobic and
aerobic zone and the effluent from the secondaayifir. Samples collected at the
end of primary and secondary clarifiers can beyaeal for: total COD, total TKN,
total phosphorus, DO, soluble ORGree and ionized ammonia, nitrite and nitrates,
dinitrogen, alkalinity, TSS and VSS. Nitrates anttites, ammonia, alkalinity and
orthophosphates at the end of each zone can bgsedalo characterize activated
sludge. For SRT calculation MLSS at end of eaclezaoxd RAS can be measured.

Temperature sensitivity of the kinetic parametes to be studied to improve the
overall prediction capabilities of the model. Thisn be done by including
temperature correction factors in the modellingcpss.

Characterization of effluent from the secondaryifita is necessary because at
present no historic data are available. Only tmalficombined effluent from the
clarifiers post disinfection is sampled and analyaethe plant.

The above recommendations are based on the reguitento calibrate ASM2d

steady state model using GPS-[X] software.
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APPENDIX 1:

1.A Physical dimensions of the bioreactor at GBWWTP:

CELL NUMBER LENGTH (m) WIDTH (m) DEPTH (m)
1 18.50 6.17 4.6
2 23.00 6.17 4.6
3 56.02 6.17 4.6
4 97.52 6.17 4.6
5 48.76 6.17 4.6
6 48.76 6.17 4.6
7 48.76 6.17 4.6
8 48.76 6.17 4.6
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1. B. WASTERWATER CHARACTERIZATION USING INFLUENT ADVISOR

TABLE 1.B.1: Wastewater characterization using influent advisor module of GPS-[X]

Soluble
Data| COD | TKN TP OPO,; | NHj3 TSS VSS fraction of Inert fraction
Set | (mg/L) | (mg/L) | (mg/L) | (mg/L) | (mg/L) | (mg/L) | (mg/L) | VSSITSS TCOD sCOD
1 327 33.7 8.46| 7.614 24 96 80 0.833 0.31 0.03
2 354 33.7 8.46| 7.614 24 128 102 0.797 0.31 0.03
3 324 35.7 9.16| 8.244 25 107 82 0.766 0.31 0.03
4 331 35.7 9.16| 8.244 24 98 82 0.837 0.31 0.03
5 303 38.6 8.56| 7.704 28 108 88 0.815 0.35 0.03
6 263 24.4 6.15| 5.535 19 100 80 0.8 0.31 0.03
7 363 51.1 9.49| 8.541 38 98 84 0.857 0.41 0.03
8 351 51.1 9.49| 8.541 38 110 94 0.855 0.41 0.03
9 359 51.1 9.49| 8.541 38 94 78 0.83 0.41 0.03
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TABLE 1.B.2: Default values of influent stoichiometric coefficientsused in

GPS[X].
SNO PARAMETER DEFAULT VALUE
1 VFA fraction of sSCOD 0.00
2 Substrate fraction of pCOD 0.75
3 Unbiodegradable fraction of pCOD 0.00
4 Heterotrophic biomass fraction of pCOD 0.18
5 Autotrophic biomass fraction of pCOD 0.00
6 PAO biomass fraction of pCOD 0.00
7 PolyP fraction of pCOD 0.00
8 PHA fraction of pCOD 0.00
9 Stored fraction of pCOD 0.00
10 Glycogen fraction of pCOD 0.00
11 OPQ fraction of soluble phosphorus 0.90
12 Xpp fraction of particulate phosphorus 0.00
13 Xpprfraction of particulate phosphorus 0.00
14 Ammonium fraction of soluble fraction 0.90
15 Inert fraction of soluble TKN 0.00
16 Metal- hydroxide fraction of inorganic 0.00
suspended solids
17 Metal- phosphate fraction of inorganic 0.00
suspended solids
18 XCOD/VSS ratio 1.50
19 BOD/UBOD ratio 0.66
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1. C.RESULTSOF SENSITIVITY ANALYSIS:

1) Lysisof PAO (bpaoy:

TSS (mg/L)

DATA SET

& 50% = DEFAULT = 150%

FIGURE 1.C.1: Effect of lysis of PAO on the effluent TSS concentration, where
100% = default value, 50% = 50% reduction in the default value, 150% = 50%

increasein the default value.
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DATA SET

B 50% # DEFAULT & 150%

FIGURE 1.C.2: Effect of lysis of PAO on the effluent OPO,4 concentration, where
100% = default value, 50% = 50% reduction in the default value, 150% = 50%
increasein the default value.
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® 50% %= DEFAULT = 150%

FIGURE 1.C.3. Effect of lysis of PAO on the effluent NTOX concentration,
where 100% = default value, 50% = 50% reduction in the default value, 150% =
50% increasein the default value.
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6.0

CBOD (mg@/L)

DATA SET

® 50% # DEFAULT = 150%

FIGURE 1.C.4. Effect of lysis of PAO on the effluent CBOD concentration,
where 100% = default value, 50% = 50% reduction in the default value, 150% =
50% increasein the default value.
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DATA SET

& 50% # DEFAULT ® 150%

FIGURE 1.C.5: Effect of lysis of PAO on the effluent NH3 concentration, where
100% = default value, 50% = 50% reduction in the default value, 150% = 50%
increasein the default value
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2) Rate constant for storage of Xpya (Qpua):

80
78 &
7.6
7.4
7.2
7.0
6.8
6.6
6.4
6.2

TSS (mg/L)

DATA SET

& 50% # DEFAULT = 150%

FIGURE 1.C.6: Effect of rate constant for storage of Xpuya On the effluent TSS
concentration, where 100% = default value, 50% = 50% reduction in the default
value, 150% =50% increasein the default value.
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FIGURE 1.C.7: Effect of rate constant for storage of Xpya 0on the effluent OPO4
concentration, where 100% = default value, 50% = 50% reduction in the default
value, 150% =50% increasein the default value.
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10.0

NTOX (mg/L)

DATA SET

8 50% = DEFAULT & 150%

FIGURE 1.C.8. Effect of rate constant for storage OF Xpya On the effluent
NTOX concentration, where 100% = default value, 50% = 50% reduction in the
default value, 150% = 50% increasein the default value.
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FIGURE 1.C.9: Effect of rate constant for storage of Xpya 0On the effluent CBOD
concentration, where 100% = default value, 50% = 50% reduction in the default
value, 150% =50% increasein the default value.
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FIGURE 1.C.10: Effect of rate constant for storage of Xpya On the effluent NH3
concentration, where 100% = default value, 50% = 50% reduction in the default
value, 150% =50% increasein the default value.

3) Saturation coefficient for growth on acetate (K 4):

8.0 -
78 B
76 -
74 -
7.2
70 -
6.8 -
6.6 -
6.4
6.2 ==

TSS (mg/L)

:1:1:2A i

::::55 R 2
4 2 1

DATA SET

& 50% # DEFAULT = 150%

FIGURE 1.C.11: Effect of saturation coefficient for growth on acetate on the
effluent TSS concentration, where 100% = default value, 50% = 50% reduction
in the default value, 150% = 50% increasein the default value.
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FIGURE 1.C.12: Effect of saturation coefficient for growth on acetate on the
effluent OPO,4 concentration, where 100% = default value, 50% = 50% reduction
in the default value, 150% = 50% increasein the default value.
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FIGURE 1.C.13: Effect of saturation coefficient for growth on acetate on the
effluent NTOX concentration, where 100% = default value, 50% = 50%
reduction in the default value, 150% = 50% increasein the default value.
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CBOD (mgO2/L

DATA SET

® 50% # DEFAULT =& 150%

FIGURE 1.C.14: Effect of saturation coefficient for growth on acetate on the
effluent CBOD concentration, where 100% = default value, 50% = 50%
reduction in the default value, 150% = 50% increasein the default value.
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NH3 (mg/L)
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DATA SET

8 50% = DEFAULT & 150%

FIGURE 1.C.15: Effect of saturation coefficient for growth on acetate on the
effluent NH3 concentration, where 100% = default value, 50% = 50% reduction
in the default value, 150% = 50% increasein the default value.
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4) Maximum growth rate of autotrophs Xaut (paur):

DATA SET

® 50% % DEFAULT = 150%

FIGURE 1.C.16: Effect of maximum growth rate of autotrophs on the effluent

50% reduction in the

default value, 50%

default value, 150% = 50% increasein the default value.
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DATA SET

® 50% = DEFAULT = 150%

FIGURE 1.C.17: Effect of maximum growth rate of autotrophs on the effluent
OPO4 concentration, where 100% = default value, 50% = 50% reduction in the

default value, 150% = 50% increasein the default value.
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FIGURE 1.C.18: Effect of maximum growth rate of autotrophs on the effluent
NTOX concentration, where 100% = default value, 50% = 50% reduction in the
default value, 150% = 50% increasein the default value.
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FIGURE 1.C.19: Effect of maximum growth rate of autotrophs on the effluent
CBOD concentration, where 100% = default value, 50% = 50% reduction in the
default value, 150% = 50% increasein the default value.
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FIGURE 1.C.20: Effect of maximum growth rate of autotrophs on the effluent
NH3z concentration, where 100% = default value, 50% = 50% reduction in the
default value, 150% = 50% increasein the default value.

5) Hydrolysisrate constant ( Ky):

8.0 -

TSS (mg/L

DATA SET

® 50% = DEFAULT = 150%

FIGURE 1.C.21: Effect of hydrolysis rate constant on the effluent TSS
concentration, where 100% = default value, 50% = 50% reduction in the default
value, 150% =50% increasein the default value.
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DATA SET

® 50% % DEFAULT = 150%

FIGURE 1.C.22: Effect of hydrolysis rate constant on the effluent OPO4
concentration, where 100% = default value, 50% = 50% reduction in the default
value, 150% =50% increasein the default value.
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FIGURE 1.C.23: Effect of hydrolysis rate constant on the effluent NTOX
concentration, where 100% = default value, 50% = 50% reduction in the default
value, 150% =50% increasein the default value.
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FIGURE 1.C.24: Effect of hydrolysis rate constant on the effluent CBOD
concentration, where 100% = default value, 50% = 50% reduction in the default
value, 150% =50% increasein the default value.

NH3 (mg/L)

:

5
DATA SET

8 50% # DEFAULT & 150%

FIGURE 1.C.25: Effect of hydrolysis rate constant on the effluent NHj
concentration, where 100% = default value, 50% = 50% reduction in the default
value, 150% =50% increasein the default value.
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6) Anoxic hydrolysisreduction factor (nnos):

TSS (mg/L)

DATA SET

& 50% = Default ® 150%

FIGURE 1.C.26: Effect of hydrolysis rate constant on the effluent TSS
concentration, where 100% = default value, 50% = 50% reduction in the default
value, 150% =50% increasein the default value.

7
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B8 50% # Default & 150%

FIGURE 1.C.27: Effect of hydrolysis rate constant on the effluent OPO4
concentration, Where 100% = default value, 50% = 50% reduction in the default
value, 150% =50% increasein the default value.
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10.0

NTOX (mg/L)

® 50% # Default ® 150%

FIGURE 1.C.28: Effect of hydrolysis rate constant on the effluent NTOX
concentration, where 100% = default value, 50% = 50% reduction in the default
value, 150% =50% increasein the default value.
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FIGURE 1.C.29: Effect of hydrolysis rate constant on the effluent CBOD
concentration, where 100% = default value, 50% = 50% reduction in the default
value, 150% =50% increasein the default value
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6.0

NH3 (mg/L)

DATA SET

#® 50% # Default ® 150%

FIGURE 1.C.30: Effect of hydrolysis rate constant on the effluent NHj

concentration, where 100% = default value, 50% = 50% reduction in the default
value, 150% = 50% increasein the default value

119



7) Rateof lysisfor Xpp(bpp) :

8.0 -
78 B
76§
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70 &
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66
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9 8 7 6 5 4 3
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FIGURE 1.C.31: Effect of rate of lysisfor xp, on the effluent TSS concentration,
where 100% = default value, 50% = 50% reduction in the default value, 150% =
50% increasein the default value
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® 50% % Default & 150%

FIGURE 1.C.32: Effect of rate of lysis for Xpp on the effluent OPO4
concentration, where 100% = default value, 50% = 50% reduction in the default
value, 150% =50% increasein the default value
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FIGURE 1.C.33: Effect of rate of lysis for Xpp on the effluent NTOX
concentration, where 100% = default value, 50% = 50% reduction in the default
value, 150% =50% increasein the default value
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#® 50% # Default ® 150%

FIGURE 1.C.34: Effect of rate of lysis for Xpp on the effluent CBOD
concentration, where 100% = default value, 50% = 50% reduction in the default
value, 150% = 50% increasein the default value
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FIGURE 1.C.35: Effect of rate of lysisfor Xpp 0n the effluent NH3concentration,
where 100% = default value, 50% = 50% reduction in the default value, 150% =
50% increasein the default value

8) Rate of Iysisfor XpHA (bPHA) .
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FIGURE 1.C.36: Effect of rate of lysis for Xpya on the effluent TSS
concentration, where 100% = default value, 50% = 50% reduction in the default
value, 150% =50% increasein the default value
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FIGURE 1.C.37: Effect of rate of lysis for Xpya On the effluent OPO,4
concentration, where 100% = default value, 50% = 50% reduction in the default
value, 150% =50% increasein the default value
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FIGURE 1.C.38: Effect of rate of lysis for Xpya on the effluent NTOX
concentration, where 100% = default value, 50% = 50% reduction in the default

value, 150% = 50% increasein the default value
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FIGURE 1.C.39: Effect of rate of lysis for Xpya on the effluent CBOD
concentration, where 100% = default value, 50% = 50% reduction in the default
value, 150% =50% increasein the default value
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FIGURE 1.C.40: Effect of rate of lysisfor Xpya on the effluent NHsconcentration,
where 100% = default value, 50% = 50% reduction in the default value, 150% =
50% increase in the default value
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9) Inhibition coefficient for PP storage (K pp):

s BN

TSS (mg/L)

® 50% # Default ® 150%

FIGURE 1.C.41: Effect of inhibition coefficient for PP storage on the effluent
TSS concentration, where 100% =calibrated value, 50% = 50% reduction in the
calibrated value, 150% = 50% increasein the calibrated value
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FIGURE 1.C.42: Effect of inhibition coefficient for PP storage on the effluent
OPO, concentration, where 100% =calibrated value, 50% = 50% reduction in
the calibrated value, 150% = 50% increasein the calibrated value
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FIGURE 1.C.43: Effect of inhibition coefficient for PP storage on the effluent
NTOX Concentration, where 100% =calibrated value, 50% = 50% reduction in
the calibrated value, 150% = 50% increasein the calibrated value
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FIGURE 1.C.44: Effect of inhibition coefficient for PP storage on the effluent
CBOD concentration, where 100% =calibrated value, 50% = 50% reduction in
the calibrated value, 150% = 50% increasein the calibrated value
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FIGURE 1.C.45: Effect of inhibition coefficient for PP storage on the effluent
NH s concentration, where 100% =calibrated value, 50% = 50% reduction in the
calibrated value, 150% = 50% increasein the calibrated value
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10) Rate constant for storage of Xpp:
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FIGURE 1.c.46: Effect of rate constant for storage of Xpp on the effluent TSS
concentration, where 100% =calibrated value, 50% = 50% reduction in the
calibrated value, 150% = 50% increasein the calibrated value
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FIGURE 1.C.47: Effect of rate constant for storage of Xpp 0on the effluent OPO4
concentration, where 100% =calibrated value, 50% = 50% reduction in the
calibrated value, 150% = 50% increasein the calibrated value
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FIGURE 1.C.48: Effect of rate constant for storage of Xpp 0n the effluent NTOX
concentration, where 100% =calibrated value, 50% = 50% reduction in the
calibrated value, 150% = 50% increasein the calibrated value
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FIGURE 1.C.49: Effect of rate constant for storage of Xpp 0on the effluent CBOD
concentration, where 100% =calibrated value, 50% = 50% reduction in the
calibrated value, 150% = 50% increasein the calibrated value
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FIGURE 1.C.50: Effect of rate constant for storage of Xpp 0on the effluent NH3
concentration, where 100% =calibrated value, 50% = 50% reduction in the
calibrated value, 150% = 50% increasein the calibrated value
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1. D. RESULTS OF MODEL RUN TO STUDY THE COMBINED EFFECT OF
CALIBRATION OF KINETIC PARAMETERS:
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FIGURE 1.D.1: Comparison of measured and predicted CBOD concentration
using default values of model kinetic parameter (hydrolysis rate constant, anoxic
hydrolysis reduction factor, rate constant for storage of Xpp, lysisrate of Xpp and
Xpua, and inhibition coefficient for PP storage). Symbols lying on the 45° line
would indicate perfect agreement between modelled and observed values.
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FIGURE 1.D.2: Comparison of measured and predicted NTOX concentration
using default values of model kinetic parameter (hydrolysis rate constant, anoxic
hydrolysis reduction factor, rate constant for storage of Xpp, lysisrate of Xpp and
Xpua, and inhibition coefficient for PP storage). Symbols lying on the 45° line
would indicate perfect agreement between modelled and observed values.
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FIGURE 1.D.3: Comparison of measured and predicted TSS concentration using
default values of model kinetic parameter (hydrolysis rate constant, anoxic
hydrolysis reduction factor, rate constant for storage of Xpp, lysisrate of Xpp and
Xpua, and inhibition coefficient for PP storage). Symbols lying on the 45° line
would indicate perfect agreement between modelled and observed values.
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FIGURE 1.D.4: Comparison of measured and predicted OPO,4 concentration
using default values of model kinetic parameter (hydrolysis rate constant, anoxic
hydrolysis reduction factor, rate constant for storage of Xpp, lysisrate of Xpp and
Xpua, and inhibition coefficient for PP storage). Symbols lying on the 45° line
would indicate perfect agreement between modelled and observed values.
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FIGURE 1.D.5: Comparison of measured and predicted NH3 concentration using
default values of model kinetic parameter (hydrolysis rate constant, anoxic
hydrolysis reduction factor, rate constant for storage of Xpp, lysisrate of X, and
Xpua, and inhibition coefficient for PP storage). Symbols lying on the 45° line
would indicate perfect agreement between modelled and observed values.
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1. E. Comparison of data from GBWWTP and model output using default and

calibrated kinetic parameter value:

o o o o
< ™ N —

1/20 Bw) @ogo

5.0

(1/6w) XOLN

FIGURE 1.E.1: Comparison of measured and predicted CBOD concentration
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FIGURE 1.E.2: Comparison of measured and predicted NTOX concentration
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FIGURE 1.E.3: Comparison of measured and predicted TSS concentration
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FIGURE 1.E.4: Comparison of measured and predicted OPO,4 concentration
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FIGURE 1.E.6: Comparison of measured and predicted SRT




