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DER{ ATIKSUYUNUN BAKTERILERLE AYRISMASINDA SUBSTRAT
DEPOLAMA KAVRAMI VE MODELLEMES{

OZET

AKktif gamur proseslerin simulasyonu igin, IAWQ Caliyma Grubu, Activated Sludge
Model No.l (ASM1) modelini (Henze ve dig., 1987) olusturmustur. ASM1 modeli,
aktif camur sistemlerinde organik madde giderimi, biyolojik nitrifikasyon ve
denitrifikasyon  proseslerine ait tasarm ve simulasyonlarmin  yapilmasim
saglamaktadir. Daha sonra, ASM1 modeli biyolojik fosfor giderimini de icerecek
sekilde degistirilerek ASM2 ve ASM2d modelleri geligtirilmigtir (Henze ve dig.,
1995; 1999). IAWQ Caliyma Grubu tarafindan onerilen en son model olan ASM3
(Gujer ve dig., 2000), ASM1’den farkli olarak kolay ayrisan substratn (Ss)
depolama {iriinlerine (Xsro) doniigtiikkten sonra heterotrofik biyokiitle (Xy) tarafindan
tikketildigini varsayan depolama kavramumu esas almaktadir. Ancak bu varsaym
gergegi tam olarak yansitmamaktadir. Daha gergekei bir yaklagim, van Aalst (1997)
tarafindan ele almmugtir; bu yaklasima gore Ss’in bir kisnm direkt olarak Xy
tarafindan tiiketilirken, geri kalan kisim 6ncelikle depolama polimerlerine doniigerek
Xy tarafindan tiiketilmeye hazir hale gelmektedir. Bu yaklagim, metabolik yolizi
(metabolic pathways) terminolojisini kullandig: i¢in literatiirde metabolik modelleme
olarak adlandinlmaktadir, ancak bu ¢aliymada sisteme giren substrat ve depolanan
polimer {izerinden simultane gogalma ve depolama olarak isimlendirilmigtir. Diger
onemli nokta ise kolay ayrigan (Ss) ve yavas ayrisan (Xs) KOI bilesenlerinin
ASM3’teki tanimlarizin farkh olmasidir; ASM3 modelinde 0.45 um gozenek ¢aph
membran filtre kullanlarak yapilan stizme isleminden sonra sadece filtre iizerinde
kalan fraksiyonun yavas aynsan KOI (Xs) oldugu, siiziintiideki ayngabilir
fraksiyonunun ise (Ss) oldugu kabulii yapilmugtir.

Bu c¢ahgmanin amaci, deri atiksuyu igin farklh aktif c¢amur modellerinin
incelenmesidir. Caligma kapsaminda deri atiksuyu i¢in ASM1, ASM3 ve simultane
cofalma ve depolama modelleri kiyaslanmustir. Literatiirde, 6zellikle ASM3’iin
deneysel degerlendirmesi ve ASM3 modifikasyonlar1 ile ilgili ¢ok az arastirma
mevcuttur. Mevcut deneysel ¢ahigmalar asetat, glikoz ve evsel atiksular ile
yapilmugtir. Bu ¢ahgmada g¢ok karmagik bir atiksu olan deri atiksuyunda depolama
kavrammin etkisi irdelenmigtir. Modelleme ¢aligmalarinda kullanilmak tizere ham ve
sliziilmiis atiksu i¢in iiretilen deneysel veriler degerléndirilmigtir.

Simulasyonlar ASM1, ASM3 ve simultane gogalma ve depolama modelinin ti¢ farkli
alternatifi olan; a) substrat ahm hizinin (rs) ve depolama hizinin (rsto) belirlenerek,
¢ogalma hizinin (rx) hesaplandifi, b) rx ve rsyo hizlarinm belirlenerek, rs hiznm
hesaplandi1 ve ¢) rs ve rx hizlariin belirlenerek, rsro hizinmn hesaplandigi, durumlar
i¢in yapilmustir. Deri atiksuyuna uyarlanan matrisler hazirlanarak Aquasim bilgisayar
programn ile simulasyon g¢alismalar1 yapildiktan sonra her model icin elde edilen
simulasyon sonuglari, deneysel verilerle kiyaslanmgtir.



Bu simulasyon ¢aligmalarinin sonuglan, farkh aktif ¢camur modellerinin kavramsal
degerlendirmesine Ornek olarak ve deri atiksuyuna uyarlanabilecek biitiinsel ve
bolimsel (structured and unstructured) modellerin kinetik ve stokiyometrik
katsayilar1 i¢in veri tabam olusturulmasmna hizmet etmek amaciyla sunulmugtur.
Degerlendirilen  veriler gelecekteki deneysel c¢ahgmalara ve modelleme
uygulamalarmna esas tegkil edecek niteliktedir.

Aktif camur sistemleri igin ¢esitli model yapilari Onerilmigse de, bu modellerin
endiistriyel atiksular igin kalibrasyonu hala irdelenmemis bir konu olarak
durmaktadir. Bu c¢alymada, deri atiksuyu igin ASM1 ve ASM3 modelleri
kullamlarak yapilan simulasyon uygulamalari ve modelleme sonuglar1 kiyaslanarak
degerlendirilmistir. Bunlara diginda ASM3 modeli, simultane ¢ogalma ve depolama
kavramna uyarlanarak deri atiksuyuna uygulanacak hale getirilmigtir. Literatiirde,
simultane ¢ogalma ve depolama yaklagimmin ele alindif1 ¢aligmalar asetat ve glikoz
icin yapilmgtir. Yukarida s6zli edilen bSlimsel modellerin deri atiksuyuna
uygulandigi modelleme c¢aligmalar: literatiirde yer almamaktadir. Bundan dolay: bu
caligmada deri atiksuyu igin elde edilen sonuglarin kargilagtirmali olarak
degerlendirmesi yapimug ve farkli boliimsel modellerin endistriyel atiksulara
uygulanabilmesi i¢in gerekli olan kavramsal yaklagimlar irdelenmistir.

Bu cabgmada elde edilip literatiir ile kiyaslanarak degerlendirilen modelleme
sonuglar, her bir spesifik atiksu i¢in model parametrelerinin dogru belirlenmesine
duyulan gereksinimi vurgulamaktadwr. Yiirlitiilen simulasyon ¢aligmalarinda, deri
atiksuyu icin literatiirde verilen degerler kullanilmigtir. Bu kapsamda, tiim model
simulasyonlar1 deney baslangig kosullari olarak, aym icsel solunum iz ve aktif
biyokiitle konsantrasyonlar esas alinarak gerceklestirilmigtir.

Baglangig atiksu KOI fraksiyonlar1 ASM1 ve ASM3 modellerindeki tamimlar esas
almarak hesaplandigmda ASM1 modeli simulasyon sonuglarmm literatiirde verilen
degerler ile uyumlu oldugu goriilmigtiic. ASM3 model sonuglariin ASM1 sonuglar
ile kargilastmldiginda, dinamik sartlar altindaki oksijen tliketim hiza (OTH) tepkisini
daha iyi tammmladig1 saptanmustir. Bu sonug, atiksuyun yiiksek ugucu yag asitleri
(UYA) igerigi ve kesikli deneylerdeki dinamik kosullar ile uyumludur.

ASM3 simulasyon sonuglan literatiir verileri ile kargilastriddiginda, deri atlksuyu
proses hizlarmin, biyolojik olarak daha kolay ayrisabilen farkh substratlar igin rapor
edilen degerlerden daha disiik oldugu gériilmektedir. Bu durum, ele alinan
mikroorganizma toplulufunun kompozisyonundaki muhtemel farkhiliklarm sonucu
olarak yorumlanabilir.

Bu cabsmada, IAWQ Calisma Grubu tarafindan Onerilen ASM1 ve ASM3
modellerinin deri atiksuyuna uyarlanmasi ve dinamik sartlar altnda gézlenen
simultane gogalma ve depolama modeli uygulamalar incelenmistir.

Incelenen bes farklh modelin sonuglan karsilastirildiginda, gergek durumu daha iyi
tammlayan modellerin daha detayh modeller oldugu sonucuna vanimaktadir.
Sonuglar hidroliz prosesinin kesikli deneylerde diigiik F/M oranlarinda daha az etkin
oldugunu, ancak yitksek F/M oranlarmdaki model kalibrasyonlarmin, Ss tanmumn
¢ok dogru olmadifm vurguladifim gostermlstlr Bunlara ek olarak sonuglar, yavasg
ayrisan substratn ¢Oziinmfis fraksiyonunun ihmal edilmesi durumunun, depolama
polimerleri iizerindeki gogalma tepkisinin birinci derece reaksiyon Kinetigi lizerinden
tammlanmas! ile telafi edilebildigini gdstermektedir.



Dinamik kosullar altinda, deri endiistrisi atiksular1 i¢in elde edilen OTH tepkilerinin
en iyi bolimsel modeller ile ifade edildigi dikkat ¢ekmektedir. Bununla birlikte,
karmagik substrat kompozisyonlar s6z konusu oldugunda, tiim depolama {irlinlerinin
deneysel olarak belirlenmesinin zorlugu ya da imkansizlii nedeniyle, model
katsayilarimin dogru saptanmast miimkiin olamamaktadir. Bundan dolay1 model
parametrelerinin deneysel olarak belirlenmesi gerektifinde, uyarlanan modellerden,
substrat alim hizim ana proses olarak dikkate alan modelin (MODEL C), depolama
{irlinlerinin Sl¢limiinii gerektirmemesi nedeniyle en uygun model oldugu sonucuna
varilabilir.

Deri atiksularinda boliimsel modellerin spesifik parametrelerinin belirlenebilmesi
icin daha fazla aragtrma yapilmas: gereklidir. Kolay ayrisabilen substratin
tammlanmasi, halen daha fazla deneysel cahgma gerektiren bir konu olarak
giindemdeki yerini korumaktadir. Girig KOI kompozisonundaki kolay ayrisabilen
fraksiyonun tammi son derece 6nemlidir ve bu tammin segimi endiistriyel atiksularin
modelleme uygulamalarindaki amag goz 6niinde tutularak dikkatle yapilmahdir.



THE CONCEPT AND THE MODELING OF SUBSTRATE STORAGE IN
THE BIODEGRADATION OF TANNERY WASTEWATER

SUMMARY

The IAWQ Task Group on mathematical modeling for design and operation of
wastewater treatment processes introduced ASM1 for the simulation of activated
sludge processes (Henze et al., 1987). ASM1 allows organic matter removal and
nitrification and denitrification simulations in activated sludge systems. Later, ASM1
was expanded and improved for the biological phosphorus removal to evaluate
ASM2 and ASM2d (Henze ef al, 1995 and 1999). Recently IAWQ introduced
ASM3 (Gujer et al., 2000) which is different from ASM1 in many cases, i.c. ASM3
is based upon storage concept that assumes readily biodegradable substrate (Ss) is
firstly converted to storage polymer (Xsto) and then used by heterotrophic biomass
(Xu). This assumption is far away from reality. A much more realistic approach was
studied by van Aalst-van Leeuwen et al. (1997): a part of Ss is directly used by the
active biomass while the rest of it is firstly converted to storage polymers, then
consumed by Xy. This approach is named as metabolic modeling in literature
because of using metabolic pathways in terminology. However in this study it can be
renamed as simultaneous growth and storage concept on external substrate and stored
polymers. Another major difference is in the definition of Sg and slowly
biodegradable substrate (Xs) components as in ASM3, X is assumed to be only the
particular fraction and all of the filtrate (soluble fraction) is composed of Ss when
0.45 pm membrane filter is used.

The aim of this study is to investigate different activated sludge models for tannery
wastewaters. ASM1, ASM3 and simultaneous growth and storage models were
compared for tannery wastewater in this study. In literature, scarce information is
available, especially on the basis of experimental evaluation for ASM3 and
simulateneous growth and storage models. Very few experimental studies were
carried out with acetate, glucose and domestic wastewater. In this study tannery
wastewater was handled which is a very complicated type and since there is no
experimental study on the effect of the storage phenomena for tannery wastewaters.
Experimental data were evaluated for both raw and filtered wastewater in order to be
used for modeling studies. ;

The simulations were performed for ASM1, ASM3 and three different alternatives of
simultaneous growth and storage models: a) firstly fixing substrate uptake rate (rs)
and storage rate (rsto) for calculating the growth rate (rx); b) secondly fixing rx and
rsto, calculating rs; and c) lastly fixing rs and rx in order to calculate rgro. For
tannery wastewater relevant matrices were prepared and loaded into Aquasim. The
obtained simulation results for each of the models were compared with experimental
data.

These simulation studies present an example for the conceptual evaluation of
different activated sludge models and serve as data base for kinetic and



stoichiometric coefficients of unstructured and structured models for tannery
wastewater. Evaluated data can be used as default values in further experiments and
simulations.

In spite of a variety of model structures proposed for activated sludge systems,
calibration of these models for industrial wastewaters still stands untouched. In this
study, application and comparison of modeling studies using ASM1 and ASM3 for
tannery wastewater. Additionally, ASM3 was extended and adapted for tannery
effluent according to the simultaneous growth and storage concept. In literature,
simultaneous growth and storage models were applied for acetate and glucose. There
is no available research for the application of above-mentioned structured models for
tannery wastewater. Therefore, comparison and evaluation of the results obtained for
tannery wastewater in this study presents a conceptual framework for the application
of different structured models for industrial wastewaters.

The modeling results obtained in this study, in comparison with literature, highlight
the need for reliable estimation of model parameters with respect to each specific
wastewater of concern. Model simulations conducted in this study were based on
previous literature data obtained for tannery effluents. In this context, all the model
simulations were based on the same endogenous decay rate and active heterotrophic
biomass concentrations as one of the initial experimental conditions. The initial
wastewater COD fractions were calculated based on the definitions in ASM1 and
ASM3. Model simulation results for ASM1 were quite consistent with those given in
literature.

ASM3 modeling results yielded a better description of the dynamic OUR response
compared to ASMI1. This result is obviously a consequence of the high amount of
VFA content and prevailing transient conditions in batch experiments. When ASM3
simulation results are compared with the set of model coefficients reported in
literature, it can be stated that lower process rates are estimated for tannery
wastewaters, than those reported for different substrates, which are more
biodegradable than tannery effluent. This result is interpreted as a consequence of the
possible differences in the composition of studied microbial communities.

In addition to JAWQ Task Group Models ASM1 and ASM3 modified versions of
ASM3 involving simultaneous growth and storage under dynmamic conditions have
also been investigated in the scope of this study.

When the simulation results of five different models are compared, it can be
concluded that the possibility of describing the real case increases as the model gets
more detailed. The results have shown that the hydrolysis process is less effective
when batch tests with low F/M ratios are concerned but the calibration studies at high
F/M ratios clearly emphasize the challenge in the definition of readily biodegradable
COD. The results also point out that, the neglécted OUR response due to the
hydrolysis of soluble slowly biodegradable substrate can be compensated when first
order kinetics is chosen to describe the growth response on storage polymers.

Although structured models can generally be regarded as the best interpretation to
describe the dynamic behavior observed for tannery effluents, the insufficiency
experienced in the experimental determination of all the storage products when
complex substrate compositions are concerned, hinders the correct determination of
model coefficients. Thus, when the case of experimental determination of model
parameters are concerned the adapted model considering substrate uptake could be



used more effectively since this model does not need the measurement of storage
polymers.

Further research should be conducted on the assessment of specific parameters of
structured models for industrial wastewaters. The description of readily
biodegradable substrate still needs additional experimental studies and the choice of
definition on the readily biodegradable fraction of influent COD should be dealt with
significant care and this choice should be made meticulously depending on the
purpose of modeling application for industrial wastewaters.



SECTION 1 INTRODUCTION

1.1 Relevance of the Subject

In order to understand the mechanistical behaviour of the processes in activated
sludge systems, different hypothesis have been postulated. The validity of the
hypothesis can be tested experimentally and/or via computer modeling, design and
simulation. Measured environmental data (i.e. collective parameters: OUR, COD,

etc.) mostly can not be directly used to evaluate the postulated hypothesis.

Utilizing the advantage of contemporary computer programs, i.e., computer
modeling for design and simulation of the system, the evaluation of the hypothesis
will be faster. Different mathematical can be applied into computer programming
and various hypothesis can be verified. This procedure leads to the determination of
the model(s) that give the best fit (result) for relevant experimental data. The
flexibility of mathematical modeling gives the possibility to expand the model for
different types of wastewater especially for complex wastewater compositions such
as industrial wastewaters like tannery effluents. Industrial wastewaters,with variable
characteristics, can have quite different kinetic and stoichiometric coefficients and

rate expressions.

The importance of storage concept in activated sludge systems has been emphasized
in recent modeling approaches. In activated sludge modeling, storage polymers have
been neglected, without considering that they might have a significant role. The
significance of the storage polymers have been reported and this study also
highlights the role of storage for the biological treatment of tannery wastewaters.

1.2 Aim and Scope of the Study

The aim of this study is to investigate different activated sludge models for tannery
wastewaters. ASM1, ASM3 and simultancous growth and storage models were
compared for tannery wastewater in this study. In literature, scarce information is

available, especially on the basis of experimental evaluation for ASM3 and



simulateneous growth and storage models. A very few experimental studies were
carried out with acetate, glucose and domestic wastewater. Tannery wastewater was
handled which is a very complicated type and since there is no experimental study on
the effect of the storage phenomena for tannery wastewaters. Experimental data were
evaluated for both raw and filtered wastewater in order to be used for modeling

studies.

The simulations were performed for ASM1, ASM3 and three different alternatives of
simultaneous growth and storage models: firstly fixing substrate uptake rate (rs) and
storage rate (rsto) for calculating the growth rate (rx); secondly fixing rx and rsro,
calculating rs; and lastly fixing rs and rx in order to calculate rsro. For tannery
wastewater relevant matrices were prepared and loaded into Aquasim. The obtained

simulation results for each of the models were compared with experimental data.

These simulation studies present an example for the conceptual evaluation of
different activated sludge models and serve as data base for kinetic and
stoichiometric coefficients of wunstructured and structured models for tannery
wastewater. Evaluated data can be used as default values in further experiments and

simulations.



SECTION 2 ACTIVATED SLUDGE MODELING

2.1 Biological Processes

The objectives of the biological treatment of wastewater are to coagulate and remove
the nonsettleable colloidal solids and to stabilize the organic matter. For domestic
wastewater, the major objective is to reduce the organic content and also the
nutrients such as nitrogen and phosphorus. For all kinds of industrial wastewaters,
the objective is to remove or reduce the concentration of organic and inorganic
compounds. As a summary, almost all wastewaters can be treated biologically with
proper analysis and environmental control. The removal of organic matter is

achieved biologically using a variety of microorganisms, principally bacteria.

2.2 Basic Concepts In Activated Sludge Modeling

Activated sludge models provide a reliable basis for the design and operation of
activated sludge systems. The aim is to identify a rational mechanistic description of
the process in order to define and predict system performance. These models offer
the basic relationships between process components, kinetics, stoichiometric

characteristics and basic system parameters.

2.2.1 Wastewater Characterization

Wastewaters contain a great variety of organics, which cannot be uniquely identified
by simple techniques. For this reason, collective substrate parameters like
biochemical oxygen demand (BODs), chemical ‘oxygen demand (COD) and total
organic carbon (TOC) are traditionally used for the characterization of organic
content. TOC represents the total organic carbon in wastewaters but it has to be used
carefully since the oxidation level of not all the carbon molecules is the same in
different organic compounds. BOD: is still used in some cases but it is inadequate for
proper characterization of the wastewater and can hardly serve as a model parameter

in the reactor kinetics of activated sludge systems. The problem of using the BOD;



parameter is that, it does not fit with the mass balance concept; in other words, BODs
values measured in different points and conditions cannot be used directly in

modelling in mass balances for electron equivalence (Orhon and Artan, 1994).

COD parameter reflects only the degree of oxidation and can be used as the
stoichiometric equivalent of organic substrate in biochemical reactions. However,
COD parameter measures the non-biodegradable (inert) portion of the organic matter
together with the biodegradable part. This interference is largely overcome by the
help of new respirometric techniques (Orhon and Ubay Cokgtr, 1997).

2.2.1.1 Multicomponent Approach in Wastewater Characterization

The classical activated sludge modeling approach is limited using only one substrate
and biomass component for modeling. Since new concepts have been developed, this
approach is no more useful. The introduction of multicomponent approach has
presented new dimensions and should be used for proper understanding of

wastewater characterization and activated sludge processes.

COD parameter contains different forms of organic carbon that needs to be classified
carefully with respect to its biodegradability characteristics. Total influent COD
(Cro), is divided into two fractions as; total biodegradable COD (Cso) and total inert
COD (Cy). Total inert COD has also two components as soluble inert COD (Sy) and
particulate inert COD (Xjp). Influent soluble inert COD concentration does not go
through biochemical reactions in the reactor and leaves the system unchanged while
particulate inert COD accumulates within the sludge and leaves the system with

excess sludge.

According to the model proposed by Dold and Marais (1986) total biodegradable
COD (Csg), can be defined in two major fractions as readily biodegradable COD
(Sso) and slowly biodegradable or hydrolyzable COD (Xso). Both of the fractions
contain many compounds of dié’erent biodegraddtion rates (Dold ef al., 1980). The
readily biodegradable COD can be directly absorbed for synthesis but the slowly
biodegradable portion cannot pass through the cell wall and needs to undergo
hydrolysis before absorption. The hydrolysis of slowly biodegradable COD
component is the limiting step for the rate of utilization of the slowly biodegradable
organic matter. It is also difficult to characterize this fraction by a single hydrolysis

rate, since a significant variation of compounds in the wastewater is present.



Therefore, this hydrolyzable group may be divided into further fractions as rapidly
hydrolyzable COD (Sy) and slowly hydrolyzable COD (Xso) (Henze, 1992).

2.2.1.2 Multicomponent Approach in Effluent Characterization

The process effluent has a different COD structure than the wastewater. The soluble
COD (Sr), includes the nonbiodegradable organics originating from the wastewater
and leaving the reactor unchanged (S)), a small portion of the biodegradable COD
remaining after biological oxidation and soluble inert COD generated as metabolic
products (Sp). Consequently, the effluent stream generally contains more soluble
inert COD than the wastewater because the entire residual COD of effluent (Sg),
includes both the unchanged influent soluble inert COD and soluble inert microbial

products.

Similarly the particulate COD in the effluent stream has four fractions. The major
component is the active biomass (Xy) that is sustained in the reactor using the
biodegradable COD as the energy and carbon source. The other component is a small
fraction of the particulate slowly hydrolyzable organics (Xs), remaining after
hydrolysis and subsequent utilization. The effluent also contains particulate inert
COD of wastewater origin (X)), that is entrapped in the biomass while accumulating
in the reactor and particulate inert organic products (Xp), generating as a result of
microbial metabolic activity during the endogenous decay or the death-regeneration

phase, depending on the model adopted.

2.2.2 Process Stoichiometry of Aerobic Activated Sludge Systems

In activated sludge systems removal of substrate is accomplished by the generation
biomass and the consumption of dissolved oxygen. For the stability of treatment,
generated biomass must be withdrawn from the system as excess sludge. The
calculation of excess sludge and estimation of the amount of oxygen utilization is
equally important as substrate removal. The concept of yield is one of the major
modeling tools used for the correct assessment of excess biomass generation and
oxygen utilization in relation to substrate removal. It defines the amount of biomass

formed per unit amount of organic matter removed in aerobic systems.

The yield concept is used as two different coefficients in process modeling and

design: net yield (Ynu) and true yield (Yn). True yield relates only to the growth



mechanism. But the generated biomass is always lower than the given value by true
yield. This is known as net yield, which can be expressed as the combined effect of
growth and endogenous decay. The value of the yield coefficient depends upon
parameters, such as COD, BODs, VSS or TOC, selected to define substrate and
biomass (Orhon, 1999). The true yield can be expressed in terms of COD as follows:

_ COD of generated biomass
COD of removed substrate

H 2.1
The net yield can be calculated by the help of true yield and is defined as a variable
function of sludge age. The net yield, Ynu, is decreased and oxygen utilization is

increased as sludge age increases (Orhon, 1999).

2.2.3. Process Kinetics of Aerobic Activated Sludge Systems

There are two main processes as microbial growth and microbial decay in activated

sludge systems.

2.2.3.1. Microbial Growth

In the activated sludge process, a microorganism culture grows in a wastewater
including both organic and inorganic substrates. In this case an empirical deduction
from pure culture studies gives the appropriate growth rate for microbial growth,
known as Monod expression. L -is specific growth rate, {i is maximum specific
growth rate, S is the growth limiting substrate concentration and Kg is half saturation
constant in this equation:

S

2.2
K +8 @2)

p=jp

Monod expression states that small half saturation constants increases the sensitivity
of specific growth rate for the changes observed in lower levels of substrate
concentrations. High half saturation coefficients result in high growth rates

independent from the substrate concentration.

Microbial growth is commonly defined by means of a differential equation where X

is the biomass concentration and p is the specific growth rate:



— =X (2.3)

Equations (2.2) and (2.3) are combined and expression (2.4) is obtained for biomass

growth.

X_o 8
dt K¢ +S

X 2.4

The growth expression, when combined with the equation defining the yield
relationship between bacterial growth and substrate removal equation (2.5) is formed
defining the correlation between the amount of biomass generated and the amount of

substrate consumed:
—_—=-Y— (2.5)

The specific substrate removal rate, q, is related to substrate removal with the

following equation:

-4 =X (2.6)

The specific substrate removal rate, q, may also be expressed in terms of the spéciﬁc
growth rate and yield coefficient:

=B 2.
1= @.7)
Expression (2.8) is formed by combining (2.6) and (2.7).

dS u .

2 =x ’ , 2.8

d Y 28)

Microbial growth expression (2.9) can be written as follows by the combination of
(2.2) and (2.8):

das
dt

S
K +8

_B
- (2.9)



Collective analytical parameters such as BODs and COD are generally used to reflect
the total organics in wastewaters, do not correspond to the real system variable, i.e.
the growth limiting substrate. COD is estimated to be a more useful parameter but it
cannot identify the growth limiting components directly related to the corresponding
process rate expressions, especially in complex media. In new models, slowly
biodegradable particulate matter is advocated as the major rate limiting process
component in microbial heterotrophic growth and this growth is controlled alone by
the readily biodegradable substrate, which is either present in the wastewater, or
generated through the hydrolysis of slowly biodegradable organic matter. The initial
readily biodegradable COD, Ss, is a relatively small fraction of the total COD
content of wastewaters, therefore biological treatment systems are not controlled by
the depletion of the readily biodegradable organics, but by hydrolysis of slowly
biodegradable organics, a much slower process compared with heterotrophic growth
(Orhon and Ubay Cokgér, 1997).

2.2.3.2 Microbial Decay

The process of microbial decay is used to define the loss of biomass. The basic
mechanism explaining microbial decay is the degradation of biomass for the
generation of maintenance energy. Accurate description of the decay process is
restricted by the limitations of the traditional VSS (volatile suspended solids)
parameter used to define the concentration of microorganisms in the mixed liquor. It
cannot differentiate a series of other mechanisms responsible for the loss of biomass,
such as microbial death, cell lysis and interactions between predators and bacteria
(Orhon and Artan, 1994). Microbial decay is defined by a first order rate expression
with respect to the biomass concentration:

—%=kd.x ; | (2.10)
where, kq is the decay coefficient of biomass. There are three different modeling

approaches are present with regard to microbial decay:

- traditional model
- death regeneration model

- endogenous decay model



2.3 Different Approaches In Activated Sludge Modeling

2.3.1 Traditional Modeling

The traditional model focuses on defining carbon removal in activated sludge
systems. Thus, reaction kinetics is evaluated by means of a two-component system.
Overall substrate parameter, S, reflects all biodegradable organic compounds in
terms of BODs or COD parameters and overall biomass parameter, X, covers all the
fractions that may be measured in the form of VSS or cell COD. This classical
approach, although useful especially for conventional activated sludge practice for
carbon removal, has two main inadequacies for a more fundamental understanding
and interpretation of the process. Firstly, there are only two components aside from
dissolved oxygen, as told above. Difficulties associated with the correct assessment
of organic substrate and biomass causes much confusion in modeling. The collective
analytical parameters (VSS, COD, BODs) do not correspond to real system variables
like biomass and growth limiting substrate. Secondly, the two traditional processes of
growth and endogenous decay do not provide a complete description of the complex
relationships and conversions among real process components. This concept states
that the rate limiting substrate concentration in the effluent of an activated sludge
reactor is independent of the influent concentration. It is necessary that additional

process components are evaluated for a more accurate modeling approach.

2.3.2 Death Regeneration Model

In this model it is accepted that, death or loss of viability of microorganisms occur
without the utilization of any electron acceptor. Also no loss of COD is involved
while decay acts to convert biomass to a combination of particulate products and
slowly biodegradable substrate. A major part of the decaying biomass is converted
into slowly biodegradable substrate (Xs), and a small portion is associated with the
formation of inert endogenou; mass (Xp). The slowly biodegradable substrate
formed, is then hydrolyzed, releasing an equivalent amount of readily biodegradable
COD (Ss), and passes through the same growth cycle as its counterpart in the
influent. The only step using an electron acceptor is the consumption of regenerated
Ss. No oxygen is consumed in the death phase directly, but there is an indirect

consumption of oxygen by the end product of decay, Ss (Henze et al., 1987).



Death or loss of viability of the biomass can be shown by the following equation

where b’ is the rate of viability loss for heterotrophic biomass.

dXy
dt

—b,'X,, @.11)

Most of the nonviable biomass becomes available as slowly biodegradable substrate:

dX
ts =(1-fp)by ' Xy (2.12)

A little part of this nonviable portion remains as inert endogenous mass, Xp:

dX,
dt

=foxby ' Xy (2.13)

The term fpx, in these expressions symbolizes the inert fraction of the endogenous

particulate matter.

In the death regeneration model, Ss, is included in the wastewater but also generated

by hydrolysis of slowly biodegradable organic matter:

dS; | S
dt Yy K +8Sg

X, +K, X, (2.14)

Soluble inert microbial product formation has two steps reflecting both the growth
associated product generation and decay associated mechanism as shown in equation

2.15).

ds, . S

a
FRL K +Sq

X, + K, X (2.15)

ar is growth associated soluble inert product formation coefficient for the death
regeneration model and fps is the fraction of endogenous particulate matter converted

into soluble microbial products.

There are some inadequacies in death-regeneration model like that it cannot

differentiate between particulate slowly biodegradable substrate of influent origin

10



and its counterpart generated as a part of nonviable biomass. The model based upon

the death regeneration concept is illustrated in Table 2.1.

2.3.3. Endogenous Decay Model

Endogenous decay model has at least seven or eight components aside from
dissolved oxygen. In this model, only readily biodegradable substrate can be used
directly by viable heterotrophic biomass; particulate slowly biodegradable substrate
goes through hydrolysis first, and then becomes ready for direct use. Readily
biodegradable substrate is converted into soluble inert microbial products (Sp) with
soluble inert product formation coefficient (ap). Similarly, a fraction (fgs) of the
endogenous biomass is not oxidized and converted into soluble inert products (Sp).
The decay of active biomass is coupled with the generation of particulate inert
organic products (Xp). During endogenous respiration, a fraction (fE;;) of the active
biomass does not undergo any further reaction and accumulates in the activated

sludge. This fraction is removed from the system by excess sludge.

Readily biodegradable substrate is only affected by the growth process and its
utilization rate is directly related to the growth of heterotrophic biomass by means of
the yield coefficient:

dSS — ﬁ'H SS X
- H
dt Y, K¢ +Ss

(2.16)

The conversion of slowly biodegradable substrate (Xs) to readily biodegradable
substrate through hydrolysis is given in (2.17) as a first order equation; Ky
symbolizes the first order hydrolysis rate coefficient.

dX
—E'S_:Khxs 2.17)

The growth associated soluble inert products form by the below equation, where ap

is growth-associated soluble inert product formation coefficient for the endogenous

decay model:

s, . S

a8y _ X 2.18
a  oobrg g 2.18)
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According to the endogenous respiration the decrease of active heterotrophic
biomass can be described by a first order rate expression where by shows the

endogenous decay coefficient for active biomass.

dX,
dt

=b, Xy (2.19)

The formation of soluble inert and particulate inert compounds are given by
equations (2.20) and (2.21); fgx is inert fraction of the biomass and fgs is the fraction

of endogenous biomass converted into soluble inert products.

ds
= fasbuXy (2.20)
dx

= foxbuXu 2.21)

Table 2.2 gives the matrix representation of the process kinetics and the

stoichiometry of a model based upon the concept of endogenous decay.

2.4 Activated Sludge Models

2.4.1 Activated Sludge Model No.1 (ASM1)

Development of mathematical modeling for the design and operation of an activated
sludge system achieving simultaneous carbon and nitrogen removal, has lead to the
evolution of ASM1 proposed by IAWQPRC Task Group (Henze et al., 1987). There
is a large number of reactions between a large number of components in activated
sludge systems. Especially if carbon oxidation, nitrification and denitrification are all
together in a system, quantity of reactions increases a lot. Simulation of the systems
can be made by models. A qualified model should contain both the kinetics and the
stoichiometry of each process in order to define the rate-concentration dependence
and the relationship between the components in a reaction. The most important thing
in developing a mathematical model is to define the processes and select the

appropriate kinetic and stoichiometric expressions for these.

13
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Simply, two fundamental processes occur in activated sludge systems: the biomass
increases by cell growth and decreases by decay. As a result of these reactions
oxygen utilization and substrate removal also occur but they are not considered to be
fundamental. In ASM1, processes like aerobic and anoxic growth of heterotrophs,
aerobic growth of autotrophs, decay of heterotrophs and autotrophs, ammonification
and hydrolysis of organic carbon and organic nitrogen are all together involved. Also
biomass and substrate are subdivided into a number of categories. Primary
consideration was given to the prediction of activated sludge concentrations and
estimation of electron acceptor requirements as to select the proper process
stoichiometry and rate expressions. Processes that are essential in a realistic approach
and rate expressions that have simplified solutions are selected for decreasing the
complexity of the model. COD is used for expressing the concentrations of all

organic matter, including biomass.

Components of the model: Soluble inert and particulate inert organic matters are

involved in the matrix for only their important effect to the performance of the
system. Soluble inert organic matter contributes to the effluent COD, while
particulate inert organic matter accumulates in the system as a part of biomass. They
are not involved in any conversion processes so their columns in the matrix do not
contain stoichiometric coefficients. Readily biodegradable substrate is present in the
influent or formed by the hydrolysis of slowly biodegradable substrate. Slowly
biodegradable substrate is removed by hydrolysis but on the other hand, formed by
the decay of biomass. Heterotrophic biomass, Xpy is formed by growth under either
aerobic or anoxic conditions, while autotrophic bacteria, Xp o needs strictly aerobic
environment. Particulate inert microbial products form by the decay of heterotrophic
or autotrophic bacteria. This component shows the inactive part of the biomass in an
activated sludge system. As a result the volatile solids concentration, in terms of
COD, is the sum of five particﬁlate terms: Xpu, Xpa, Xs, X1 and Xp. Appropriate

conversion factors can be used to convert them from COD units to VSS units.

Oxygen utilization is only accomplished by the growth of heterotrophs or autotrophs.
Decay is not effective in oxygen utilization, it is estimated as a slowly biodegradable
organic matter releaser; then this slowly biodegradable part is recycled back to
soluble substrate and used for more cell growth. This means, the oxygen utilization

15



normally associated directly with decay is calculated as if it occurs indirectly from

the growth of new biomass on released substrate (Dold ef al., 1980).

Processes of the Model: Growth of biomass, decay of biomass, hydrolysis of slowly

biodegradable organic matter and ammonification of organic nitrogen are the four
major processes considered for this model. It is accepted that readily biodegradable
organic matter is the only substrate used in growth process while slowly
biodegradable organic matter from influent accumulates within the biomass. Active
biomass is converted to slowly biodegradable organic matter and particulate inert
organic matter by decay process. Slowly biodegradable substrate re-enters the
hydrolysis cycle and again readily biodegradable substrate forms so growth

continues on this material.

Both the concentrations of readily biodegradable substrate and dissolved oxygen are
limiting factors for the rate of acrobic growth of the heterotrophic organisms. Storage
of readily biodegradable substrate is not considered because there are only a few
substrates as monosaccharides and acetate that can go through storage process. Thus,
removal of soluble substrate becomes proportional to growth. On the other hand,
substrate removal may be accomplished without biomass growth as a result of the

entrapment of slowly biodegradable organic matter in the biofloc.

In order to decrease the complexity of mass balance equations, a pragmatic approach
is adopted for modeling the decay of heterotrophs and autotrophs depending upon the
death-regeneration concept (Dold et. al., 1980). According to that concept death or
loss of viability of microorganisms occur without any utilization of electron acceptor,
thus it does not matter whether aerobic, anoxic or anaerobic conditions are dominant
in the system and no loss of COD is involved. The original ASM1 matrix is

represented in Table 2.3.

Default values for the parameters and _effects of environmental factors:

Stoichiometric and kinetic coefficients suggested are listed in Table 2.4 for two
different temperatures. These values are typical for neutral pH and domestic
wastewater. It should be emphasized that many parameter values are influenced by
environmental conditions. Most important factors are specific stimulators or
inhibitors in the wastewater, pH and temperature. Neutral pH is needed for the proper

growth conditions for biomass, also it is effective on nitrification-denitrification

16



processes. An increase in temperature generally results in an increase in the value of
a rate coefficient like p, b or k;,. Half saturation constants are also affected but some
decrease, some increase and some remain unchanged. Kinetic coefficients always
change when the temperature decreases or increases. This suggests that their values
should be determined at the temperature,” which will impose the most critical

condition in the full-scale facility or correction factor for temperature must be used.

Process rates for ASM1I

Aerobic growth of heterotrophs is given by the following equation:

Ss So
K +5q Ko'H +S,

p1= iy Xy 222)

Anoxic growth of heterotrophs is given by equation (2.23).

S Kou Sy
Ks+Ss Koy +So Kyo +Swo

P2~ Uy Mg Xy (2.23)

Aerobic growth of autotrophs can be expressed as below:

SNH SO
Kyn +Swm KO’A +S,

P3= Hp Xa (2.24)

Decay of heterotrophs and decay of autotrophs can be calculated by the following

equations:
pa = buXn (2.25)
pPs= bAXA (2.26)

Ammonification of soluble organic nitrogen and hydrolysis of entrapped organics
and entrapped organic nitrogen are calculated by expressions (2.27), (2.28) and

(2.29) respectively:
P6 = kgSNDXH (227)
' K
pr =k, S8 S p,——ox__ S )XH (2.28)
Ky +X/Xy)\ Koy +S0 Kou S0 Kyo +5y0
ps = p7 (Xnp/Xs) (2.29)
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Table 2.4 Typical parameter values at neutral pH (Henze et al., 1987)

Symbol Unit Value at Value at

20°C 10°C
Stoichiometric parameters
Ya g cell COD formed (g N oxidized)™ 0.24 0.24
Yy g cell COD formed (g COD oxidized)™ 0.67 0.67
fp g inert COD formed (g COD oxidized)™* 0.08 0.08
ixs g N (g COD)" in biomass 0.086 0.086
ixg g N (g COD) in endogenous mass 0.06 0.06
Kinetic parameters

h., day" 6.0 3.0
Ks g CODm? 20.0 20.0
Kou g0, m? 0.20 0.20
Kno g NO;-N m? 0.50 0.50
bu day™ 0.62 0.20
g 0.8 0.8
M 0.4 0.4
kn g slowly biodegradable COD (g cell COD.day)™ 3.0 1.0
Kx g slowly biodegradable COD (g cell COD)™ 0.03 0.01
b, day” 0.80 03
Knu g NH;-N m? 1.0 1.0
Koa g0, m? 0.4 0.4
k, m’ (gCOD.day)"’ 0.08 0.04

2.4.2 Activated Sludge Model No.3 (ASM3)

ASM3 has been proposed by IAWQ Task group to establish new concepts in
activated sludge modeling (Gujer et al., 2000). ASM3 can be used in the estimation
of oxygen consumption, sludge production, nitrification and denitrification of
activated sludge systems. The model aims to correct some defects of ASMI1. The
components and processes are similar to ASM1 but ASM3 has some additional
components like cell internal storage products and processes like storage. ASM3
includes nitrogen and alkalinity limitations for the growth of organisms, which were
not taken into account in ASMI1. Biodegradable soluble and particulate organic
nitrogen model components in ASM1 bave been eliminated in the new model. Thus,
the deficiency of ASM1 for the proper description of ammonification kinetics was
defeated by assuming a constant N to COD ratio.

It was not possible to diﬁ'erentia;te the inert particulate organic material depending on
its origin, influent or biomass decay as in ASM], therefore a single particulate inert
COD component has been used in ASM3. The hydrolysis process has been very
important in predicting the electron acceptor consumption under aerobic and anoxic
conditions but the quantification of the kinetic parameters for this process was also
difficult. ASM3 has only one process to represent a simplified hydrolysis process,

independent of the electron acceptor conditions. In ASMI, the lysis combined with
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hydrolysis and growth was used for the decay mechanism which lead to difficulties
in the evaluation of kinetic parameters. These problems have been eliminated by
describing the decay process with endogenous decay. The differences between the
COD flows of ASM1 and ASM3 are schematically shown in Figure 2.1.

ASM3

:
Heterotrophs }

Figure 2.1 COD flow in ASM1 and ASM3

Components and processes of the model: ASM3 differentiates soluble and particulate

components by 0.45 pm membrane filtration whereas a significant fraction of Xs
would be contained in the filtrate in ASMI1. Seven soluble and six particulate

components are used to characterize the wastewater and activated sludge in ASM3.

Dissolved oxygen (So) is the first component, which can be directly measured and is
subject to gas exchange. Inert soluble organic material (S;) is a part of influent and
may be produced by the hydrolysis of Xs. Readily biodegradable organic substrates
(Ss) have special importance in ASM3 because they are first taken up by
heterotrophic organisms and stored as Xsto, then used for growth. Ss and S; are
approximately equal to the total soluble COD determined by filtration from 0.45 um
membrane filters. There are three fractions of nitrogen as ammonium plus ammonia
nitrogen (Sny), dinitrogen (Sz) and nitrite plus nitrate nitrogen (Sno). Alkalinity of
the wastewater (Saik) is used té)" approximate the conservation of ionic charge in

biological reactions.

Inert particulate organic matter (X;) is a part of influent and also may be produced as
a result of biomass decay. Slowly biodegradable substrates (Xs) must undergo
hydrolysis before they are used by the biomass because they are high molecular
weight, colloidal and particulate organic substrates that cannot be directly used. The
products of the hydrolysis are assumed to be readily biodegradable or soluble inert
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substrates. It must be reminded that all X5 is contained in the influent and not
involved in the filtrate of 0.45 pm membrane filter in ASM3. Heterotrophic
organisms (Xy) may grow both aerobically and anoxically. Cell external hydrolysis
in ASM3 does not consume any electron acceptor. Active biomass is responsible for
the hydrolysis of Xs and storage process. Cell internal storage products (Xsrto)
consists of PHA, glycogen etc., which is only defined as a functional component
required for modeling but is not directly identifiable chemically. X, represents
autotrophic organisms responsible for nitrification. They oxidize the ammonium
directly to nitrate, nitrite is not considered in ASM3. Last component considered in
the model is the total suspended solids, Xrs. It may be used for the modeling of
volatile suspended solids by some special ratios. There are twelve processes

congsidered in ASM3.

Hydrolysis: All of the slowly biodegradable substrates in the influent are converted
to available soluble substrates by hydrolysis. This process is independent from
electron acceptor and therefore is different when compared to ASM1.

Aerobic storage of readily biodegradable substrate: It is assumed that all readily
biodegradable substrate is first converted to storage products (Xsro), and then
becomes available for the usage of biomass. Required energy for this conversion is

compensated by aerobic respiration.

Anoxic storage of readily biodegradable substrate: This process is identical with
aerobic storage process, but required energy is gained from anoxic respiration. The
process rate is naturally smaller than aerobic storage rate because of the lower

amount of denitrifiers.
Aerobic growth of heterotrophs: Heterotrophs use the storage products as substrate.
Anoxic growth of heterotrophs: 1t is based on anoxic respiration.

Aerobic endogenous respiration: The decay process is defined as all forms of
biomass loss and energy requirements not associated with growth. The process
considers all related respiration under aerobic conditions: decay, maintenance,

endogenous respiration, lysis, predation, motility and death.

Anoxic endogenous respiration: This process is similar to aerobic endogenous
respiration, but occurs at a slower rate. Especially protozoa predation is considerably

less active under anoxic conditions then under aerobic conditions.
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Aerobic respiration of storage products: Like endogenous respiration, Xsro decays

together with biomass.

Anoxic respiration of storage products: Denitrifiying conditions are applied for the

analogous process of aerobic respiration of storage products.

Aerobic growth of autotrophs; Nitrifiers oxidize ammonium directly to nitrate, nitrite

as an intermediate component, is not considered.

Aerobic endogenous respiration for autotrophs: Similar to aerobic endogenous

respiration, but is described for nitrifiers.

Anoxic endogenous respiration for autotrophs: Analogous to aerobic endogenous

respiration for autotrophs, but at a slower rate.

Process stoichiometry: The net true yield of heterotrophic biomass produced per unit

of substrate removed is calculated as the product of storage yield and growth yield
because growth process completely depends on the storage process. Firstly storage is
completed, and then stored products are used for growth so the total yield is the

combination of yields of these processes.
Ynet02 = Ysr0,02° YHO2 (2.30)
Yretnox = YstoNox' YuNox (2.31)

The stoichiometric matrix of ASM3 is given in Table 2.5 and the COD

transformations are summarized in Figures 2.2-2.13.

1. Hydrolysis: Hydrolysis of slowly biodegradable substrate, Xs, is illustrated in

Figure 2.2
Xs Ss
———»
-1 1
Figure 2.2 COD transformation in hydrolysis
fs: 0, %0 1

yi: 0.01: (iNxs-X[ iNSS)Z Inst

z). 0.001: y1/l4: iNSI/14
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Table 2.5 Process stoichiometry for ASM3 (Gujer et al., 2000)

Compound § —» 1 2 38 4 5 6 7 '8 9 10 1 12 13
j Process So, 1 Ss  Snm, Sny Snox Sax Xi Xs Xy Xsto Xa Xss
Expressed as 3" -0opCODCOD N N N Mole COD COD COD COD COD SS

1 Hydrolysis : Js =m w 7 -1 —ix
Heterotrophic organisms, aerobic and denitrififing activity

2 Aerobic storage of Ss X2 -1 ya Zy Yst0,0 ta

3 Anoxic storage of Ss -l y3 - xw oz Ystonox fa

4 Aerobic growth of Xy E Y4 Z4 1 -1/Yue, ta

5 Anoxic growth (denitrific.) Y4 % X % 1 -1/Yynox t5

6 Aerobic endog. respiration xg [ zs i -1 ts

7 Anoxic endog. respiration yr ~x7 %1z fi -1 t7

8 Aerobic respiration of Xsto 13 -1 t

9 Anoxic respiration of Xsro ~xp X % -1 to
Autotrophic organisms, nitrifijing activity
10 Aerobic growth of X, 210 ) Y10 YA zpo 1 to
11 Aerobic endog. respiration %11 yn m M -1t
12 Anoxic endog, respiration- Y2 *w Az Zw St -1 e
Composition matrix tks

k Conservatives

1 ThOD gThOD -1 1 1 -1.71 -4.57 1 1 1 1 1

2 Nitrogen gN s, Insg 1 1 1 g vz nm Inom

3 Ioniccharge  Mole + 14 -1/14 -1

Observables
4 SS gSsS iz dssxs fsspm 0.60  lsspm

2. Aerobic Storage of Ss. Storage polymers are produced from readily biodegradable

COD as shown in Figure 2.3.
Xsto
Ss Ysro,02
A So
(1-Ysro0,02)

Figure 2.3 COD transformation in aerobic storage
Ysro02: 0.85 g Xsto/8Ss
x2: -0.15: -(1-Ysr0,02)
y2: 0.03: inss

Zy. 0.002: y2/14: iNSS/14

3. Anoxic Storage of Ss., Storage polymers are also produced under anoxic conditions

(Figure 2.4).
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Xsto
Ss YsroNo

‘ > Sno
(1-Ysrono)

Figure 2.4 COD transformation in Anoxic storage
Ysrono: 0.80 g Xsto/gSs
x3: -0.07: -(1-Ysrono)/2.86
y3: 0.03: inss
z3: 0.007: (-x3ty3)/14

4. Aerobic Growth of Heterotrophs: Heterotrophic biomass grows on the stored
polymers and utilizes oxygen during this process (Figure 2.5).

Xu
Xsto 1
1 r A X So
- Y 1- Yu,orz
H,02 - Y
Ho

Figure 2.5 COD transformation in aerobic growth
Yuoo: 0.63 g Xy/g Xsto
x4: -0.60: -(1-Yy,02)/ Yuoo
ya: -0.07: -ingm
74: -0.005: y4/14: inpm/ 14

5. Anoxic Growth of Heterotrophs: Same with process 4, but anoxic conditions are

dominant as illustrated in Figure 2.6.

Xy
Xsto 1
1 Sno
Y | _ 1- Yy no
H,NO
| Yu no

Figure 2.6 COD transformation in anoxic growth
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Yuno: 0.54 g Xu/g Xsto

xs: =0.30: -(1-Yuno0)/2.86Yuno

ys: -0.07: -inpm

zs: 0.016: (-xs5tys)/14

6. Aerobic Endogenous Respiration: Figure 2.7 represents the stoichiometry.
fi: 0.20

x¢: -0.80: -(1-£)

Ve: 0.066: (inpm-fi.inxg)

Zs: 0.005: ye/14: (inpm-fi.inxr)/ 14

X
Xy fi
| o
1 So
(1-fy)

Figure 2.7 COD transformation in aerobic endogenous respiration

7. Anoxic Endogenous Respiration: Endogenous respiration occurring under anoxic

conditions is given in Figure 2.8.

Xi
Xyg +—mm»p fl
1 Sno
(1-£)/2.86

Figure 2.8 COD transformation in anoxic endogenous respiration
fi: 0.20
x7: -0.28: -(1-1)/2.86
y7: 0.066: (inpm-fr.inx1)
z7: 0.025: (-x7+y?7)/14

8. Aerobic Respiration of Xsro: Respiration process occurring on stored polymers is

illustrated in Figure 2.9.

xg: -1
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Xsto So

-1 1

Figure 2.9 COD transformation in aerobic Xgsro respiration

9. Anoxic Respiration of Xsro: Figure 2.10 represents the anoxic Xsro respiration.

Xsto p———p Sno

-1 1/2.86

Figure 2.10 COD transformation in anoxic Xsro respiration

Xo: -0.35: -1/2.86
Zo: 0.025: -xo/14

10. Aerobic Growth of Autotrophs: Stoichiometry of aerobic autotrophic growth is
given in Figure 2.11 as below:

Xa
Snu 1
1 ] So
—_— 457-Y,
Y, +igu -—————YA

Figure 2.11 COD transformation in autotrophic aerobic growth
Ya: 0.24 g Xa/g Sno
X10: -18.04: -(4.57-YA)/ YA
yio: -4.24: -(1/Y at+ingm) i
Z1o: -0.600: (y10-1/YA)/14

11. Aerobic Endogenous Respiration of Autotrophs: Figure 2.12 shows the aerobic

endogenous respiration of autotrophs.
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Xa fi

Figure 2.12 COD transformation in aerobic endogenous respiration of autotrophs
fi: 0.20
Xp1: -0.80: -(1-fp)
y11: 0.066: (insm-fi-inxt)
Z11: 0.005: y11/14: (inpm-fi.inxr)/ 14

12. Anoxic Endogenous Respiration of Autotrophs: Summarized in Figure 2.13.

X
Xa fi
1 Sno
(1-6)/2.86

Figure 2.13 COD transformation in anoxic endogenous respiration of autotrophs
fi: 0.20
X2 -0.28: -(1-£,)/2.86
y12: 0.066: (ingm-fi.inxr)
z12: 0.025: (-x12ty12)/14

Process Kinetics: The kinetic expressions of ASM3 are based on switching functions
(hyperbolic or saturation terms, Monod equations, S/(K+S)) as in ASM1 for all

soluble compounds consumed. These switching functions relate to the ratio of
Xsto/Xy and Xg¢/Xy for particulate products too. The summary of all kinetic
expressions are given in Table 2.6 and typical kinetic parameters of ASM3 are given
in Table 2.7. It is recommended to interpolate kinetic parameters k to different

temperatures T with a correction factor as below:

k(T) = k(20°C) - exp(0, - (T —20°C)) (2.32)
6, < (D) /K(T,) 233
Tl - Tz
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Table 2.6 Process kinetics for ASM3 (Gugjer et al., 2000)

J Process Process rate equation p, all p, 2 0.

X/ Xn
Kx + .\'s/ .\'"

Heterotrophic organisms, aerobic and denitrifying activity

I Hydrolysis ku < Xn

2 Aerobic storage of §5 ke - Ko,.‘:“' 5o . K j 5. - Xy
3 Anoxicstorage of S5 kero - Pvox - K”'I\:'s‘n . Kmf‘: )xS\»m . KqS:Sg - Xn
20, NON NOX
. So, Sxm, Sarx Xero/ Xy R
4 Acrobic growth e Ko + So Kun, * Sxn, Kux + Saix Kemy + Ngro/ Xy A
5 Anoxic growth Ko, Snox Sxn, SaLx Xsro/Xu i
(denitrification) Fa e iNox Ko, + So, ’ Kxox + Sxox ) Ky, + San, ' Kaix + Sacx ) Ksro + Xsto/ X " Xu
6  Acrobic endogen- buo, - Sop n
ous respiration Tt Ky + So,
7 Anoxic endogen- brso - ; i Sxox . X
ous respiration 7 Ko, + So,  Kson + Sxox
S Aervbic respiration by ) So, X
of Xsto TO.O, K‘h +'5("’,' ASTO
9 Anoxic respiration Ko, Sxox . Xsro
of Xsto 7 Ko, + So,  Kyox + Swsox
Autotrophic organisms, nitrifying activity
10 Acrobicgrowthof  __ So. - Swny ) Sux x
Xa. nitrification Ha Kyoy + So, Kaxs, + Ssi,  Kaarx + Sawx A
11 Aerobic endogen- o - So, X
ous respiration A0 Kio, + So, '
12 Anoxic endogen- byox - Kyos Sxox . X,

ous respiration Kaoy + So,  Kasox + Swox

Table 2.7 Typical values of kinetic parameters for ASM3 (Gujer et al., 2000)

Temperature
Symbol Characterization 10°C 20°C Units
ku Hydrolysis rate constant 2 3 g CODy, (g CODy, )"t d-!
Kx Hydrolysis saturation constant 1 1 g CODy, (g CODy,,)-!

Heterotrophic organisms Xy, aerobic and denitrifying activity

ksto Storage rate constant 25 5
7NoX Anoxic reduction factor 0.6 0.6
Ko, Saturation constant for Sxo, 0.2 0.2
Kxox Saturation constant for Sxox 0.5 05
Ks Saturation constant for substrate Sg 2 2
Ksro Saturation constant for Xsto 1 1
Hu Heterotrophic max. growth rate of Xi 1 2
Kyy, Saturation constant for ammonium, Sy, 0.01  0.01
Karx Saturation constant for alkalinity for Xy 0.1 0.1
buo, Aerobic endogenous respiration rate of Xy 0.1 0.2
byxox  Anoxic endogenous respiration rateof Xy 0.05 0.1
bstoo, Acrobic respiration rate for Xsto 0.1 0.2
bstoxox Anoxic respiration rate for Xsto 005 0.1
Autotrophic organisms Xy, nitrifying activity

Ha Autotrophic max. growth rate of Xa- 035 1.0
Kann, Ammonium substrate saturation for X, 1 1
Kao,  Oxygen saturation for nitrifiers 05 05
Kaarx  Bicarbonate saturation for nitrifiers 0.5 0.5
bro, Aerobic endogenous respiration rate of Xa  0.05  0.15
bynox  Anoxic endogenous respiration rateof Xa  0.02  0.05

g CODSS (g COD'\'")-I d-l
gOzm-3

g NO3-N m-3

g CODSS l]'l"3

g CODy,,, (g CODy,)!
d-!

gN'm-3 .

mole HCO3 m-

d-t '

d-1

d-!

d-1

Xeto

d-1

gNm3

g 02 m-3

mole HCO3 m~3
d-1

d-!
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ASM3 has also provided suggestions for typical stoichiometric and composition

parameters of the model as given Table 2.8.

Table 2.8 Typical values of stoichiometric and composition parameters for ASM3
(Gujer et al., 2000)

- Symbol Characterization Value Units
Is Production of Sy in hydrolysis 0 g CODy, (g CODy,)"!
Ysrop,  Aecrobic yicld of stored product per Sg 0.85 gCODy, (g COD;,)-!
Ystonox Anoxic yicld of stored product per Ss 080 gCODy,,, (g COD;,)! Equation 5.3
Yuo, Acrobic yicld of heterotrophic blomass 063 g CODy, (g CODx,,,)"!
Yunox  Anoxcyeld of heterotrophic biomass 054 gCODy, (g CODy, )" Equation 5.3
Ya Yield of autotrophic biomass per NO3-N 024 g CODy, (g Ng,,)"!
Ix, Production of X; in endog. respiration 020 gCODy, (g CODy,,)!
Ixs, N content of §; 001 gN(gCODg)!
Ins, N content of S¢ 0.03 gN(gCODy)-!
Inx, N content of X 002 gN{(gCoDy)! The values below are
fnx, N content of X5 004 gN(gCODy)? suggested If Xss is used to
Inam N content of biomass, X, Xa 0.07 gN(gCODy,,)! model V'SS rather than SS:
{ssx, $§S to COD ratio for X; 075 gSS(gCoDy )1 0.75 g VSS (g CODy,) !
lsx,  5StoCOD ratio for Xs 075 gS5(gCODy,)! 0.75 g VSS (g CODy,)-!
fys.m SS to COD ratio for biomass, Xy, Xa 090 gSS(gCODy,, )"} 0.75g VSS (g CODyy e x,) !
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SECTION 3 SUBSTRATE STORAGE PHENOMENA

3.1 Recognition of Storage Phenomena

Microorganisms are subjected to feast (presence of substrate) and famine (absence of
substrate) periods in a variety of wastewater treatment processes. Reviewing the
literature and the experimental researches conducted, it is proposed that the response
of microorganisms, exposed to such conditions is to accumulate storage polymers
when substrate is available. In the absence of substrate these storage polymers are
used for growth and thus the organisms are able to balance their growth (van
Loosdrecht et al., 1997).

Generally, only growth and respiration processes are accepted to occur on soluble or

particulate substrates (Gujer and Henze, 1991) but the accumulation of internal
| storage polymers has also been reported (Chudoba et.al.,, 1973; Zevenhuisen and
Ebbnik 1974; Van den Eynde et.al., 1984).

In activated sludge modeling, storage polymers have been neglected, without
considering that they might have a significant role. However, activated sludge
systems are highly dynamic with respect to the feed period. Bacteria will have
external substrate supply only for relatively short periods of time and will rapidly
grow. The microorganisms would undergo long starvation periods without internally
stored substrate. Bacteria that are able to store and consume this stored substrate will
have a strong competitive advantage over the other organisms without the capacity of
substrate storage. The significance of the storage polymers have been reported,
especially for SBR processes more than continuously operated treatment plants (van
Loosdrecht et al., 1997)

In literature, various types of organic storage polymers have been reported as PHB,
glycogen and lipids (Zevenhuizen and Ebbnik, 1974). A kind of microorganism
called pseudomonas was isolated from activated sludge on the basis of its floc
forming capacity in 0.1% casitone, 0.035% yeast extract and 0.2% glycerol medium.
Morphological changes and flocculation took place accompanied by a significant
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deposition of reserve matter is reported to the cell, in the late exponential phase of
growth. Storage product composition depends on the carbon source used. Glycerol-
grown cells contained mainly glycogen but no ether soluble lipid and no PHB.
Glucose was largely converted into gluconic acid and excreted into medium before
being deposited in the form of PHB as the primary product of assimilation.
Subsequently PHB was metabolized being partly transformed into glycogen and
ether-soluble lipid. Growth yields and storage products for different carbon sources
at 25°C for 2 days are given in Table 3.1.

Table 3.1 Type of Storage Products for Various Carbon Sources
(Zevenhuisen and Ebbnik, 1974)

Carbon source Dry weight Carbohydrate! PHB2 " Lipid?
p-Glucose 150 20.0 60.0 18.0
- p-Galactose 128 30.6 11.3 394
p-Mannose 62 3.5 0.4 54
p-Fructose 141 32.6 - 54.5
L-Arabinose 115 34 - 25.6
Ca-D-gluconate 118 13.3 38.2 11.8
Na-pL-B-hydroxybutyrate 128 12.1 . 42.8... 30.8
Ca-succinate 102 9.5 - 38.6 11.3
Ca-DL-malate , 84 14 10.7 ) 7.2
Glycerol 100 . .29.8 ) 2.9 - 14.3
Ca-DL-lactate 125 14.9 24.0. 13.0
Na-acetate 78 2.9 2.9 15.9

' Expressed as glucose;
? Calculated from the U.V.-spectrum in sulfuric acid at 235 nm (PHB), and at 295 nm (ether-
soluble lipid) respectively. '

Among the endogenous substrates of bacteria, glycogen and lipids including PHB ére
considered as carbon and energy stores. Most reports on bacterial reserves deal with
only one type of product namely either glycogen or PHB. In some organisms only
one type was believed to be present; in other organisms in which two or more types

have been recognized they have been studied separately.

Lipids are present in small, constant amounts in all bacteria. They usually do not
function as carbon and energy reserves and have to be considered as structural
components of membranes (phospholipids) and of cell walls (lipopolysaccharides).
Only in Mycobacterium, lipid was found to function as an endogenous substrate
although glycogen, which was present at the same time, appeared to be preferred

substrate.

PHB is the most significant polymer with respect to other organic polymers because
it is formed out of the metabolite Acetyl-CoA. Formation of glycogen depends on the

31



presence of sugars in the influent. There are nearly no reports about the presence of
lipids so the role of them is not clear. Studies on the growth of bacteria over storage
products are very rare in literature. Furthermore, these few studies were done under
conditions where growth limitation is effective due to nitrogen shortage. In reality,

storage occurs independent of growth limitation.

The formation of storage polymers is a newly introduced phenomenon to standard
aerobic or anoxic COD removal processes. Recent studies with respirometry and
pure substrates give obvious results showing formation of storage polymers. Amount
of oxygen utilized per amount of substrate removed is lower than found in pure

culture studies, which indicates the presence of storage process.

3.1.1 Biological Processes Using Storage Polymers

Storage polymers have gained much attention with the recognition of specific
biological processes, i.e. biological P-removal and bulking sludge control making use

of storage phenomena.

Biological Phosphorus Removal: Fatty acids, accumulating in the cell during the
anaerobic phase of the biological process are the dominant substrates for bio-P
bacteria. Organic matter is fermented to fatty acids in the anaerobic step, which are
then converted to PHB by bio-P bacteria at the expense of the energy released in the
hydrolysis of glycogen and polyphosphate (Smolders ef al., 1995). Generated PHB is
oxidized in the presence of electron acceptors in order to yield energy for growth and
restoring the glycogen and polyphosphate levels (Smolders ef al., 1995). G-bacteria
are also capable of storing polymers in the absence of electron acceptors (Cech ef al.,
1994; Liu et al., 1994) that are latterly used for growth in the Iﬁresence of oxygen or
nitrate. This storage is realized by the energy released in the conversion of sugars

(glycogen or external substrates) to PHA.

Bulking Sludge Control: When the substrate concentration is low in activated sludge
systems, filamentous bacteria successfully compete for substrate with floc forming
bacteria due to their lower Ks value. On the other hand, floc forming bacteria have an
advantage as higher maximal substrate uptake rate but filamentous bacteria can still
become dominant in processes with a completely mixed reactor. Chudoba et al,
(1973) studied bulking sludge in plug-flow reactors with mixing return sludge and
influent. Selectors have been designed based on the removal of easily biodegradable
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COD from the liquid phase and having short residence time (15 minutes) when
compared to the total residence time. It is observed that soluble COD is taken up by
the sludge and stored in the biomass. Energy for this process is obtained from

oxidation or from the hydrolysis of polyphosphate in case of an anaerobic selector.

According to van den Eynde ef al. (1984) the floc forming bacterium, A. globiformis
showed a larger overcapacity for substrate uptake, a larger accumulation of reserves
(polysaccharides and PHB) and a more efficient mobilization of these polymers than
the filamentous species S. natans. Continuously fed activated sludge systems had a
high SVI and low storage capacity, whereas intermittently fed systems had a low SVI
and high capacity for the accumulation of storage polymers. Consequently,
intermittent feeding of activated sludge could prevent the excessive growth of
filamentous bacteria. Whenever an amount of substrate is suddenly added to the
steady state cultures, there is an immediate increase in substrate uptake rate; the
growth rate not being able to switch to higher values (van den Eynde et al., 1983). To
study the phenomena in bacteria relieved from any growth limitation in more detail,
two IC-chemostats were inoculated. Samples were analyzed for glucose and COD in
the medium and for PS (polysaccharides), PHB and protein in the biomass. The
relatively high substfate uptake rates recorded for both species again prove the
overcapacity under a regime of intermittent feeding (Table 3.2). Initially the decrease
in COD was equivalent to the glucose uptake. Towards the end of the COD curve
diverted from the glucose uptake curve; this indicates the excretion of over-flow
metabolites. Immediately after the addition of glucose both cultures started to
accumulate reserves. 4. globiformis produced exclusively PS, whereas S. natans
accumulated both PS and PHB with a higher accumulation rate of PS. Growth
continued in these batch experiments, a steady increase in protein concentration was
found for both species. There was no tight coupling between glucose uptake and
protein synthesis. When exogenous glucose was exhausted the cells adopted to this
new situation; metabolism could rely on the reserves for growth and maintenance.
After a lag phase the breakdown of PS started and with it as a source of carbon and
energy protein synthesis could proceed.
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Table 3.2 Comparison of Parameters for 4. globiformis and S. natans
(van den Eynde et al., 1984)

Growth  Biomass  Balanced gy PHB PS Total Total

rate D.WL‘; uptabke accumu-  accumu- response  amount of
il :D (g-1") rate lated lated accumu-  response
(h~1) rate rate’ lated _ (mg-1-h
rate®:
A. globiformis 0.042 2.66 1.63 7.4 - 5.25 5.25 580
S. natans 0.05 2.59 1.94 33 0.35 0.51 0.86 . 231

* D.W. = dry weight

b . . y .
The balanced uptake rate is necessary to allow growth with the same rate as in the chemostat; it is calculated according to

[

the yield-values (Y) were taken from our previous paper (Van den Eynde ct al. 1983) .
The total reserve accumulation rate is the sum of PHB and PS$

'

From these results, it is evident that pulse feeding has a profound influence on the
metabolism of the bacteria. Where the Monod equation would suggest an immediate
increase of p with higher concentrations of S, a completely different behaviour was
found. Very small or no immediate increase in growth rate can be explained in
numbers of ribosomes engaged in protein synthesis. The pm.x can only be attained
after a lag phase during which RNA and more ribosomes must be synthesized.
According to this mechanism the initial substrate uptake rate is too high and the
excess of substrate is accumulated as reserves or excreted as overflow metabolites.
The main features of 4. globiformis and S. natans during a shift-up are the high
substrate uptake rate compared to the previous growth rate (overcapacity), the lag
phase in protein synthesis and the metabolism of reserve materials.

3.1.2 Hypothesis for Storage Polymer Formation

COD conversion: In plug-flow and completely mixed reactors, the conversion of
glucose was studied (Chudoba et.al., 1985). The yield of biomass on glucose for pure
cultures was found to be 0.64 g CQD/g COD, calculated from the amount of oxygen
consumed till all glucose is converted whereas the theoretical yield for the formation
of the glycogen is 0.96 g COD/g COD. The discrepancy between these yields
significantly points out the formation of storage polymers. Based on a large literature
review and thermodynamic reasoning that growth process requires a standard amount
of energy utilization, the yield for aerobic growth can be evaluated as 0.5 g COD/g
COD for a wide range of aerobic bacteria and substrates (Heijnen, 1994). This
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difference between mixed cultures and pure cultures can be explained by the

conversion of a fraction of substrate into storage polymers.

General aspects of storage polymer formation have been improved as a result of
recent research carried out by Pot et al. (1996a; 1996b). This research is summarized
in Figures 3.1 and 3.2. The effect of transition from continuous to batch culturing on
a pure culture is shown in Figure 3.1. All substrate was converted to biomass at a
constant rate and no biopolymers were formed in steady-state continuous culture.
This steady state continuous culture was disturbed by a pulse of substrate (acetate)
added, so the organism has taken up the substrate at a high rate. A direct increase in
growth rate was not observed due to the change in substrate uptake rate. Polymer
formation was occurred as the conversion of acetate surplus to PHB. When the
external substrate was fully consumed the organism started to grow on the stored
PHB. The growth rate on the stored polymer is definitely lower than it is on the
original influent substrate. The organism can keep its balanced metabolism by
forming PHB when there is a sudden change in substrate addition. The uptake rate is
limited by the substrate concentration therefore when organisms are growing under
limited substrate conditions; they need comparatively large quantity of substrate
uptake enzymes. A rapid uptake of the substrate can be observed when the substrate
concentration increases unexpectedly. However, in the cell this amount of substrate
cannot be directly converted by the growth process and if the conversion of substrate
to PHB does not occur the cell metabolism could not keep its balance. The organisms
can regulate their growth rate if the substrate concentration stays high. However only
during a limited period, in pulse-wise SBR systems or in plug-flow reactors, high
substrate concentrations are experienced by the bacteria and storage process can play

a dominant role.

The effect of pulsed or continuous substrate addition to an anoxic-aerobic SBR with
a mixed, open sludge culture hag been investigated by feeding the substrate to anoxic
phase. As seen from Figure 3.2, PHB accumulation occurs in both modes of substrate
feeding but it is larger in the pulse fed SBR than in the continuous fed SBR. Feast-
famine periods enrich the mixed microbial community, which use storage polymers
to balance their growth. Also the difference between the substrate need for growth
and substrate uptake rate is balanced by the formation of storage polymers.
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Figure 3.1 Concentrations of acetic acid and PHB after a pulse of acetate is added
(van Loosdrecht et al., 1997)
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Figure 3.2 Profiles of acetic acid and PHB in an SBR (van Loosdrecht ef al., 1997)

The hypothesis proposed by van Loosdrecht et al. (1997), for the occurrence of
storage polymer formation when there is no limiting condition for growth says that,
microorganisms, regularly exposed to feast-famine periods, will be enriched and able
to balance their growth independently from external substrate supply. Bacteria that
cannot store substrate must find extra energy for rapid growth in feast periods, and
deteriorate in famine periods. In case there is no available substrate left, they will be
faced with maintenance problems to keep their proper shape of cell structure with the
addition of a new substrate to the system. Bacteria that can store substrate as
polymers e.g. PHB or similar compounds will be dominant because they can
maintain more or less constant relatively low growth rate and can keep their viability
in the case of external substrate depletion. Many substrates are degraded in the cell
with Acetyl-CoA as intermediate so PHB is specifically interesting as a storage
polymer and it is also the precursor for the formation of PHB.
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3.2 Concise Review of Storage in Activated Sludge Processes

Biomass is subjected to concentration gradient of the carbon sources in activated
sludge systems. This means biomass grows under dynamic conditions and storage is
the main process for the removal of the substrate. Although the conditions show
dynamic behavior, overall process is considered as steady-state. Sludge recycle is
one of the reasons of dynamic conditions. Growth contributes to storage process and

utilization of organic matter occurs (Majone ef al., 1999).

Microorganism adapts its cell composition (RNA, protein etc.) to the environment
and reaches to a balanced growth, which shows that growth of cell is in optimum
level and no further adaptation occurs (Roels, 1983; Grady et al, 1996). If the
culture is adopted to grow under a substrate-limited condition, available protein
synthesis of the culture will not be enough to increase the growth rate when the
limitation is removed. Therefore the protein synthesis and the specific growth rate
will increase only gradually. However, if the adaptation of the culture to the old
environment is not complete, there will be an extra protein synthesis available so the

culture will increase its specific growth rate.

Storage process is very significant in activated sludge systems of dynamic
conditions. In storage response, substrate uptake rate increases quickly and new
solids are formed which are in different composition: all components during growth,
but mainly storage polymers (generally polysaccharides and lipids) during storage.
This leads to different kinetic and stoichiometric coefficients because synthesis of
storage polymers is simpler than that of the whole cell: less physiological adaptation
is required and also storage is faster than growth (Daigger and Grady, 1982a).
Accumulation can also be considered as a substrate removal process (Grau ef al,
1982). Substrate is transported into cell and maintained in unchanged form or
transformed to low molecular weight metabolic intermediates. Storage can be
explained as a mechanism for preventing the accumulation of internal metabolites at
toxic levels during the growth lags. Also the release of soluble metabolites or
extracellular polymers has been observed as removal processes. Sorption is a simple
physical-chemical interaction, which contributes to the fast removal of the soluble

substrate in a similar way to the physical entrapment of the particulate one.
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Biomass response mainly depends on its microbial composition and on the
physiological state of the different microorganisms. Growth is a generally-known
process, whereas storage, accumulation and release are alternative mechanisms when
growth is too slow with respect to the dynamic conditions (Daigger and Grady,
1982a).

3.2.1 Experimental Approaches

Storage phenomena have been studied in pure and/or mixed cultures by many
scientists. Typically, substrate uptake rate (SUR) and oxygen uptake rate (OUR)
measurements are achieved to determine the dynamic response of the culture. In
some cases of pure cultures (van den Eynde ef al., 1983), SUR and observed yields
are higher than maximum values allowed under steady-state conditions, indicating
that storage is a significant process in the removal of the substrate as a fast and high-
yield response. The observed amount of polymer formed per unit of substrate
removed ranges from 0.32 to 0.79 gCOD/gCOD. The yield has been observed as
0.73 gCOD/gCOD for PHB storage from acetate (van Aalst-van Leeuwen et al.,
1997) and 0.96 gCOD/gCOD for glycogen storage from glucose (van Loosdrecht et
al., 1997). The stored products are firstly produced at a constant rate and then at a
decreasing rate when the saturation of the maximum storage capacity is approached.
This causes the overall and observed storage yields to vary over time on the F/M

ratio of the experiment.

Intermittently fed sludges exhibit faster substrate uptake rates and higher observed
yields then continuously fed ones. Capacity of accumulation is lower than the storage
response, so Cech and Chudoba (1983) observed that substrate uptake rate is first
quickly decreasing and then constant. Based on these approach, when sludge is
intermittently fed both mechanisms are acting whereas only storage is possible for
continuously fed sludge. The importance of storage response for mixed cultures has
been confirmed by the determination of glycogén storage from glucose (van den
Eynde et al., 1984; Matsuzawa and Mino, 1991) or PHB storage from acetate
(Majone et al., 1996).

Respirometric measurements give the most reliable results in the observation of
microbial responses (Figure 3.3a). However Dircks et al. (1999) observed a tailing of
the OUR curve and the respirogram has been divided into two phases (Figure 3.3b).
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The yield in phase 1 is typically 0.71 gCOD/gCOD if acetate is added as substrate,
similar with the experimental results of experiments carried out with excess acetate.
These similarities are evidences for storage phenomena. This is confirmed that the
observed yield obtained by considering both phases 1 and 2, is more in the range of
what would be expected from the literature. The yield of acetate has a typical value
of 0.5 gCOD/gCOD (Dircks et al., 1999) as it is expected from aerobic bacteria
growing without storage (van Loosdrecht et al., 1997). If glucose is used as substrate
supply, yields are higher with a range of 0.76-0.90 gCOD/gCOD. By considering
that the theoretical yield for formation of glycogen from glucose is reported to be
0.96 gCOD/gCOD (van Loosdrecht et al., 1997), these high values seem to confirm
that storage is the main mechanism for the substrate removal. In the case of real
wastewaters (containing a large fraction of slowly biodegradable substrate) the
tailing in phase 2 is much more difficultly observed than the results with using only
readily biodegradable substrates like acetate and glucose.

— substrats —OUR

(a) (b)

Figure 3.3 (a) Typical respirogram from literature
(b) Respirogram exhibiting a tail (Dircks et al., 1999)
Biosorption capacity of a sludge is defined as the specific amount of organic material
which can be taken up in a real time. The term biosorption includes all the different
mechanisms of substrate remm;'al in the sludge (sorption, accumulation, storage,
growth and oxidation). Therefore it is quite difficult to distinguish among them from
simple bisorption experiments, where storage polymers are usually not measured.
The yield that can be calculated from these experiments are also very high: 0.85
gCOD/gCOD (Gabb et al., 1991).
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3.2.2 Modeling Approaches

There are many approaches for the modeling of storage phenomena. These
approaches can be summarized as unstructured and structured models (Majone et al.,
1999).

Unstructured Models: Changes in the internal composition of the biomass are
ignored. The activities of the biomass are specified only by the amount of biomass
itself. If there are no changes in the environment or these changes are very slow or
very fast compared to changes in the biomass composition, these models provide a
realistic approach (Harder and Roels, 1982; Roels, 1983). In this case the biomass
can be assumed to be in a pseudo-steady-state as in the model of Monod for substrate
limited growth of microorganisms. The active biomass and the storage products are
considered as a whole in these models. As a matter of fact, soluble COD and oxygen
are consumed and biological solids are formed in both storage and growth. Yields of
these two processes are different but an overall yield will result that will lump them
together. Then the utilization of internally stored products will contribute to the
endogenous metabolism, which will be carried out at a higher rate. For that reason,
the storage yield is higher and also the decay coefficient is bigger. Kinetic
expressions for growth and storage on soluble substrate are different (growth is
autocatalytic, storage is not), as well as for growth on stored products and
endogenous metabolism (the amount of stored products will change by time, so
endogenous metabolism will not be constant too). ASM1 (Henze ef al., 1987) can be

considered as an unstructured model.

Structured models: If the adaptational mechanisms inside the biomass cannot be
ignored any more, unstructured models become unreliable. Structured models are
needed when a specific component of the biomass must be modeled as in the case of
storage. The simplest approach can be proposed as the division of the biomass into
an active cell fraction and a sto;ed substrate fraction. Several storage models have
been proposed for aerobic storage (Table 3.3). Very little or no energy requirement is
taken into account for storage process, indicating that enmeshment, sorption and
accumulation can be considered as dominating mechanisms. In fact, experimental
studies show that there is a significant energy requirement for storage process due to
soluble substrate removal. As seen from the Table 3.3, some models allow only

storage firstly then growth on stored substrates whereas growth and storage occur
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simultaneously in some of them. Simultaneous growth and storage means that the
active biomass has the ability of immediately increasing its growth rate when
substrate is added to the system. Storage before growth considers that the growth
process can be regarded as negligible, growth rate starts to increase after storage is
completed. The storage rate is always decreased by an increasing amount of the
stored products in all of the approaches. This is an experimentally observed
phenomenon; nevertheless reported storage capacities are often quite high. Thus this
dependence could be of minor practical importance under sludge loading in the
activated sludge systems. Storage rate has been proposed to be zero, first or shifting
order, while for the growth on stored product it is first or shifting order. In the case of
simultaneous growth and storage, there should be three different yield factors: for the
growth of the biomass on the substrate, for the storage on the substrate and for the
growth on the stored substrate. If there is no simultaneous growth and storage it is
not necessary to define the yield for growth on external substrate.

The history of biomass (e.g. sludge age) can only be accounted for by adjusting
kinetic parameters to the process conditions in the above models. As a matter of fact,
structured modeling should include at least two components. Generally, synthetic
and structural components are considered (Roels, 1983), even though much
complicated approaches are discussed (Daigger and Grady, 1982a).

More knowledge should be improved on substrates different from acetate and
glucose, in order to understand the behavior of high molecular weight soluble or
colloidal substrates. It is precisely known that storage is more likely to occur on
acetate and glucose than high molecular weight substrates but may be their storage
can occur under very short-term conditions because of their fast hydrolysis. Also
pure culture studies should be improved due to the cultivation of microorganisms at
lower dilution rates and under cyclical dynamic conditions. In unstructured models,
the storage is modeled in a potential way by the adjustment of growth and decay
parameters. These types of models give good results where storage is not so
important (e.g. for wastewaters with little concentration of soluble COD). Structured
models, presenting a wide range of different expressions for stoichiometry and

kinetics, are necessary if the populatidn dynamics has to be taken into account.
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3.3 Structured Metabolic Models

A metabolic model is based on the principle that the metabolism of organisms is
composed of a limited number of metabolic pathways which results in more or less
constant energy requirement and ultimately constant stoichiometry (Roels, 1983).
Internal reactions are used for the description of metabolic pathways. These internal
reactions are combined with reaction stoichiometry and degree of reduction balances

to derive the linear equations describing the involved metabolism.

3.3.1 Metabolic Model for Aerobic Storage of Acetate for Paracoccus
Pantotrophus

van Aalst-van Leeuwen et al. (1997) has proposed a metabolic model in which
acetate is aerobically stored as PHB under dynamic conditions. In this metabolic
approach the number of unknown parameters is reduced. A metabolicaily structured
model based on the interpretation of experimental results has been proposed in order
to describe the observed kinetics of PHB production and consumption by the selected
microorganism. This model adequately describes the observed kinetics of PHB

formation and consumption.

Biological wastewater treatment processes usually occur under dynamic conditions,
volatile fatty acids (VFA) form the major soluble substrate in these processes. The
microorganisms have the ability of fitting to rapidly changing conditions called as
feast and famine periods, under these conditions the response of the activated sludge
organisms is the production of storage polymers ie., glycogen and poly-p-
hydroxyalkonates (PHA). Under the conditions of excess carbon source,
polyhydroxybutyrate (PHB) seems to be the more common storage polymer.
Standard microbiological experiments use continuous cultures, which is in contrast
with the study of van Aalst-van Leeuwen ef al. (1997). Under conditions of a
periodic carbon substrate surplﬁs (feast/famine), the substrate uptake rate will be
larger than required for growth. The uptake of substrate results in the formation of
NADH, which is consumed by oxidative phosphorylation and leading to ATP
formation. If the energy needed for grth is limited, then ATP will accumulate so
NADH, will accumulate too. This efcplains why the production of a more reduced
storage polymer-PHB (requires NADH,) is more likely to be occurred when
compared with the production of glycogen (leads NADH, formation).
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van Aalst-van Leeuwen ef al. (1997) used an acetic-acid limited continuous culture
of Paracoccus Pantotrophus in order to observe the production and consumption of
PHB. PHB production is observed when acetate is present and PHB consumption is
followed when acetate is depleted. Biomass is assumed to contain two different parts
as an active biomass compartment (1-fpyg=capable of reproduction and growth) and

a PHB fraction (fpys=used as storage for carbon and energy).
3.3.1.1 Metabolic Model for the Formation and Consumption of PHB

The aerobic metabolism of a microorganism capable of producing and consuming

PHB can be described by seven internal reactions (Figure 3.4).

PHB

I7 ,
Iy - I I3

Acetate — Acetyl-CoA | = Monomers )  Biomass

X:

NADH,
Is @

Figure 3.4 Schematic representation of the metabolism of an organism capable of
forming and consuming PHB (van Aalst-van Leeuwen et al., 1997)

ATP

Synthesis of Acetyl-CoA from Acetate, (r;): Acetate is taken into cell by active

transport, Acetyl-P is formed and at last conversion to Acetyl-CoA is completed.

Synthesis of biomass monomers from Acetyl-Cod, (r): This is the first part of the

synthesis of active biomass.

Polymerization of biomass précursors and maintenance, (r3): By this reaction,

biomass formation is completed.
Carbon source catabolism, (rs): Substrate uptake results in the formation of NADH,.
Oxidative phosphorylation, (rs): ATP is produced from NADH,.

Synthesis of the storage product PHB from Acetyl-Cod, (rs): The substrate is both
used for the synthesis of biomass and PHB.
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Synthesis of Acetyl-CoA from PHB, (r;): In the absence of acetate, the
microorganisms utilize the intracellulary accumulated PHB as carbon and energy

source. The storage polymer is hydrolyzed and converted into Acetyl-CoA.

The metabolic model results in two equations describing the conversion processes for
feast and famine phases. For the feast period, the linear equation describing acetate
uptake, biomass growth, PHB production and maintenance is defined as below:

1 1
I, + r, +m.C 3.1

(-15) =

As similar, for the famine period describing PHB consumption, biomass growth, and

maintenance is expressed with the following equation:

1
(1) = o Ix T mpCyx (3.2)
Yox
where,
max 45 -2 (3.3)

X T4 135+432

i =% (B4)
m, = (3.6)
vy " ' e

The linear equations contain two unknown parameters namely, the ratio between
ATP produced and electrons transferred from NADHj to an electron acceptor (5) and
the ATP consumption due to mainteriance processes (marp). Substituting of rx=pCx,
rs=qsCx, 17=qpCx followed by division by biomass concentration, Cx gives the

following equation:
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1
+———0q, +m 3.8
Ys'?(m p Ys,;,)ax 9p s (3.8)

(-q5) =
From earlier experiments (Pot, 1995), it was observed -that maximum yield of
biomass on acetate, Ysx' = 0.45 [C-mol/C-mol] and maintenance coefficient for
growth on acetate, mg = 0.038 [C-molV/C-molLh]. The P/O ratio, 8 = 1.84 [mol
ATP/mol NADHj;] and the ATP maintenance coefficient, marp = 0.102 [mol ATP/C-
mol.h] were calculated by using the related equations and above values, also these
parameters are considered to be constant within the experimental range. Maximum
yield of PHB on acetate, Ysp« = 0.648 [C-mol/C-mol] was found by using the

equation 3.4. Substituting these yield coefficients in eqn. 3.8 gives:
-gs = 2.22u+1.544qp+0.038 3.9

From the carbon balance and the degree of reduction balance relations for the
specific carbon dioxide production rate (qc) and for the specific oxygen consumption

rate (qo) can be derived as a function of p and qp:
qc = (~gs)-p-gp = 1.22p+0.544qp+0.038 (3.10)
(-qo0) = 1.188p+0.419g+0.038 (3.11)

Stoichiometry of the kinetic model for the PHB production can be based upon
equations 3.9 - 3.11.

Maximum yield of biomass on PHB, Ypx"> = 0.653 [C-mol/C-mol] and
maintenance coefficient for growth on PHB, mp = 0.0131 [C-mol/C-molh] were

calculated for the famine phase. Below equations were derived by using these values:

1
(—qp) = g BT (3.12)
PX ;
-gp = 1.532p1+0.0131 (3.13)
qc = 0.532u+0.0131 (3.14)
(-90) = 0.693p+0.0147 (3.15)
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Stoichiometry of the kinetic model for the PHB consumption can be based upon
equations 3.13 — 3.15.

It was observed from experimental and modelling results that, immediately after the
pulse addition the substrate uptake rate reaches its maximum value. However the
growth rate only slightly relates to the maximal growth rate (van Aalst-van Leeuwen
et al., 1997). The excess of substrate taken up is stored in the cell as PHB between
the feast and famine periods. Stored substrate is used for growth process after all
external substrate is consumed. The growth rate slowly decreases during the growth
of PHB presumably related to the reduction in PHB amount. According to the
standart theory, the substrate uptake rate in a chemostat is found by the
muitiplication of the maximal uptake rate and Monod factor for the substrate
relationship. This is an evidence for that the organisms will induce a maximal level
of substrate uptake enzymes, while the enzyme system for cell growth will
presumably not be completely induced. So, even though the cells are cultivated close
to growth rate of zero, the maximal substrate uptake activity will be maintained. The
conditions are firmly different from a chemostat in wastewater treatment processes
under dynamic conditions. It can be discussed that under such conditions
microorganisms that have a fully induced substrate uptake system, accumulate more

substrate and outcompete organisms that do have lower substrate uptake rates.

The maximal substrate uptake rate of an organism is generally independent of the
real growth rate of that organism (Roels, 1983). In the model of van Aalst-van
Leeuwen et al. (1997), it was proposed that PHB is generally used as a buffer for the
substrate taken up but not directly needed for growth. The storage polymers can play
a significant role in microbial growth under unbalanced conditions (van den Eynde et
al., 1984; van Loosdrecht et dl., 1997). PHB accumulation has been reported in many
laboratary scale studies and also in activated sludge systems (van Loosdrecht ef al.,
1997). PHB utilization by cells subjected to large concentration gradient in substrate
amount is done for the effective balance of the differences between substrate uptake
rate and substrate need for growth. So the cell can balance internal metabolism, and
also can have advantage of competition among other microorganisms which are not

capable of producing storage compounds.

In reality, the substrate is available mostly in a dynamic case. Substrate storage and
so balanced growth has many advantages when compared with the periods of quick
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growth and then periods of starvation. It is not sufficient to use only the conventional
Monod type kinetics in order to predict the competition for the description of what is
happening in wastewater treatment plants. The proposed model (van Aalst-van
Leecuwen et al., 1997) can be used with the aim of evaluating the growth on

internally accumulated PHB in activated sludge systems.

3.3.2 Metabolic Model for Aerobic Storage of Acetate for Mixed Culture

PHB metabolism in aerobic, slow growing, activated sludge cultures based on a
metabolic model has been observed by Beun et al (2000). A mixed microbial
population was subjected to external substrate under dynamic conditions. Formation
of intracellular storage and PHB consumption was observed. A synthetic wastewater
and sludge from a conventional activated sludge wastewater treatment plant were

used in the experiments.

The metabolic model is the same as described in van Aalst-van Leeuwen ef al.
(1997), with the exception of biomass composition. van Aalst-van Leeuwen et al.
(1997) formulated a metabolic model describing the stoichiometry of PHB
metabolism by a pure culture of Paracoccus Pantotrophus under dynamic substrate
supply as mentioned in the previous section. Linear equations for feast and famine
phases, yield factors and maintenance coefficients; rs, rp, Ysx, Ysp, Ypx, ms, mp are
as the same with the model of van Aalst-van Leeuwen et al. (1997). For the yield
coefficients regarding growth on PHB (Ypx™"), there is a scarce information in
literature. This value is reported for a mixed culture of bio-P bacteria by Smolders et
al. (1994) and for a pure culture by van Aalst~van Leeuwen et al. (1997).

Storage of PHB in relation to activated sludge models is also defined particularly in
Beun et al. (2000). In ASM1, the biomass is considered as one compound with a
yield of total biomass (including PHB if present) on substrate. Stored substrate is
accounted for as active biomass.;Consumption of stored substrate is accounted for in
the biomass decay process and characterized as slowly degradable substrate. In
ASM3 and in metabolic models, the biomass is divided into two as an active biomass
fraction with a yield of active biomass on substrate and a PHB fraction with a yield
of PHB on substrate (Figure 3.5).

Beun et al. (2000) found that the bacteria can balance their growth rate under
dynamic substrate supply, using the PHB metabolism and adjusting the substrate
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uptake rate. So bacteria can compete effectively for substrate. In the feast period
acetate is taken up with a maximal specific acetate uptake rate. Meanwhile PHB is
produced with a constant rate. Biomass growth on PHB leads to only 4-10% lower
biomass yield compared to direct utilization of acetate for growth. 66% - 100% of the
acetate consumed is used for PHB synthesis process (in steady-state systems) and the
rest of the acetate consumed is utilized for growth and maintenance. In activated
sludge processes, it is relevant to determine whether the percentage of the acetate
consumed which is utilized for PHB synthesis process is a constant value or depend

on the conditions of the system.

ASMI biomass
ASM3 PHB active biomass
Reality PHB active biomass (@)
ASM1 substrate - biomass
T lysis
ASM3 substrate | PHB \ active biomass
PHB
Reality substrate ¢ b

active biomass

Figure 3.5. (a) Composition of the biomass in ASM1, ASM3 and reality.
(b) Comparison of major carbon flows in ASM1, ASM3 and reality.
(Beun et al., 2000)

3.3.3 Metabolic Model with Str;uctured Biomass

Growth can occur both on the external substrate and internal substrate under dynamic
conditions. It must be evaluated whether bacteria utilize external substrate rather for
cell growth or for storage process. In case of growth takes place on internal substrate,
the situation can be evaluated defining only one rate and one stoichiometric yield
coefficient. Experimentally it is observed that the growth rate in the presence of
external substrate (acetate or glucose) is significantly faster than the growth rate on
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the storage polymer (PHA or glycogen) with the same sludge (Beun et al, 2000).
Even though the yield coefficients of biomass and the specific substrate uptake rates
are different with varying electron acceptors, the rate of consumption of PHA is the
same under aerobic conditions (Beun ef al., 2000). In the feast phase the degradation
rate of these substrates is only dependent on the character of storage polymer in the
cells and independent of growth rate or the sludge age (Beun et al., 2001). According
to this, the growth on internal substrates is primarily determined by the substrate
consumption rate, while growth rate and the respiration rate are coupled by
stoichiometry. The conversion rate of PHA with respect to the PHA content of the
biomass as a first order rate based on experimental observations although other rate
order coefficients can give good description as well. Also in the definition of ASM3
it is suggested by a high value for the similarity coefficient for PHA (Gujer ef al.,
2000).

The organisms have the chance to use the substrate for growth or storage processes if
external substrate is available. Conventionally it is assumed that competing
microorganisms maximize their growth rate and storage only occurs if some growth
related compound (e.g. ammonium) is limited. In reality, the actual growth rate is the
most important parameter in the competition for traditional batch&continous culture
conditions. This approach may be too simple for most of the natural systems. Under
dynamic conditions, a large quantity of organisms maximize their substrate uptake
rate while growing at a approximately balanced rate (van Loosdrecht, 1997). The
difference between actual substrate uptake rate and growth rate results in the storage
of substrate. In other words, the bacteria compete on substrate uptake rate rather than
growth rate. Therefore, in kinetic models a kinetic rate for substrate uptake rate can
be chosen and the growth rate can be calculated from the stoichiometry. If substrate
is used simultaneously for growth and storage by the organism then, two rates must
be defined to calculate the conyersion rates for other compounds. In the study of
Beun et al. (2001), the substrate uptake rate seems to be only a little dependent of the
sludge age of the culture. This can be explained by the accumulation of the inert
material. Microorganisms appear to maximize the substrate uptake rate. In case of
pon-occurence of storage, the maximal substarte uptake will correspond to the
maximal growth rate by the maximal yield coefficient. It was experimentally

observed that the organisms grow with a certain rate whereas the substrate which is
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not used is converted into storage materials. Less substrate is converted into storage
polymers at the higher growth rate. For pure cultures, with the sudden addition of
substrate, the growth only slowly changes to a new higher value whereas the
substrate uptake rate immediately reaches its maximal value (van Aalst-van Leeuwen
et al., 1997). PHA formation balances the difference between substrate uptake rate

and consumption for growth.

In ASM3 it was suggested that growth always occur on stored polymers, which is not
valid. Real process models are necessary for a detailed description and understanding
of microbial processes. This implies that the variable growth rate on external
substrate as a function of the sludge age requires description. Krishna et al. (1999b)
proposed a hypothesis to predict the growth rates during the periods of substrate
availability. The growth rate will depend on the level of the protein synthesising
system (RNA’s and anabolic enzymes) in the cell of the organism. This system can
be a large mass fraction of the cellular composition (van Loosdrecht and Heijnen,
2002). The amount of enzymes needed to take up substrate and to convert it into
storage polymers is quite limited, whereas the amount of RNA and enzymes required
for growth at a maximum rate has a large metabolic burden. It seems more
adventageous for an organism that grow under dynamic conditions to take up
substrate if it is available immediately and utilize the accumulated substrate to grow
over a longer period. Substrate storage and subsequent growth on it results into a
slightly lessened net growth yield (Beun et al., 2000). It could be that two types of
organisms exist: the ones that maximize the growth rate and the ones that optimize
the growth rate. Both of them will have a reduced yield under dynamic conditions
but the differences can be so small that mutual existence is possible. In order to
describe the storage process it is necessary to define model with a structured biomass
not only with different fractions of storage polymers but also with a variable amount
of anabolic enzymes (Harder and Roels, 1982).

3.3.3.1 Metabolic Model Based on Enzyme-Structured Biomass

Microbial cells try to balance the level of their protein synthesis system (RNA and
enzymes). Generally, most RNA and enzymes will be induced when the substrate is
available (under conditions when they are required). These cellular components are

subject to a constant decay processes at the same time. This indicates that when
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external substrate is available the anabolic enzymes are induced and the enzyme
fraction in the cell will increase. Formation of this system will be repressed during
conversion of storage polymers because there is an excess of protein synthesis
capacity. Due to the enzyme decay and dilution of the newly generated cell material,
the level of RNA and enzymes in the cells will reduce. The balance between enzyme
synthesis and decay leads to the level of induction of protein synthesis system and
consequently to the actual growth rate in the availability of external substrate.

" A model is formulated by van Loosdrecht and Heijnen (2002) based on the model
presented by Kompala e al. (1984) and extended by Turner and Ramkrishna (1988)
to describe enzyme-structured biomass. The main difference is the absence of an
precisely expressed maximum enzyme amount. It is assumed that the balance
between production and decay will give a maximum enzyme level as occurring in
real cells. Proposed model is based on the metabolic model of Beun et al. (2000)
developed for PHB formation and consumption by mixed cultures. Conversion of
acetate to PHB and new biomass in feast phase is described in equations 3.16 and
3.17 while equation 3.18 shows the growth on PHB in famine phase as below:

1 1
I, = Tero + Iy +m X (3.16)
S Y, STO Y, X sy
= Yo _moy X (3.17)
Igro = Ygpls Y Iy —Mg YpAy .
$X
Iy = YpxTgro —Mp Ypx Xy (3.18)

The model is presented in Table 3.4. The actual growth rate on a substrate is related
to the level of enzyme induction for growth on that substrate (Kompala et al., 1984;
Turner and Ramkrishna, 1988). This general approach is also used in this model but
there is a critical difference: the ‘above authors assume the organisms fry to grow as
quick as possible, while in this model it was assumed that the protein synthesis
system is only induced when there is an external substrate available while the
organisms compete effectively only on substrate uptake rate. There is no
stoichiometry for the enzyme conversion process since there is not sufficient

information on yield coefficients or concentrations of enzymes. Reactor conditions
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and kinetic values reported by Beun et al. (2001) were used for the model for

aerobic, pulse fed, sequencing batch reactors.

The formation and decay rates of the protein synthesis system almost has not been
studied and certainly not under conditions related to activated sludge systems (van
Loosdrecht and Heijnen, 2002). It is possible that the formation and decay rates of
enzymes are similar for all bacteria since the cell internal processes are generally
similar for various microorganisms. In that case, there is a potential to improve the
activated sludge models, because e.g. the growth rate on external substrate can be a
predictable variable instead of a parameter, which has to be estimated from
experiments. Growth on storage polymers is defined by the polymer consumption
rate rather than the growth rate potential of the cells. This means that consumption
rate of storage polymers should be used instead of growth rate in mathematical
models like ASM3. The consumption rate of storage polymers should be described
by a first order rate instead of saturation kinetic.

Proposed model includes RNA and anabolic enzymes and separate biomass
compartments for storage polymers. This model is capable to simulate the behavior
of organisms under dynamic conditions. The main objective of the proposed model is
a general microbial ecology principle that bacteria compete on substrate uptake rate

rather than on growth rate.

3.4 Storage Phenomena in ASM3 and Modifications

In ASM3 the aerobic storage process describes the storage of readily biodegradable
substrate (Sg) in the form of cell internal storage products (Xsro). This process
requires energy in the form of ATP, which is obtained from aerobic respiration. In
ASM3, it is assumed that all the readily biodegradable organic matter is first taken up
by the heterotrophic organisms; through storage process and so converted to the
stored material, which is then assimilated to biomass. It is known that this is
probably not the reality but it was considered that there is no reason to complicate the
model by introducing an extra coefficient for the division of substrate between

storage and growth.

Simultaneous storage and growth is observed in many experiments, also stored

polymers are utilized only after the depletion of the primary substrate. So

54



modifications in ASM3 were made for a more consistent description including
growth on primary substrate. There are two mechanisms for storage under aerobic
conditions: PHB storage when fed with acetate and glycogen storage when fed with

glucose.

3.4.1 Modified ASM3 for Acetate

This model is the first attempt to evaluate the deficiencies of ASM3. Conversion of
acetate, ammonium, oxygen, biomass and PHB were measured at different
temperatures in a laboratory SBR system. These measurements are compared to a
simplified version of ASM3 including only those processes and components relevant
for the aerobic conversion of acetate. An adopted model structure is proposed based

on the deviation between model and experiments.

ASM3 is simplified for the case of only aerobic heterotrophic conversions and
acetate as the only substrate. The matrix form of simplified version of ASM3 is given
in Table 3.5 and kinetic parameters are shown in Table 3.6. The processes included
in the simplified version of ASM3 are the aerobic storage of readily biodegradable
substrate, aerobic growth of heterotrophs, aerobic endogenous respiration and
aerobic respiration of storage products. All expressions and parameters were chosen
according to the description of Gujer et al, (2000), except the conversion of
particulate COD components to TSS and fraction of nitrogen in the biomass.

Experimentally observed values were used for those parameters.

Simulation results were not so successful in predicting the observed experimental
results. Simplified ASM3 simulations gave too low acetate uptake rate, very high
PHB turn-over, low MLSS concentrations and low OUR and growth rate for feast
phase. To evaluate whether the choice of stoichiometric parameters was the cause of
bad model predictions, the stoichiometric coefficients of simplified ASM3 were
changed with that of obtained inearlier experiments of van Aalst-van Leeuwen et al.
(1997). According to this study, the maximum yield of PHB on acetate was Ysp' =
0.648 [C-mol/C-mol] and the yield of biomass on PHB was Ypx" = 0.653 [C-
mol/C-mol]. Those yield coefficients were used in the matrix with new stoichiometric
coefficients for the SBR process using acetate as a sole substrate supply whereas the

kinetic parameters remain the same. New simulation results showed not much
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improvement that the HAc uptake rate was too slow, the PHB turnover was still too

high and growth rate in feast phase was low.

Table 3.6. Kinetic parameters of simplified ASM3

(Krishna and van Loosdrecht, 1999)

Parameter Characterization Model A Simplified ASM3
bugs, d” Aerobic endogenous 02 02
respiration rate of Xy : )
bsto,02 Aerobic respiration rate of 0
Xsto 2 0.2
K, g CODm” Acetate inhibition of growth o1
- oAr:nPHB ium saturati | .
Knib gNm monium ation as
3 nutrient 0.01 0.01
Ko, g O, m” Saturation constant
for So 0.2 0.2
Ks, gCODm?> Saturation constant for 0.1 01
substrate S, (HAC) : :
ksto, £ SS g! Xud?  Storage rate constant 10 5
Ksro, g Xstog" Xu Saturation constant ] :
for XSTO
P, d! Heterotrophic maximum % 2
growth rate on HAC
Mz, A7 Heterotrophic maximum 2
growth rate on PHB

It was decided to calibrate the model on kinetic coefficients for storage and

heterotrophic growth (ksto and p) because of the deviation between the model

predictions and experimental results. The simulation results with adjusted

stoichiometric and kinetic coefficients were generally in agreement with

experimental results (Table 3.7). Predicted OUR, was in good accordance as

illustrated in Figure 3.6, however the growth rate shows great difference (Figure 3.7).

When the acetate uptake stopped, a discontinuity is observed in experiments for
growth rate like observed before by van Aalst-van Leeuwen et al. (1997). This

discontinuity cannot be adequately subject to simulation when growth occurs on a

single substrate.
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Figure 3.7 Comparison of Growth Rate with ASM3 and Simplified ASM3
(Krishna and van Loosdrecht, 1999)

Alternative model structure for heterotrophic gfowth and substrate storage in
activated sludge processes proposed by Krishna and van Loosdrecht (1999) is called
as Model A. Differences between ASM3 and Model A is illustrated in Figure 3.8.
The components of new model and simplified ASM3 are the same. The original
model structure of ASM3 as presented in Table 3.5, (processes 1 and 4) was
expanded by adding the growth process on soluble substrate (acetate for this case;
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process 5 in the concerned table). It is also assumed that HAc is inhibiting the growth
of heterotrophs on PHB (process 2).

A simulation with kinetic data as obtained in the previous simulations gave already
reasonable results. Only the growth in famine phase was too high and acetate uptake
rate was slower. So the kinetic coefficient for growth on PHB was decreased and the
aerobic respiration of PHB was increased. The aerobic endogenous respiration was
left unchanged because it is believed that a large part of the endogenous respiration is
due to predation (van Loosdrecht and Henze, 1999). The respiration rate on storage
products then accounts for this predation plus the maintenance substrate
requirements of the cells. Aerobic endogenous respiration rate of heterotrophs is then
only associated to this predation process. Calibrated rate coefficients used in new
simulations were given in Table 3.6. Table 3.8 gives a comparison between
simulation results with model A and experimental results, indicating a satisfactory
fit. With the defined model structure, the differences in growth rate between feast
and famine phases could easily be described (Figure 3.9).

Table 3.7. Comparison of experimental results and simulations with the simplified
ASM3, ASM3 with experimentally obtained yield coefficients on HAc and with
calibrated kinetic coefficients at 20°C (Krishna and van Loosdrecht, 1999)

Simplified ASM3
HAc yield and
Process components Mm‘::d Standard HAc yield calibrated
coefficients Kkinetic

coefficients
PHB conversion (mg COD/I) 120 110 100 115
NH; consumption (mg N/I) 5.7 5.2 49 6.0
TSS (mg/1) 830 815 765 855

feast phase
AN(mg N/1) 2.6 2.0 1.8 24
Jfour (end of feast phase) 023 043 0.41 023
HAc (end of feast phase)
(mg COD/T) 0 36 44 0.1
famine phase

AN(mg N/T) ;31 32 3.0 3.6
Jers (end of feast phase) 0.10 0.33 0.32 0.11
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Figure 3.8. (a) Schematic representation of the substrate flux in ASM3.
(b) Schematic representation of the substrate flux in the new model (model A)
(Krishna and van Loosdrecht, 1999)

Table 3.8. Comparison of experimental results and simulations with modelA
(Krishna and van Loosdrecht, 1999)

Process components Measured value Simulated value with model A
PHB conversion (mg COD/I) 120 105
NH, consumption (mg N/1) 5.7 5.8
TSS (mg/l) 830 840
feast phase
AN(mg N/1) 2.6 2.6
Jeus (end of feast phase) 0.23 0.23
HAc (end of feast phase) (mg COD/1) 0 0
famine phase

AN(mg N/1) 3.1 32
foup (end of feast phase) 0.10 0.11

As a result, simplified ASM3 gives a reasonable description of the studied SBR
processes, but the discontinuity in growth rate between feast and famine phases
cannot be described. Therefore a new model structure is proposed based on
experimental observations (Krishna and van Loosdrecht, 1999).
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Figure 3.9 Comparison of the Growth Rate with Model A
(Krishna and van Loosdrecht, 1999)

3.4.2 Modified ASM3 for Both Acetate and Glucose

In Karahan-Giill ef al. (2002b) ASM3 is modified due to the assumption of
simultaneous growth and storage on the primary external substrate. According to the
proposed modified version, direct heterotrophic growth on primary external substrate
is included as a new process. Storage of external substrate as internal storage
products and growth on these storage polymers after the depletion of external

substrate are also included in the model.

Depending on previous studies (van Aalst-van Leeuwen ef al., 1997; Krishna and
van Loosdrecht, 1999; Beun ef al., 2000), Karahan-Giil et al. (2002b) stated that they
are different from ASM3, because ASM3 says growth is only occured on stored
polymers. ASM3 also fails to simulate high rate of oxygen utilization in feast phase
and lower rate in famine phase due to above single growth process definition.

There are two different mechanisms explaining the storage of Ss as said before. PHB
metabolism has been described by van Aalst-van Leeuwen ef al. (1997) and the
stoichiometry and Kinetics have been studied by Beun et al, (2000). Glycogen
metabolism and relevant stoichiometric and kinetic coefficients have been studied by
Dircks et al., (2000). Yield values found for acetate and glucose are summarized in

Table 3.9.
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Table 3.9 Yields of acetate and glucose (Karahan-Giil ef al., 2002b)

Substrate — Acetate Glucose
van Aalst-van .

Yield value | Leeuwen et al. Be‘;(;oe(: ak Dlrczl;soit al,

Growth yield under

feast conditions 0.47 0.41 0.57

(g cell COD/g COD)

Storage yield

(g COD/g COD) 0.73 0.69 0.91

Growth yield under

famine conditions 0.60 0.57 0.60

(g cell COD/g COD)

Based on the scientific background suggested by metabolic models, the addition of
growth process on the primary (external) carbon source to ASM3 was proposed. The
modeling studies were conducted by Krishna and van Loosdrecht (1999a). The
modified version for the carbon removal processes of ASM3 has been prepared by
Karahan-Giil et al. (2002b) and presented in Table 3.10. The proposed model
consists of hydrolysis, endogenous respiration of biomass and respiration of storage
products processes as described in ASM3. Storage of readily biodegradable substrate
and primary growth processes were described as simultaneous processes competing
for substrate and electron acceptor. Both processes have reaction rates according to
Monod kinetics where growth process has ammonia nitrogen and bicarbonate
limitations. Secondary growth process is inhibited when primary substrate is present
in the system, uses products as substrate and process kinetics was defined as surface
reaction kinetics similar to ASM3.

QUR (mg/li)
OUR (mg/i/h)

=}338§8%‘

0.01 0.05 o007

[
8

003 0.01 003
Time (d)

(b)
Figure 3.10 OUR simulations for (a) ASM3 with two different growth rates
(b) modified ASM3 (Karahan-Giil et al., 2002b)
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OUR experiments were carried out for acetate and results were compared with the
OUR curve of the model proposed simulation. The results have provided strong
indication that there was a need for considering direct growth on primary substrate as
a significant biological mechanism (Figure 3.10, Table 3.11) (Karahan-Giil et al,,
2002b). Same experiments were also carried out for glicose. The proposed model
was simulated for the experimental conditions of the SBR system using AQUASIM
(Reichert et al., 1998) and results are given in Figure 3.11 with the experimental data
(Table 3.12) (Karahan-Giil et al., 2002b).

Table 3.11 Kinetic and Stoichiometric coefficients for acetate

(Karahan-Giil ef al., 2002b)

Model Coefficient ASM3 Modified ASM3
ksto(d™) 16 14
Ks (mgl! COD) 4 3
Ysro (gCOD/gCOD) 0.80 0.80
uu, (direct growth)(d™) - 4
1z, (growth on PHB)(d™) 3818 3
Ksto 1 0.4
Y1 (direct growth)(g cellCOD/gCOD) - 0.65
Yuz (growth on PHB)(g cellCOD/gCOD) 0.63 0.75
bsro (d™) 0.24 0.24
by (d") 0.24 0.24
f; (gCOD/gCOD) 0.20 0.20

100
——MODEL
~ 801 = DATA
£ —_ASMB
o 60"
E
oy 40
= ]
o 207 L o R R
0 — ——— ; -
10 30 50 70 90 110 130
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Figure 3.11 OUR simulations for ASM3 and modified ASM3
(Karahan-Giil et al., 2002b)
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Table 3.12 Kinetic and stoichiometric coefficients for glucose

(Karahan-Giil et al., 2002b)

Model Coefficient ASM3 Modified ASM3
ksto(d™) 12 8
Ks (mgi™ COD) 18 18
Ysro (gCOD/gCOD) 0.88 0.90
uw, (direct growth)(d™) - 2
pz, (growth on glycogen)(d™) 25 25
Ksto 1 1
Y1 (direct growth)(g cellCOD/gCOD) - 0.67
Yuz (growth on glycogen)(g cellCOD/gCOD) 0.60 0.70
bsro (d™) 0.10 0.10
by (d") 0.20 0.20
f; (gCOD/gCOD) 0.20 0.20

The experimental results correlated well with the performed simulations of the
proposed model. The substrate utilization and the OUR response of the system under
feast conditions were equally well simulated with both models, however ASM3
could not cope with the decrease of the OUR level in the famine phase (Karahan-Giil
et al, 2002b). Two different growth rates are necessary to simulate the system
response which can also be observed from the OUR data. The two different growth
rates observed in the system are due to two different growth process occurring;
growth on primary substrate and growth on storage products (Karahan-Giil ef al.,
2002b).

ASM3 cannot simulate lower electron acceptor utilization rate in the famine phase.
Proposed model by Karahan-Giil et al. (2002b) resulted in two different specific
growth rates where the specific growth rate in famine phase was 33% of that of the
feast phase as shown in Figure 3.12. ASM3 generates a lower growth rate throughout
the experiment, which gives a lower biomass yield. The modeling results for tests
carried out with acetate provided a good description of the OUR responée. However,
the yields of the two growth processes have been found to be higher than those
presented in literature. The modeling results for tests conducted with glucose yielded
a maximum secondary growth rate higher than primary growth rate due to the
definition of secondary growth process in terms of Monod kinetics (Karahan-Giil et
al., 2002b).
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Figure 3.12 Specific growth rates obtained for proposed model and for ASM3
(Karahan-Giil et al., 2002b)

The proposed model by Karahan-Giil et al. (2002b) gave better description of the
results obtained for batch tests in terms of oxygen utilization, glycogen generation

and biomass production compared to ASM3 for a selected range of kinetic

coefficients.
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SECTION 4 LEATHER TANNING INDUSTRY WASTEWATERS

4.1 Tannery Wastewater Characteristics and Treatment Processes for Turkey

Wastewater management in the tannery industry involves subcategorization because
of the variability of wastewaters. Six subcategories are defined for tannery effluent
so far (Tinay et al, 1995) on the basis of differences in wastewater quality,
treatment technology and applicable effluent limitations. Organized industrial
districts give reliable information on wastewater character as they homogenize
quality variations from individual plants. Istanbul Organized Leather Tanning
Industrial District presently has 107 tanneries processing both cattle hide and
sheepskin, with a resulting wastewater flow of 12 000 to 15 000 m’/d. Leather
processing industry involves all foundations converting raw or semi-processed
animal hides and skins to leather, displaying physical properties like softness,
plasticity, elasticity, resistance towards tear, abrasion and pressure. Processed leather
also should be unaffected by heat when wet. These conversion processes can be

named as:
1. Beamhouse operations
2. Tanyard processes
3. Retanning and wet finishing processes

Flow chart of the industry is illustrated in -Figure 4.1. Detailed flow scheme is also
given as shown in Figure 4.2. Tannery wastewaters show very complex and strong
characteristics since above stages involve the use of raw materials like salts
(Chromic, sodium chlorides and sulfides, ammonium sulfides), lime, dyes and acids.
Significant amount of water is used in leather processing industry. Raw hides and
skins are washed, chemical materials are added by water in all stages like dying,
oiling, etc., undesirable remnants after processes are disposed and also all of the
cleanliness is proposed by water. Wastewaters are collected with three different pipes

called as general wastewater line (16.5 km), line for wastewaters containing sulfur
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Figure 4.2 Detailed flow scheme of tannery industry (Turkey)
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(15 km) and line for wastewaters involving chromium (13.1 km). General
characterization of tannery wastewater referring many studies is given in Table 4.1,
as seen from the table, tannery-processing effluents show a very wide range
characteristics. Characterization of raw wastewater generating from Organized

Leather Tanning District is shown in Table 4.2.

Table 4.2 Raw wastewater characterization of Tuzla (Ates Genceli, 1997)

Parameter TUZLA

Average (mg/l) Range (mg/l)
Total COD 5094 3235-7420
Soluble COD 2336 1040-3810
BOD; 1760 600-2600
TSS 2229 1470-3474
VSS - -
TKN 358 112-640
Organic-N 223 102-347
NH;-N 135 48-245
TP - -
Total Cr 115.6 58-213
s* 51 17-110
Alkalinity 1350 797-1818
Ccr 10300 6370-12800
pH 8.1 6.4-9.98

4.1.1 Treatment Processes

Pretreatment is necessary in leather tanning industry because of inhibiting
compounds as Cr**, S and many toxic organisms. There are two basic alternatives

for pretreatment:

1. Wastewater streams containing chromium and sulfide can be segregated and
treated by special methods, then combined with general wastewaters and
undergo plain settling with little chemical polishing before biological
treatment. This alternative is not so useful because segregation of

wastewaters is hardly achieved.

2. Chemical settling for all the effluent can be selected as a more useful

pretreatment alternative.
There are four treatment processes in the treatment plant:

1. Treatment of general wastewaters (domestic wastewater etc.)
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2. Treatment of wastewaters involving sulfur generating from beamhouse

operations

3. Treatment of wastewaters involving chromium generating from tanyard and

retanning - wet finishing processes and recycling of chromium.
4. Recycling of solvents.

Wastewaters are firstly treated physically (screening, filtering, oil-sand trapper), then
chemical treatment is applied for sulfur and chromium removal. After primary and
chemical treatment units, there is an equalization tank and primary settlers in order to
prepare the wastewater for biological treatment. Secondary settling tanks follow the
biological processes and treated wastewater is discharged to the Marmara Sea.
Sludge from settlers are finally taken to sludge filter presses and disposed as sludge
cakes.

4.1.2 Wastewater Characterization and Modeling

Conventional characterization experiments were carried out on both the effluents
after plain settling and chemical settling. The results were significantly different as
summarized in Table 4.3. Total COD concentration reduced approximately by one
half and 20% lower than the soluble (filtered) COD level of plain settled effluent
after chemical settling. Also the SS concentration gave a result less than 200 mg/l
while it was 768 mg/l after plain settling. These concentrations are presumably due
to the effective coagulation of finer particles escaping from leather processing.
Chemical treatment was also effective in almost the complete treatment of chromium
within the pH range maintained between 7.5-8.5 and settling of particulate nitrogen,
inducing a total TKN reduction of nearly 35%. The phosphorus content of tannery
wastewaters is very low in contrast to their high nitrogen content. It can be seen from
the primary effluent average that the high value of 2.06 mg COD/mgVSS, as the
COD equivalent of VSS, indicated that a significant portion of the organic particulate

matter can be accounted as soluble COD.

Process kinetics and stoichiometry for tannery wastewaters can be evaluated by using
a multicomponent model based on the concept of endogenous decay, including initial
soluble inert matter and residual microbial products as separate model components
(Orhon and Artan, 1994).
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Table 4.3 Effect of Chemical Settling on Wastewater Characterization
(Orhon et. al., 1998)

Parameter Primary effluent Chemical settling effluent
szezie Average
. m| (

Total COD 2255 ;%%%)
Soluble COD 1290 1035
Suspended Solids, SS 768 157
Volatile Suspended Solids, VSS 467 56
Total Kjeldahl Nitrogen, TKN 214 197
Soluble Kjeldahl Nitrogen, TKN 180 175
NH;-N 164 164
Total P 5.9 1.8
A_lkalinity 1417 1140

S 37 10
Total Cr 40 0.03
pH 7.9 84

The organic content of tannery wastewater after pretreatment by plain settling could
be characterized by average concentrations of 435 mg/] readily biodegradable COD,
270 mg/l particulate inert COD, 215 mg/1 soluble inert COD and a residual metabolic
products potential expressed as 6.3% of the total biodegradable COD in the
wastewater. Chemically treated effluents gave a totally different composition in
terms of COD fractionation as 16% of soluble inert, 35% of readily biodegradable
and 49% of rapidly hydrolyzable and almost no particulate fractions as summarized
in Table 4.4

Table 4.4 Typical data for the modeling of tannery wastewaters (Orhon et al., 1999)

Parameters Unit Plain settling ~ Chemical settling
. effluent effluent
Influent COD
Total COD, Cyy (mg/) 2300 1100
Total soluble COD, Sy (mg/) 1300 1100
Total particulate COD, X1 (mg/l) 1000 -
COD components
Readily biodegradable COD, Sg; (mg/T) 435 385
S5)/Cmi . (%) 19 35
Rapidly hydrolyzable COD, Sy (mg/l) 650 540
Sti/Cri (%) 28.5 49
Soluble inert COD, Sy ; (mg/l) 215 175
Su/Cn %) 9.5 16
Slowly hydrolyzable COD, Xg; (mg/l) 730 -
Xst/Cny (%) 315
Particulate inert COD, X, (mg/l) 270 -
Xn/Cn %) 11.5
Stoichiometric and kinetic constants .
Yield coefficient Yy (mg cell COD/mg COD) 0.64 0.64
Maximum specific growth rate, fiyy (day™) 22 43
Half saturation constant, Kg (mg/) 28 23
Endogenous decay rate, by (day™) 0.12 0.12
Maximum specific hydrolysis rate, k, (mg COD/mg celf COD.day) 0.9 20
Half-saturation constant for hydrolysis, Kx ~ (mg COD/mg cell COD) 0.3 0.08
Particulate inest fraction, fi; (mg COD/mg COD) 0.2 0.2
Soluble residual product ratio, Ysp (mg COD/mg COD) 0.063 0.063
Soluble residual fraction, fis (mg COD/mg COD) 0.10 0.10
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Kinetic and stoichiometric constants related to tannery wastewaters can be
summarized as fgx, fgs, Yu, My, bu, Ks, ky and Kx. Those coefficients evaluated on

both plain settled and chemically settled samples are also summarized in Table 4.4.

A double hydrolysis mechanism containing both soluble and particulate slowly
biodegradable COD as separate model components provide better results than single-
hydrolysis mechanism in the interpretation of model outputs for tannery wastewater,
where chemical treatment was shown to greatly increase the rate of hydrolysis by

removing the more slowly biodegradable particulate COD.

4.2 Tannery Wastewater Characteristics and Treatment Processes for The
Netherlands

Wastewater characterization of a tannery industry using the leather for shoe-
production and located in Dongen, Noord Brabant was evaluated for optimizing the
treatment process and modeling the activated sludge system (Rojas, 2001). In leather
tanning industry there are basically three stages applied, namely preservation or
preparation, tanning and finishing. Since these stages involve the use of many
chemicals and large amounts of water tannery wastewaters show high pollutant
characteristics. Generally, there are pollutants from hides, products from their
decomposition and leaching and many chemical solutions used for the preservation
of the hides and during the tanning processes. Figure 4.3 shows the flow séhenie of

tannery operations.

4.2.1 Treatment Processes

A general scheme of treatment plant for tannery wastewaters is illustrated in Figure
4.4. As seen from the figure, treatment involves mainly two parts: primary treatment
or pretreatment and secondary treatment (biological processes). Firstly, wastewater
containing chromium is segregated in order to be treated by chemical precipitation,
then the supernatant is sent to the equalization tank and mixed with general
wastewaters. In the equalization tank all wastewaters are combined and chemically
treated, so S* compounds are removed from the wastewater. There are primary
settlers after equalization tank, remo{'ing a significant part of the particulate solids.
Primary treatment is ended with the peutralization of wastewaters. Secondary
treatment contains a conventional plug-flow activated sludge system, denitrification
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domestic wastewater and after combined treatment effluent is discharged to sea.
Sludges from settlers are conditioned in a buffering tank, then sent to a filter press
and disposed as sludge cakes. Influent wastewater flow Q to reactor during the week
is 1000 m’/day, including the stream coming from sludge filter press and the
hydraulic retention time is 8 days (Table 4.5).

Table 4.5 Main Operational Characteristics of the WWTP (Rojas, 2001)

Parameter, description Unit Value
Influent wastewater flow Q to reactor,
[including stream coming from sludge filter m’/day 1000
press during the week]
Shudge recirculation flow m’/hour 80
Recycle ratio, [(80 m*/h)/(1000.025 m*/24 h)] - 1.9
Excess sludge purged m’/day 80
Volume of entire reactor m 8000
Volume of anoxic zone in the reactor m’ 1000
Volume of secondary settler, [®=20 m] m’ 775
Hydraulic retention time,

Days 8

[(8000 m*)/(1000.025 m’/day)]
Flow addition of Hy;PO4 75% to reactor,

[only during the week] " 25

4.2.2 Wastewater Characterization and Modeling of Tannery Wastewater in

The Netherlands

The kinetic and stoichiometric coefficients used for the modeling purposes of tannery
wastewater treatment plant is given in Table 4.6. The influent and effluent
characteristics of the wastewater treatment plant is given in Table 4.7. Also the

influent composition required for the model is involved in this table.

Table 4.6 Kinetic and Stoichiometric Coefficients (Rojas, 2001)

Parameter Units Value
Yield coefficient, Yu mg cell COD/mg COD 0.64
Endogenous decay rate, by day™ 0.12
Half saturation coeflicient, Ko n mg O,/ 0.2
Maximum specific hydrolysis’ dav 11
rate for Sy, kns y )
Maximum specific hydrolysis -
rate for Xs, knx day 0.3
Half saturation coefficient for
the hydrolysis of Sy, Kxs ~ mg COD/mg celt COD 0.2
E:lfl;ad%?;;no‘;%‘zsﬂi;:f for mg COD/mg cell COD 0.2
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Some modifications were made in ASM1 while modeling the tannery wastewaters
for plant optimization. Most important modification is that the nitrification was
considered as a two-step process because ammonia oxidizers grow faster than nitrite
oxidizers at temperatures above 15-20°C (Hellinga et al., 1999; Ekama et al., 1986).
Describing the nitrification in two steps enables the identification of any inhibition
by compounds present in industrial wastewater and the detection of partial
nitrification (NO, accumulation). The stoichiometry and kinetics of the model are
given in Tables 4.8 and 4.9.

Table 4.9 Process kinetics of modified ASM1 for a tannery industry
(Moussa ef al., 2001)

J.__Process Process rate law py
[ML*T?)
Heterotrophic organisms, Degradation of organic material, Denitrification
1. Aecrobic growth . S, . S0, X
Hm. Ks+Ss Koyp + 50, ”
2. Anoxic growth, Denitrification (NO,)* D Koo ) Sy . Sw2 X,
m,
* Koy +85, Ks+8; i Kyoz+Syo,
3. Anoxic growth, Denitrification (NO5)* 4 Koo } S, ] S o3 X,
m,
¢ Ko +S80; Ks+S5, Kyos+ Sy,
4. Decay, Lysis by - X,
Autotrophic organisms, Nitrification
5. Acrobic growth of Ammonia oxidizers u S s S0, X
" KamatSws Koss+ Sos “
6. Acrobic growth of Nitrite oxidizers o S wo 2 ) So2 )
-y Kyor+Swos Kosw +So, .
7. Decay of Ammonia oxidizers b,-X,
8. Decay of Nitrite oxidizers by - X,
Hydrolysis of colloidal, particulate
9. Acrobic Hydrolysis of organic matter k, - Xe/X, . So, X,
Ky + X5/Xy Kopry + 55,
10. Anoxic Hydrolysis of organic matter k,n, - Koo ) X, /X, ) S o X,
Sor Ky +Xg/Xy Kyps+Sy,
Kinetic parameters:
p.m ;=max, growth rate [T"'] Indices i :
= saturation coefficient ML LY H  for Heterotrophic biomass.
bi Decay rate constant [T™] A, N for Ammonia oxidizers and N for Nitrite oxidizers.
ky = Hydrolysxs rate constant for hydrolysable ] S,NH4,NO2,N03,02 for component 7,8,9,10 and 11.
COD [MM,'T

ny, n, = Correction factor for anoxic growth and hydrolysis

*The sum of the anoxic growth on NO, and NO; (process 2+3) never exceeds g, .1,
For the use of the proposed model a detailed wastewater characterization was made.

The sludge age is markedly important in the simulation of wastewater treatment
plants (Meijer et al, 2001; Brdjanovic et al., 2000). If COD load or sludge
production, are assumed incorrectly, simulated oxygen utilization of the process can
compensate them. The modified ASM1 proposed for COD and N removal described
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the performance of the treatment plant well with the adjustment of only two
parameters (Koza and Koay). This application of the model is very useful for the
industrial wastewater treatment plants, especially for tannery wastewaters. Activated
sludge models usually applied for domestic sewage treatment plants could be used
for industrial wastewaters by changing and/or adding some steps. An accurate
description of the whole system configurations and the balance of the operational
data with the measurements should be made for the definite calculation of flow rates
and sludge age. Selection of the proper model processes and components is also a
very important step. Wastewater and sludge characterization must be made in each
case. Finally calibration should be made under steady-state conditions and model

validation under dynamic conditions (Moussa et al., 2001).

4.3 Comparison of Tannery Wastewater Characteristics in Turkey and in The
Netherlands

Comparison of tannery wastewaters originating from Istanbul, Turkey and Noord
Brabant, The Netherlands after primary chemical treatment is given in Table 4.10.

Table 4.10 Comparison of Tannery Wastewaters from Turkey and The Netherlands
(Orhon et al., 1998; Moussa et al., 2001)

Average value (mg/l)
Parameted Turkey The Netherlands
Total COD 1091 2525
Soluble COD 1035 1785
TSS 157 1593
VSS 56 255
TKN 197 488
NH;-N 164 -
Sol-N 175 454
NH,* - 438
TP 1.8 0.4
PO - 0.1
Total Cr ; 0.03 . 0.23
S, 10 -
SO.* - 3700
Cr - 8066
Alkalinity 1140 2030
pH 8.4 9
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As seen from Table 4.10, COD, suspended solid and nitrogen concentrations are
significantly lower in Turkey when compared with The Netherlands. Alkalinity and
pH are also higher in The Netherlands. Total chromium concentration is nearly the
same, whereas only the amount of phosphorus is a littlé bit higher in Turkey.
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SECTION 5 CONCEPTUAL APPROACH

5.1 Kinetics of Homogenous Reactions

5.1.1 Kinetic View of Equilibrium for Elementary Reactions

Rate of disappearance of a compound A, is given by the following equation for a

single reaction of A plus B giving R:
-r, =kC,Cy 5.1

where, Cp and Cp are the concentrations of compounds A and B (Levenspiel, 1972).

Considering the reversible reactions:

A+B—*5R+S (5.2)

A+B«—R+S (5.3)

the rate of formation of R is written as in equation (5.4) and the disappearance by the

reverse reaction is as in equation (5.5):

T g = K1CACs (5.4)

—k,C,C, (5.5)

—rRmverse

where k; and k; are the rate coefficients of formation and disappearance reactions

(Levenspiel, 1972).

i

There is no net formation of R at equilibrium, therefore:

I torward T+ TR reverse = 0 (5-6)
K, =2Cs ko .7)
CiCp k,
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where, K¢ is the equilibrium constant (Levenspiel, 1972).

For that reason, distinguishing one equation, which represents the elementary
reaction and the many possible representations of the stoichiometry needs great
consideration. For example, from the following reaction many rate equations may be

written referring to different compounds (Levenspiel, 1972):

B+2D—5-3T (5-8)
If the rate is measured in terms of B, the rate equation is:

1, =k, C,C,> (5.9)
If it refers to D, the rate equation is:

—1, =k, C,C,’ (5.10)

or if it refers to the product T, then it can be written as below:

’

=k, C,C,2 (5.11)
T i B~D .

But from the stoichiometry below equations are obtained:

PSP Y (5.12)

k, ==k, ==Kk, 5.13)
5 (3.13)

5.1.2 Kinetic Models for Non-elementary Reactions

In non-elementary reactions it is assumed that, a sequence of elementary reactions is
actually occurring but the intermediates formed cannot be measured or observed
because they are only present in very minute quantities and only the initial reactants
and final products can be observed (Levenspiel, 1972). For example, if the kinetics

of the reaction is:

A, +B,—>2AB (5.14)
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A series of elementary steps can be derivated to explain the kinetics, such as:

A, ¢>2A* (5.15)
A*+B, <> AB+B* (5.16)
A*+B* <> AB (5.17)

In non-chain reactions, the intermediate is formed in the first reaction and then

disappears as it reacts further to give the product (Levenspiel, 1972).
Reactants — (Intermediates)*
(Intermediates)* — Products

In chain reactions, the intermediate is formed in a first reaction called the chain
initiation step. It then combines with reactant to form product and more intermediates
are formed in the chain propagation step. The intermediate disappears in the chain

termination step (Levenspiel, 1972).

Reactants — (Intermediates)* (Initiation)
(Intermediates)* + Reactants — (Intermediates)* + Products (Propagation)
(Intermediates)* — Products (Termination)

For example, the general class of enzyme-catalyzed fermentation reactions, A to R

(with enzymes) proceed as follows:
A + enzyme <> (A.enzyme)*

(A.enzyme)* —» R +enzyme

5.1.3 Enzyme — Substrate Reactions

A reactant, namely the substrate is converted into product by the action of an
enzyme, which can be described as a high mole;:ular weight (MW>10000) protein
like substance. An enzyme is a highly specific substance catalyzing only one
particular reaction or one group of reactions. Many of these reactions exhibit the

following rate characteristics (Levenspiel, 1972):

1. The rate is proportional to the concentration of enzyme induced into the

mixture, [Eo].
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2. At low reactant concentrations, the rate is proportional to the reactant

concentration.

3. At high reactant concentrations, the rate levels off to become independent of

reactant concentration.

Michaelis and Menten (1913) was the first to explain this general behavior with the

following mechanism:

A+E—X3(AE)* (5.18)
A+E«5—(AE)*
(AE)* —5R+E (5.19)

The model is based on the assumption that the concentration of intermediate can be

appreciable, in which case the total enzyme is distributed as follows:
[Eo]=[E]+[(AE)*] (5.20)

Since the enzyme concentration cannot be followed, a rate equation for this reaction

can be developed in terms of [Eo] and [A] and using the steady-state approximation.

An example for enzyme kinetics:

An enzyme substrate complex is formed and consumed as shown below:

E+S—X 3ES—X 3E+P

(5.21)
E+S¢—ES—E5E+P
The rate of disappearance of enzyme and substrate is defined as:
R, =k, [E]ls] | (5.22)

The formation of enzyme-substrate complex is given by equation (5.23) and the
disappearance of the complex is described by equation (5.24):

R, =k, [ES] : - (5.23)

R, =k, [ES] (5.24)
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The steady state rate definition of the enzyme-substrate complex is then described by

expression (5.25):
dES
— —hRn =k [E]ls]- (k, +k,)[ES] (5.25)

The enzyme concentration can be calculated as follows, when the initial enzyme

concentration is expressed as in equation (5.27):

k, +k, [ES]
E]=—2——2Ld 5.26
[E] Bl (5.26)
E=Eo—ES (5.27)

The famous Michaelis-Menten relation can be achieved by combining the above

equations:

5.2 General Equations for Activated Sludge Systems under Dynamic Conditions

The overall COD mass balance equation in an activated sludge system under
dynamic conditions is given by the equation (5.29) where four components of COD

are substrate, storage material, biomass and oxygen in the system.
Ry +Rgo +Ry+R,, =0 (5.29)

The metabolic modeling approaches have investigated such activated sludge systems
in two phases, i.e. feast phase (when exogenous substrate is present) and famine
phase (when no external substrate is present).

The conversion rates of organic matter in the feast phase is expressed by the

following mass balance equations under steady-state:

Rg+Rgrop +Ryp = 0 ) (5.30)

—R5 =Rgop +Ryp (5.3
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A similar mass balance for organic matter holds for famine phase as described by

below equations:
Rgroc +Rypy =0 (5.32)
- RSTO,C = RX,PZ (5.33)

The conversion rates are combinations of process stoichiometry and kinetics as

shown in the general expression (5.34):
R=Y.r (5.34)

where,
Y = Stoichiometric coefficient

r = Process rate

5.3 ASM3 and Modifications Adapted for Tannery Wastewater

There are three relevant rates with the assumption of simultaneous direct growth and
storage. If two of these rates are known, third one can be calculated. The sum of
growth rate (rx) and storage rate (rsto) gives the substrate uptake rate (rs) as shown

in Figure 5.1.

;

it

ST Storage (Xsto)
I's /
Sout Sin
rx Growth (Xy)

cell membrane

;

Figure 5.1 Schematic illustration of grbwth and storage rates

If feast and famine phases are taken into account, it can be seen that there are two
different growth rates as illustrated in Figure 5.2.
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Figure 5.2 Schematic illustration of rates in feast and famine phases

For feast phase;
rs = rate of consumption of Sg
rsto = rate of production of Xgro
rx = rate of production of Xj; over substrate
For famine phase;
rsto = rate of consumption of Xsto
rx = rate of production of Xy over stored polymer

As a result, storage rates and growth rates are symbolized as the same for both
phases but their meanings are different. For that reason, symbols are rewritten in this

study in order to prevent the misunderstandings:
For feast phase;
1s,c = rate of consumption of Sg
rstop = rate of production of Xsro
rxp1 = rate of production of Xy over substrate
For famine phase; ;
rsto,c = rate of consumption of Xsro
rx p2 = rate of production of Xy over stored polymer
For both phases;

roc = rate of consumption of oxygen = OUR
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Modified illustration is shown in Figure 5.3

Figure 5.3 Modified schematic illustration of rates in feast and famine phases

5.3.1 ASM3 Adapted for Tannery Wastewater

Orhon et al. (1999) developed a matrix according to ASM1 involving endogenous
decay (Table 5.1) and Gujer et al. (2000) proposed ASM3 and a matrix according to
that model (Table 5.2). With reference to these matrices, a new model is proposed
and illustrated in matrix form in Table 5.3 for tannery wastewaters. Although the
subject matrix has been developed according to ASM3 the soluble inert, S; and
soluble microbial product, Sp fractions have been indicated separately, whereas in the
version of Gujer et al., (2000) Sp was included in S; and Xp was included in X;. Some
modifications were made in order to develop this matrix according to ASM3 making
use of some ASM1 concepts. Hydrolysis concept has been accepted as in ASM1
instead of ASM3 and endogenous respiration of Xy has also been accepted as in
ASM1.

Carbon removal is defined with eight components and three processes according to
Table 5.1 (Orhon et al., 1999). Components (S, Ss, X; and Xs) define the organic
nature of the wastewater. An additional parameter defining the soluble portion of the
slowly biodegradable COD, or the rapidly hydrolyzable COD, Sy, is considered to be
a useful process component for tannery effluent. Other components reflected the
viable heterotrophic biomass Xy, with a soluble residual microbial product Sp and
particulate residual microbial product Xp. The authors have stated that there was a
general agreement to consider Xp as a separate component but, Sp was often
considered together with S; in terms of fictitious influent COD fraction. This

approximation is considered acceptable for domestic wastewater but it would bring
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COMPONENT

S,

Table 5.2 MATRIX REPRESENTATION OF ACTIVATED SLUDGE MODEL NO.3 (ASM3)

So Ss| Swm SN2 Sno Suco -~ ' Xi| Xs | Xu| Xsto | Xa| Xr1s
PROCESS 0. |cop|cop N N N mole |cop|copjcop| cop |cop| TSs TE
. iy : . X/ X .
drolysi fa | 1-f; i Inst -1 drsxs kg ——S—H X
Hydrolysis s | s NSt 14 ; xS R XX,
Heterotrophic Organisms, Denitrification
/] Aerobic Storage «1-Ys1002) -1 Inss Less Ysreo: irssto Ystoo: [Ksto —§°—' : S\S Xy
1of COD 4 : Ko+8, Ke+ 3
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: Aerobic Respiration - ! -1 -irssie [Dstees K‘S:S Xere
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. R i . K oy
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operational difficulties in the correct assessment of other process compounds,
especially X;. Orhon et al. (1999) suggested that the component Sp should deserve a
separate consideration in the biological treatability of industrial wastewater. For
tannery wastewater, generation of soluble residual microbial product has been
defined by means of a decay associated mechanism assuming that a fraction fzs of
the endogenous biomass is not oxidized but converted to inert products (Orhon and
Artan, 1994).

ASM1 ASM3
CT C'r

SI Sl
Soluble

Ss SS

Xs membrane Xs
Particulate

X[ Xl

Figure 5.4. Wastewater components according to activated sludge models

One of the main differences encountered in ASM1 and ASMS3 is the definitions of
COD fractions in wastewater. As shown above in Figure 5.4, definition of readily
biodegradable COD, Ss and slowly biodegradable COD, Xs are different according
to the models. In ASM1, X5 has both soluble and particulate portions whereas; it is
defined to be only particulate in ASM3. Hydrolysis is much more important in
ASM1 because Xs has higher concentration due to the rapidly hydrolyzable soluble
part (Sy). Equation (5.35) accounts for both of the models, while total soluble COD
is different in ASM1 as in equation (5.36) and in ASM3 as in equation (5.37).

Xs=Cr-Si-Ss-Xi (5.35)
St=S+Ss+Sy 6] 36)
S1=Sr+Ss (5.37)
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ASM3 (differentiates soluble and particulate components by 0.45 pm membrane
filtration whereas a significant fraction of Xg defined in ASM1 would be contained
in the filtrate (Figure 5.4). Readily biodegradable organic substrate (Ss) has special
importance in ASM3 because it is first converted to storage products (Xsto), and
then becomes available for the usage of biomass. Required energy for this conversion
is compensated by respiration. According to ASM3, slowly biodegradable substrate
(Xs) must undergo hydrolysis before it is used by the biomass because this COD
fraction is composed of high molecular weight, colloidal and particulate organic
compounds that cannot be directly used. The products of the hydrolysis are assumed
to be readily biodegradable or soluble inert organics. It must be reminded that all Xs
contained in the influent is not involved in the filtrate of 0.45 um membrane filter in
ASM3. Cell external hydrolysis in ASM3 does not consume any electron acceptor.
Active biomass is responsible for the hydrolysis of Xs and storage process. Cell
internal storage products (Xsto) conmsists of PHA, glycogen etc., which are only
defined as a functional component required for modeling but not directly identifiable

chemically.

The rate equations of the components of the proposed model, namely ASM3 adapted

for tannery wastewater can be deduced as follows:

dﬁ =—Kgpo So Ss X, +ky _Xs/_Xi_ u (5.38)
dt Ko +8o K +Sg K, +X /Xy

dX X /X

S ok, s/Xu X, (5.39)

dt Ky +X /Xy

dXH _ p’H S0 XSTO /XH XH - bH _§0_XH (5.40)
dt Ko +So Ko + Xsro /Xu Ko +8S,

dX, S, ; o

=P —90 X 5.41
it T PR +8, 41

ds S

2P _ Xy . (5.42)

by —2 —
dt Ko +S,
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dXSTO S SS 1 SO XSTO /XH

Yok 0 ),
dt STO 510 Ko+So Kg+Ss ' Yy He Ko +S0 Ksro + X0/ Xy
So
~bgro K, +S, Xst0 G4
ds, S S >
- (-Y. K o S5 X  -(1-fex-fes) b 2
5% (1- Ys10) kKgro K, +Sg K, +8, ¥ (1-fex-fes) MR, +8, ®
_1-Y, So Xsro/Xu 5 _So__x _ (5.44)

Yy Hu Ko +So Ko +Xpo /Xy H st Ko +S,

The stoichiometric COD transformations and the relevant rates of formation and
disappearance of the COD components for each process defined in the model are
reviewed in the following section.

1. Hydrolysis: Hydrolysis of slowly biodegradable substrate, Xs, is illustrated in
Figure 5.5.

Figure 5.5 COD transformation in hydrolysis referring to Table 5.3

The rate of production of readily biodegradable COD, S, through hydrolysis is given
in equation (5.45):

X /X
Ip =k, ——H% X 5.45

;

2. Aerobic Storage of Ss: Stoichiometry of storage of readily biodegradable substrate,
Ss, as storage polymer, Xsro, and of the consumption of dissolved oxygen during this
process is given in Figure 5.6. The rates for the consumption of substrate through
storage process, production of the storage polymer and consumption of the oxygen

are given in equations (5.46), (5.47) and (5.48) respectively.
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Xsto
Ss (Ysto)
-1 So
-(1-Ysro0)

Figure 5.6 COD transformation in storage referring to Table 5.3

S S
-1, =k 0 5__X 5.46
s,C STO Ko +So Ks +Ss H ( )

S S
k = > 5.47
ST0XST0 g K K, 48, * (5.47)

Isto,p

S S
—Ioc = (1= Ygro)k 0 5 X 5.48
oc = ( st0) K510 Ky +Sg Ky +5; H (5.48)

3. Aerobic Growth of Heterotrophs: Heterotrophic biomass grows on the stored
polymers, Xsto, and utilizes oxygen during this process (Figure 5.7).

Xu
Xsto 1
1 1 So
- ?H* 3 1-Y,
YH

Figure 5.7 COD transformation in growth referring to Table 5.3

The rate of production of Xy and the rate of consumption of Xsro are given in

equations (5.49) and (5.50). The rate of consumed oxygen is expressed by (5.51).

Iyp =By S0 Xsto/ Xu Xu , (5.49)
’ Ko +S0 Kgro + X510 / Xy

“Istoc = L _So Xsro Xy Xy (5.50)
~ Yy Ko +S0 Ko + Xgro / Xy
— 1- YH SO XSTO /XH XH (551)

—T
oc =Ty MR Sy Kero + Xero /Xn
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4. Endogenous Respiration of Xu: Active biomass is converted to soluble and
particulate microbial products (Sp and Xp) by endogenous respiration. Stoichiometry

of COD transformation is illustrated in Figure 5.8 as below:

Xu fex

-1

Figure 5.8 COD transformation in endogenous respiration referring to Table 5.3

The rates of consumption of active biomass (-rxc) and oxygen utilization are given
in equations (5.52) and (5.53).

S
—r,.=b, —0 X (5.52)
X.C H Ko +So H
Cryo = (= fu —fry) by —20 X | (5.53)
0,C ES EX H Ko +So H ‘

5. Xsro Respiration: Respiration process occurring on stored polymers is illustrated
in Figure 5.9 and the rates of consumption of Xsro (-rxstoc) and oxygen are given
by the expressions (5.54) and (5.55).

Xsto p———» So

-1 -1

Figure 5.9 COD transformation in Xgro respiration referring to Table 5.3

So X0 ' (5.54)

-r =bho . —9
XSTO,C STO
Ko +S,

So

~Iyo = bgy —2—X
0,C STO Ko +So STO

(5.55)
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5.3.2 ASM3 Adapted for Tannery Wastewater (Model A)

Krishna and van Loosdrecht (1999) fixed rs and rsro in their model and calculated rx
with the following equation considering metabolic modeling concepts:
Ysx.

Ty = YgxIs — Ip (5.56)

Sp
where, Ysx is the yield of biomass on acetate and Ysp is the yield of storage of
polyhydroxybutyrate (PHB) on acetate. Modified version of this model for tannery
wastewater involves some differences in symbols; also there are some neglections
such as nitrogenous and bicarbonate fractions. The hydrolysis process has also been
added to the model defined for acetate (Table 5.4).

The biomass production in the feast phase is defined as:

Ty p = YinTsc ——S‘irsm,,, (5.57)
where,

Y, = ﬁ;’: (yield of biomass on substrate) (5.58)
Yoo = AZ(SSZO (yield of stored polymer on substrate) (5.59)
Yy, = 2}){(“2 (vield of biomass on stored polymer) (5.60)

STO

1. Hydrolysis: Hydrolysis of X is involved in this adapted model (Figure 5.10).

Xs Ss
>
-1 1

Figure 5.10 COD transformation in hydrolysis referring to Table 5.4
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The rate of production of readily biodegradable COD by hydrolysis is given in
expression (5.61):

X /X,
"Ry +X /Xy

ILip =

(5.61)

2. Aerobic Storage of Ss (feast): Illustration of aerobic storage of readily

biodegradable COD as Xsro on stoichiometric basis is given in Figure 5.11.

Xsto
Ss Ysto
-1 So
-(1-Ysto)

Figure 5.11 COD transformation in storage referring to Table 5.4

Rate of readily biodegradable substrate consumption, rate of storage polymer

formation and rate of oxygen utilization during these processes are given as below:

_ Bm 1 So S
—ter =| Koy + X 5.62
S.C [ STO Y,, JK0+SO K, +5, H ( )
S S
Isropr = YstoKsro K :S K iS Xy (5.63)
o T9p B5 g
S Sg

—toc = (- Ysr0) K¢ro Xy (5.64)

(0]
Ko +5, Kg +54

3. Direct Growth on Ss (feast): Growth of biomass on exogenous readily

biodegradable substrate is illustrated in Figure 5.12.

Xn
Ss 1
r [ " S
—— 1-Y,
YH] Y Hi
Hi

Figure 5.12 COD transformation in direct growth referring to Table 5.4
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The rate of production of XH in feast phase is given by the expression (5.65). The
oxygen utilization rate is also given in equation (5.66):

SO SS
Typ =H (5.65)
RO 4K Ko +8g !
1= Y So 5 x (5.66)

-7 —_
¢y, ll““so+1<01<8+ss H

4. Growth on Xsro (famine): In famine phase growth of the active biomass occurs on
stored polymers (Figure 5.13). The rates for the production of Xy and consumption

of Xsto and O, are given in equations (5.67), (5.68) and (5.69) respectively.

Xu
Xsto 1
1 [ %o
7 -
Yy,

Figure 5.13 COD transformation in growth over Xsro referring to Table 5.4

1o = Hu So Ks X0/ Xy X (5.67)
STO,C Yy, Ko +So K +Sg Ko + KXo / X H
Iyps = Uy, So Ks XSTO /XH XH (5.68)
Ko +85 Kg +85 Kgro +Xsro / X
1-Yy, So Ks Xs10 /Xy X (5.69)

-1 =
¢ YH2 sz I<‘0 +SO I(S +SS KSTO +XSTO /XH !

5. Endogenous Respiration of Xuy: COD transformation during the endogenous

respiration of Xy is given in Figu;re 5.14.

Xp
Xu fex

-1

-(1-fis-fex)

Figure 5.14 COD transformation in endogenous respiration referring to Table 5.4
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The rates of consumption of active biomass and oxygen are expressed as below:

S
-1, .=b,—9 ¥ 5.70
X.C H K, +S, H ( )
S
—TIoc =(1—fg —fg) by K OS ,XH (5.71)
o T9p

6. Respiration of Xsro: Figure 5.15 shows the Xgro respiration and expressions (5.72)
and (5.73) gives the rates for the utilization of Xsto and oxygen.

Xsto So

-1 -1

Figure 5.15 COD transformation in Xgro respiration referring to Table 5.4

So

—Txsroc = Psro K +S Xsto (5.72)
o t90
Cr=beg —0 X (5.73)
oc = Os10 K, +Sg STO .

5.3.3 ASM3 Adapted for Tannery Wastewater (Model B)

Karahan-Giil ef al. (2002) assumed that rx and rsto are defined so rs can be found by

the addition of the reactions in terms of metabolic modeling:

—Ig =—1—rX +—1—r,, +myCy (5.74)

YSX SP
msCx term in this equation js neglected because in this model (Table 5.5),
endogenous decay is defined over oxygen utilization whereas it is defined by

substrate consumption in Beun et al. (2001). Modified version of above equation is

shown below:
1
—Ige = ?;rx,m + Yo Istop (5.75)
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1. Hydrolysis: Production of Sg through the hydrolysis of X;s is also involved in this
model (Figure 5.16).

Figure 5.16 COD transformation in hydrolysis referring to Table 5.5

The rate of readily biodegradable COD formation from the hydrolysis of slowly
biodegradable COD is given in equation (5.76) as similar to previous models:

X /Xy

i 5.76
S.p H Kx +XS/XH H ( )

2. Aerobic Storage of Ss (feast): Storage of readily biodegradable substrate as Xsro
in feast phase is given in Figure 5.17. Rate expressions for the Ss consumption, Xsto
production and oxygen utilization are given in equations (5.77), (5.78) and (5.79)

respectively.
Xsto
Ss ‘ 1
1 Y A So
- Y. - (1 - Ysro)
STO YSTO

Figure 5.17 COD transformation in storage referring to Table 5.5

“rge =[ ksro 4+ Bm } So Ss X, (5.77)
| Ysro Y Ko +S8p Kg+8
S S
=k o S X 5.78
Istop STO K, +Sg Ky +5 H (5.78)
1-Y, S S
= STO o S H (5.79)
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3. Direct Growth on Ss (feast): Growth of biomass in feast phase means the depletion
of readily biodegradable substrate (Ss). Stoichiometry of direct growth is given in

Figure 5.18.
Xu
Ss 1
! 2%
Yy, __;_{__ﬂ
Hi

Figure 5.18 COD transformation in direct growth referring to Table 5.5

Production of Xy and consumption of oxygen rates in feast phase are given by
equations (5.80) and (5.81) as similar to the adapted model of Krishna and van
Loosdrecht (1999).

So Ss
Tym =M X (5.80)
X 4K, Kg+Sg ¢
1- Y, S, S,

— T = X 5.81
0C Y, Pm Sq +Kg K, +5 H ( )

4. Growth on Xsro (famine): Active biomass is also produced in famine phase over

stored polymers as in Figure 5.19:

Xy
Xst0 1
1 > So
Y EES
YH2

Figure 5.19 COD transformation in growth over Xsro referring to Table 5.5

_ By So Ks X0 /XH

= (5.82)
SO YHZ KO +SO KS +SS KSTO + XSTO /XH ;

So K, Xero ! Xy

oo = 5.83
xp2 = i Ko +So K¢ +8g Kgro +Xgro /X (5:83)

106



1~ Y, So Ks Xsto /Xy

—f = X 5.84
oc Yy, Haz Ko +8o K +85 Kgro +Xgro / Xy 8 89

5. Endogenous Respiration of Xuy: Endogenous respiration of active biomass is
similar in all models as illustrated in Figure 5.20. The rates for the related processes
are also similar as given in equations (5.85) and (5.86).

Xu fex

1

Figure 5.20 COD transformation in endogenous respiration referring to Table 5.5

SO
Ko +5,

X, (5.85)

—Iyc =by

S
(o] 8]

6. Respiration of Xsro: Respiration of stored polymers is given in Figure 5.21.

Xsto So

-1 -1

Figure 5.21 COD transformation in Xgro respiration referring to Table 5.5

The rates for the consumption of Xsto and oxygen are also given as below:

S
—TIysroc = Psto 'IZ;O—S;-XSTO ; (5.87)
S (5.88)

_ o
—Ioc = bsro K. +S Xsro
o t9
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5.3.4 Model Adapted for Tannery Wastewater in ASM3 Terms (Model C)

Models proposed by Krishna and van Loosdrecht (1999) and Karahan-Giil et al.
(2002b) have defined storage process similar to ASM3, whereas van Loosdrecht and
Heijnen (2002) have described substrate uptake. In other words, van Loosdrecht and
Heijnen (2002) have chosen substrate uptake rate and growth rate on primary
substrate as fixed processes in the feast phase and used storage as a pool for Sg
surplus when growth fails to utilize all the substrate taken up. Therefore “qs”

(substrate uptake rate) term is used instead of ksro parameter.

Another different concept in the model of van Loosdrecht and Heijnen (2002) is that,
consumption of storage products are utilized with a linear process rate with respect to
Xsto concentration, instead of Monod type of saturation function as in ASM3.
Matrix representation of the adapted model structure is given in Table 5.6. Below

expressions are used in the model:

~Type = o . + _ Iy +mgX, (feast phase, for Hac) (5.89
YSP §X
Yo
s = YspTuac —Y—rX ~mg Yo Xy (feast phase) (5.90)
SX
Iy = YopxTop — Mp Yo Xy (famine phase) (5.91)

These equations are also changed to obtain the following equations:

Y,
Tstop = Ysrolsc — Tlsm‘rx,pl (feast phase) (5.92)
H

(famine phase) (5.93)

Txpr = Ymalstoc
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1. Hydrolysis: Production of Sg through hydrolysis is illustrated in Figure 5.22.

Figure 5.22 COD transformation in hydrolysis referring to Table 5.6

Rate equation for the production of readily biodegradable substrate is given by the

following expression:

X /Xy

Le,=k, — S OH 5.94
PO R+ X I X (5-99)

H

2. Ss (acetate) Uptake (feast): Uptake of the readily biodegradable substrate (acetate)
is given in Figure 5.23 and the related rate equations are given by expressions (5.95),

(5.96) and (5.97).

Xsto
Ss Ysro
>
1 So
-(1-Ysro)

Figure 5.23 COD transformation in Sg uptake referring to Table 5.6

So Ss

— = X 5.95

Isc =4s K, +S, Kq +5; H ( )

So S Ysro So Sg
= - X 5.96

fsrop = Tsrols g T S R 48, * Yy P Kg+S, Ky +S; " (5:96)
S 'S

—Ioc = (1= Ys10) 45 K -(I)-S K _|S_S Xy (5.97)
o oo Rg T

3. Direct Growth (feast): Growth of biomass on Xsro in feast phase is concerned as
direct growth in this model (Figure 5.24). The rate of production of active biomass,
Xy by using stored polymer, Xsto is given by equation (5.98) and the rate of

consumption of oxygen is given in equation (5.99).
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XH
Xst0 1
> So
——YYSﬂ _(YSTO _YHI)
H1 YHl

Figure 5.24 COD transformation in direct growth over Xgro referring to Table 5.6

So Ss
I 3 X 5.98
Pl H So +Kq K +84 " ( )

Yoo — Y,
~Toe =—S "y S 5s Xy (5.99)
’ Yu So +Ky K +8S4

4. Growth on Xsro (famine): In famine phase, stored polymer is used as substrate and

active biomass is produced by growth process as shown in Figure 5.25:

Xu

Xsto Yz

-1 y
-(1-Yn2)

Figure 5.25 COD transformation in growth over Xgro referring to Table 5.6

~Isroc = Kx So Ks Xsro Xy (5.100)
’ Ko +So Kg+85 Xy

Typp = Yo Ky S Ks Xsio X, (5.101)
X ™ Ko +8o Kg +Ss Xy
So_,_Ks Xsoy (5.102)

‘ro,cz(l'Yﬂz) k H

¥m K +S, Kg+8g Xy

5. Endogenous Respiration of Xn: Stoichiometric representation of endogenous

respiration of Xy is given in Figure 5.26 and the related rate equations are given in

expressions (5.103) and (5.104).
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Figure 5.26 COD transformation in endogenous respiration referring to Table 5.6

So

X .
s, (5.103)

—Ixc =by

S
—Toc =(1—fgs —fx) by —I—(_E—S_—XH (5.104)
o t9o

6. Respiration of Xsro: Respiration of stored polymers is given in Figure 5.27.

Xsto So
-1 -1

Figure 5.27 COD transformation in Xsro respiration referring to Table 5.6

The rates for the consumption of Xsro and oxygen are also given in the below

equations:
S
—Ixsroc = bsro k_o_—t_S:XSTO (5.105)
S
—Toc=b —20 X (5.106)
c STO K, +S, STO

Summary of these modified models is shown in Table 5.7. Most important
modification made for tannery wastewater in the models of Krishna and Van
Loosdrecht (1999), Karahan-Giil et al. (2002b) and van Loosdrecht and Heijnen,
(2002) was the addition of the hydrolysis process in order to compare these models
with the ASM3 model adapted for tannery wastewater.
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Table 5.7 Feast phase rate equations of three modified models

Model Modified Rate Equations Explanations
Y, rs and rsro are fixed
Model A Ive = Ymfsc __S:) Istop I‘i is cali:TI;)lated
1 1 rx and rsto are fixed
—T = T + T X STO
Model B SCUY T Yo T rg s calculated
Y, d fixed
r -y _1s10 Iy and ryx are nxe
Model C stop = Ystofsc = Txp rsto is calculated

Hi

In this study, Snu, Xrs and f; parameters were removed from the original matrix of
Krishna and Van Loosdrecht (1999) and Sp, S;, Xs, fgs and fgx parameters were
accessed. In the model of Karahan-Giil et al. (2002b), f5; and fi parameters were
changed as fgs and fgx, also Sp and Xp parameters were added. van Loosdrecht and
Heijnen, (2002) explained a protein synthesizing system in their models with
biochemical transformations via enzymes, however the adapted version presented in
this study does not include the enzymatic expressions. Also Sy and X, parameters
were neglected and Sp, S;, X5, Xp and X; parameters were added together with

hydrolysis process.

The same symbols in the kinetics can have different values in the above-mentioned
four different models adapted for tannery wastewater. ksto in ASM3 version adapted
for tannery wastewater is not the same as ksro in other modified models but théy are
correlated to each other because they should eventually give the same uptake rate
(Table 5.8). Similar aspects must be taken into account for other conversions as well
as given in Table 5.9 and 5.10. Derivations of the rate equations for four modified

models are given in Appendix A.

Table 5.8 Correlation of ksto parameter in four modified models

Model ; Explanations

ASM3 adapted for tannery WW  ksto

Model A kstoH(wr/Yu)

Model B (ksto/Ysto)+(H1/ Y1)
Model C gs
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SECTION 6 MATERIALS AND METHODS

Detailed wastewater characterization, biomass in activated sludge and wastewater
and also kinetic and stoichiometric coefficients defining the biological processes‘
must be experimentally determined for the modeling of activated sludge systems.
There are many models for the design of treatment systems but as mentioned in
previous sections; ASM1 and ASM3 are the basic and most applicable ones.
Assessment of ASM1 and ASM3 parameters will be defined according to the recent

researches in experimental procedures.

6.1. Assessment of ASM1 Parameters

6.1.1 Assessment of COD Fractions

Determination of organic matter content is important since activated sludge systems
are used for the removal of organic matter. As told in Section 2, COD is the superior
parameter for the characterization of organic compounds. Experimental methods
evaluated for the assessment of readily biodegradable and inert COD are given in this

section.

6.1.1.1 Determination of Readily Biodegradable COD, Ss

Readily biodegradable COD includes soluble compounds like volatile fatty acids,
simple carbohydrates, alcohols and amino acids that can be directly absorbed for
biomass synthesis. This component can be expressed as a fraction of total influent
COD (Cro), by the following reaction. fss is the readily biodegradable fraction of
total influent COD. ’ '

Sso = fssCro 6.1)

All the methods proposed for the estimation of readily biodegradable organic matter
depend on respirometric measurements conducted with continuous or batch reactor
systems under aerobic or anoxic conditions. Aerobic batch tests aim to measure the

oxygen utilization rate (OUR) that symbolizes the amount of oxygen utilized as a
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result of microbial activities in unit time for a unit of reactor volume. If food-
microorganism ratio (F/M), is chosen appropriately, OUR value is nearly constant for
a period of 1-3 hours (Ekama et al.;, 1986). After the consumption of readily
biodegradable organic matter, electron acceptor (O,) utilization rate will be lower

according to the hydrolysis rate of slowly biodegradable organic matter.
Electron acceptor quantity can be simply expressed as below; first term shows the

growth while the second expression concerns endogenous decay.

€ acceptor
At

"Cs)

= —(l—YH)LC—:S"F———— -(1-f).b, X, (6.2)

The total difference in oxygen concentration in a certain time interval in an aerobic

environment can be written as below:

AS,
At

Cy,, —C
=(]—Y. )80 " s
(1-Yy) m

S —(1-f)b, X, (6.3)

A respirometric method has been presented by Ekama et al., (1986) for the
measurement of oxygen utilization rate (OUR) versus time under aerobic and anoxic
conditions in batch reactors. The researchers stated that heterotrophic

microorganisms grow on readily biodegradable substrate so below expressions can

be written:

dX

_dt—H =Py Xy (6.4)

dx, dS,

= 6.5

d 7ot (65)

Combining equations (6.4) and (6.5), equation (6.6) is formed:

das; 1

—==—n.X 6.6
dt Yu P (6.6)

dS; Cg —Cs .7
dt At

Rearranging (6.6) and (6.7), expression (6.8) can be written:
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Coo=Cs _ 1 (6.8)

Consequently, equations (6.4) and (6.8) are used together and equation (6.9) can be

obtained:

88, __(-Yy),

~ Y, p Xy —(1-1f)b, X, 6.9

In this approach OUR profile is constant during the growth on S, it starts to decrease
as readily biodegradable COD is used up and makes a second plateau on hydrolysis
stage of slowly biodegradable organic matter (Figure 6.1).

140
120 1
—~ 100+
g
S 80 1
2 60
8
% 40 '1‘;
o 20 +
0

0O 50 100 150 200 250 300 350 400

Time (minutes)
Figure 6.1 OUR Profile

In the beginning of the experiment, it is accepted that readily biodegradable COD is

completely used during At and following expressions are written:

ASo (I_YH)

= Wy X 6.10

Al y, rufw (6.10)

OUR =25 (6.11)
dt

Expressions (6.10) and (6.11) are combined and (6.12) is formed:

OUR;(I—YH)S‘W—-C—S (6.12)

At
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OR
OUR =— 1
I 6.13)
Expression (6.14) is obtained by the help of (6.7), (6.12) and (6.13):
OR ds
—=(1-Y,)—= .
At (1-Yy) " (6.14)

The integration of expression (6.14) results the following equations:

tdS
OR =(1-Yy) j—df—m (6.15)
0

OR  'dS,
= [—=sat 6.1
1-Y J d (6.16)

H 0 t

The amount of readily biodegradable COD according to ASM1 is obtained as shown
in equation (6.17):

sso =

6.17
= 6.17)
AO value in equation (6.17) can be calculated graphically by the help of OUR profile
shown in Figure 6.1.

6.1.1.2 Determination of Inert Fractions, S; and X;

Determination of inert fractions is very important because inert COD indirectly
indicates the biodegradable COD, which is available for microbial growth and
electron acceptor utilization. There are two inert COD fractions, namely particulate
inert COD (X)) and soluble inert COD (S;). Orhon et al., (1999) proposed a new
experimental procedure for the alssessrnent of inert particulate COD, by providing the
necessary data for the calculation of S;, fgs and fzx from simultaneous but
independent tests carried out. The procedure consists of running three aerated batch
reactors: one fed with raw wastewater sample, one with soluble (filtered) wastewater
sample and the last one with glucose solution having the same COD concentration as

the soluble wastewater reactor. Proposed procedure also explains the effect of
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residual microbial products on the experimental assessment of the particulate inert

COD in wastewaters.

Assessment of Si;: The proposed approach adopts the procedure proposed by Germirli
et al. (1991), which consists of running two parallel aerated batch reactors, one with
the soluble (filtered) wastewater sample and the other with glucose. The procedure
relies on the assumption that both reactors may be characterized with the same fgg
value. In other words, glucose is the central compound of almost all metabolic cycles
of heterotrophic microorganisms, where residual metabolic products are generated in
following steps. In this experiment, when all biodegradable substrate in the two
reactors are depleted, the soluble COD concentration in the filtered wastewater
reactor will be observed to drop from St; (initial soluble COD of wastewater) to
(St)2, where (St); defines the sum of the initial soluble inert COD, Sj; and the COD
reflecting soluble residual metabolic products, (Sp), generated in the reactor.
Similarly, the soluble COD concentration in the glucose reactor will decrease from
Sgi (initial COD of glucose) to (Sg):, where (Sg); is equal to the soluble residual
COD, (Sp)g. fes value must be known for the calculations.

Since,
(Sp)22=(S1)2 - St =fes . Yu (Sv1-Sn1) (6.18)

S11 may be calculated from the following expression:

0= (8+), —fESYHSTl (6.19)
(- fESYH)

Assessment of Xy : Results of the first reactor fed with the raw wastewater sample
and fzx value are required at this stage. The stoichiometric expressions that may be

derived on the basis of experimental observations are listed below:

X1 =(C)1 - (St =Xu + Xehr (6.20)
Csi =Cni - Xn -Sp (6.21)
Xp1=fex . Yu . (Cr1 - Xu - Su) (6.22)
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Xn = (XT )1 “fEXYH (CTl ~S") (6.23)
(1 - fEX YH)

The proposed procedure only requires the experimentally calculated (by
respirometric measurements) value of the heterotrophic yield coefficient, Yy defined
for the investigated wastewater. Each run (three aerated batch reactors with raw and
filtered wastewaters and glucose solution) should be continued for several weeks
with periodic COD measurements, until all biological activity is completed and no

meaningful changes are observed in the COD levels.

6.1.2 Assessment of Kinetic and Stoichiometric Coefficients

Respirometric measurements have a significant place in the determination of many
kinetic and stoichiometric coefficients as well as the wastewater characterization.
Some of the kinetic coefficients like Kon, Kno, Koa are not too sensitive to
wastewater characteristics so they do not have to be estimated for each case. But
most of them (by, Yu, pu, fis, fix) must be assessed for every investigated

wastewater.

6.1.2.1 Determination of endogenous decay rate, by

The traditional approaches measures the endogenous decay rate, kg4, by volatile
suspended solids, VSS term and this causes many confusions because VSS parameter
can not differentiate between active biomass, particulate inert matter and inert
particulate microbial products generated by the decay of biomass. Multi-component

approaches evaluated a parameter called aerobic endogenous decay rate, by.

The current practice for the determination of by is based on the observation of the
decrease in oxygen utilization rates for a sludge having endogenous decay phase. So
OUR values are measured as byXy and because these measured values are very low,
they are not so sensitive. The data obtained have a wide-spread range, results are not
consistent. Also the VSS contains particulate slowly biodegradable substrate aside
from active biomass that is related by the sludge age. This Xs causes interference in
the experiment and different by values can be found from one study (Avcioglu et al.,
1998).

Proposed method developed by Avcioglu et al (1998), relies on the observation of
the decrease in OUR rates during the growth phase, so pyXy term is used
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dominantly. By that method low OUR values and interference of Xs is no more
problem. OUR measured during growth phase can be expressed as follows if there is

adequate amount of readily biodegradable substrate in the environment:

1-Y,

H

OUR =

£, Xy +(1-£,)by X, (6.24)

Proposed method aims to assure the constant unlimited growth and constant py level
as to reflect the variation of Xy. There are two parallel, aerated reactors; one the
main endogenous decay reactor, other the feed reactor operated at daily intervals.
Biomass seed from endogenous decay reactor and readily biodegradable substrate,
Ss, are added to that feed reactor to ensure the maximum growth conditions. The
initial OUR value in the feed reactor at time zero can be expressed as below:

1-Y, .
OUR =_Y’—H‘p'ﬂxﬂo +(1-15)by Xy (6.25)

H

As similar, the initial OUR value after a time t can be written as:

1-Y, .
——1p,HXH(0 +(1-15)by Xy (6.26)

H

OUR,, =

OUR values observed after a time t are lower than the values at time zero because the
activity of biomass in the main reactor decreases by time. The concentration of the
heterotrophic active biomass can be written as a function of initial active biomass

concentration:
XH(t) = Xmo e (6.27)

So, the initial OUR expression at any time can be written as a function of initial
active biomass concentration:

1-Y, .
OUR](() =[Till

H

H +(I—fE)bH]XH0 et (6.28)

When above equation is linearized, aerobic endogenous respiration rate by, can be

calculated from the slope of the linearized equation:
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1-Y, -

H

6.1.2.2 Determination of heterotrophic growth rate, pg and activity coefficient,
fa

The method defined by Ekama et. al. (1986) for the determination of Ss may also be
used in the assessment of fi, with the understanding that the initial OUR values
reflect maximum growth conditions, neglecting the interferences induced by
hydrolysis and endogenous respiration. Experimental procedure consists of running
an aerobic reactor at suitably low initial F/M value based on the assumption that the
initial rate of electron acceptor utilization would stay proportional to the maximum
specific growth rate if the readily biodegradable COD concentration in the tested
wastewater is not rate limiting (Ssi>>Ks). The [i,X, value is a ratio of initially

observed OUR as given in the expression below:

dS, 1-f£,Yy
OUR, =—& =— X1, X, (6.30)

H

The maximum heterotrophic growth rate can also be determined on the basis of
initial OUR value at the F/M ratio recommended. The method developed by
Kappeler and Gujer (1992) involves a batch test with a small amount of biomass
corresponding to a high initial F/M ratio of nearly 4. A linear expression with a slope
of [iy, -by is derived from the observed OUR profile:
OUR
In——=(i, —by)t 6.31
OUR, By —by) (6.31)
Activity coefficient f,, is a value used in the determination of active biomass Xy, as a

ratio of total biomass Xr:
Xu=1f Xr (6.32)

For calculating the active biomass fraction, two aerobic reactors of one with low F/M
ratio (Ekama ef al., 1986) and the other with high F/M ratio (Kappeler and Gujer,
1992) can be used. Correlation of i, obtained by the method suggested by Kappeler

and Gujer '(1992) yields the following equation:
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6.1.2.3 Determination of Heterotrophic Yield Coefficient, Yy

For oxygen uptake rate measurements, samples are taken from the prepared reactors
in very short intervals. Results obtained from these samples are used in curve fitting.
Soluble COD analyses can also be made on samples in order to obtain soluble COD
profiles besides OUR profiles as shown in Figure 6.2. Endogenous respiration is
negligible compared to respiration during growth. Also soluble residual microbial

products are not significant enough within the limited duration of the experiment.
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Figure 6.2 Determination of Yy from OUR and Soluble COD Profiles

For the determination of the yield coefficient Yy, the procedure developed by Ubay
Cokgér et. al. (1997) can be followed. Simultancously obtained OUR and COD data

should be used on the basis of the following equation for yield determination:
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(6.34)

6.1.2.4 Determination of fgs and frx

fex should not be assumed as a constant value due to the difference in the magnitude

of particulate residual products generation for various organic carbon sources.

Assessment of fgs: For the determination of fizs parameter, same procedure as defined
in the assessment of S; is applied. At the end of the experiment the fraction of
biodegradable COD converted into soluble inert metabolic products, Ysp may be
defined as

Ysp =Fes-Yy = Gedo (6.35)
SGl
So, fgs can be calculated as follows:
YH SGl

Assessment of fgx : The experimental determination of fzx is based on the concept
that in an aerated batch reactor operated long enough for the depletion of all
biological activity, the level of the particulate metabolic products generated will be
proportional to the amount of biodegradable substrate utilized, as defined by the

below equation:

Xeh =fex - Yu . Csi (6.37)

The reactor fed by the soluble wastewater sample is very convenient for this purpose,
as (Xp), may be expressed as follows, being the only particulate COD component at
the end of the experiment: ' ‘

(Xp)2 = (Cr)2 = (S1)2 = Yxp (S11 — S1) (6.38)

where, Yxp is the fraction of biodegradable COD converted into particulate inert

metabolic products:

Yxpr = fex Yu (6.39)
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fex may be calculated as follows, using the last two expressions:

_ 1 )y =8n),]
fEx - YH (STI —Sn) (6'40)

6.1.2.5 Hydrolysis Concept

The aerobic batch experiments show that the OUR values give high results at the
beginning because of the rapid growth on readily biodegradable COD, Ss, then drop
to a lower plateau correlated with the growth on slowly biodegradable COD, Xs
(Ekama ef.al., 1986). The evaluation of Sg from the OUR curve is illustrated in
Figure 6.3. Theoretical OUR profiles are given separately as OUR1, OUR2 and
OUR3. OURI reflects the Sg, OUR2 reflects the Xs and OUR3 reflects the total

profile as the combination of Sg and Xs.
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Figure 6.3 Effect of Ss and Xs on the OUR profile (Ubay Cokgdr er al., 1998)

As seen from the figure, the exfaeriment only yields the total OUR curve and defines
Ss in proportion to the area between OUR2 and OUR3 curves. Comparison of OUR1
| and OUR3 profiles shows that the presence of X or in other words hydrolysis does
not effect the initial portion of the ‘total' OUR curve caused as a result of readily
biodegradable substrate removal by maximum growth rate. Hydrolysis of Xs only
causes a slight OUR increase in the following stages of the experiment. S5 generated

through hydrolysis is reduced in the later stages of the experiment where the
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substrate utilization potential exceeds the hydrolysis rate and the equilibrium is
established at the X plateau after the depletion of all remaining Ss.

The F/M ratio largely affects the shape of the OUR curve, so the observation of the
lower plateau. If high F/M ratios are chosen for the respirometric measurements, it is
difficult to identify the hydrolysis zone from the transition area. Proper evaluations
due to respirometric measurements are possible with the choice of appropriate F/M

ratio.

In single hydrolysis model, only the hydrolysis of slowly biodegradable substrate
(Xs) is taken into account whereas the hydrolysis of soluble slowly biodegradable
substrate (Sy) is involved in dual hydrolysis model:

Sy /Xy

dS,,
=k, ——H TH ¥ 6.41
dt MK +Sy /Xy 641

- ky 3 Xn_x (642)
dt Ky + X5/ Xy

Experiments made on different wastewaters including the tannery wastewater
showed that the dual hydrolysis approach is needed in many cases for proper curve
fitting and so correct kinetic expressions. Hydrolysis kinetics (kss and Kxs) for the
soluble slowly biodegradable substrate is obtained by repeating the same batch OUR
experiment on both soluble and total portions of the wastewater, then the kinetic
coefficients for the hydrolysis of slowly biodegradable substrate (knx and Kxx) can be
estimated by reevaluating the total OUR profile with simultaneous dual hydrolysis
approach, Kinetic coefficients for tannery wastewater due to the single and dual
hydrolysis approaches are summarized in Table 6.1. It can be seen that the hydrolysis
of rapidly hydrolyzable COD, Sy, is significantly higher than the hydrolysis of
slowly hydrolyzable COD, Xs. ‘Also, the kinetic, data derived for Sy are nearly the
same with the ones found by single hydrolysis model indicating that the procedure
tends to define Sy rather than the total slowly biodegradable COD. Consequently, the
éingle hydrolysis model was observed to involve a significant overestimation for the
biodegradation of particulate COD. Furthermore, the hydrolysis rates for the
particulate-slowly hydrolyzable COD appear to be at the same level as the
endogenous decay constant of the biomass. This observation challenges the validity
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of this value and underlines the possibility of interference of the slowly hydrolyzable
COD in the aerobic digestion tests used for the measurement of endogenous decay

constant (Avcioglu et. al., 1998).

Table 6.1 Dual Hydrolysis Kinetics for Tannery wastewaters (Orhon et al., 1998)

Dual Hydrolysis Model Single Hydrolysis Model

Rapidly Hydrolyzable COD, S,,  Slowly Hydrolyzable COD, X;  Plain Settling Effluent  Chemical Settling Effluent

Kis Kys Knx Kxx K, Ky Ky Ky
0.7 0.1 0.3 0.1 06 0.15 10 0.15
1.4 0.1 0.1 0.1 0.5 0.15 06 0.1
16 0.4 0.2 0.1 13 0.4 1.6 0.5
0.6 0.1 02 0.1 0.7 0.1 0.8 o1
1.2 0.2 0.6 0.5 1.0 0.2 1.3 02
1.1 0.1 0.25 0.2 0.8 0.2 12 0.1
1.1 0.2 0.3 0.2 0.8 0.2 1.1 0.2

6.1.3 Interpretation of OUR Response According to ASM1

A typical OUR curve for tannery wastewater simulated according to ASMI1 is
illustrated in Figure 6.4 as below:
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Figure 6.4 OUR components according to ASM1

OUR curve (Total OUR): This curve shows a very rapid increase at the beginning,
then there is a slightly increasing phase (first plateau) and after a maximum value the

curve drops to the second plateau. The slope of the first plateau is determined by py

128



and Ks. This phase can be named as growth process. Maximum OUR value and the
slope of the drop are also estimated by using the Ks parameter.

OUR growth curve: The initial OUR value after the addition of the substrate is given
by puXy. So, if the active biomass concentration is known t’I}e maximum growth rate
can be calculated from the initial OUR value. Increasing and decreasing tendencies
are similar to the total OUR curve.

OUR endogenous decay curve: The slope of the endogenous decay curve gives the
by value and the active biomass concentration in the reactor can be estimated by
using this by value, since the endogenous decay level is given by byXy. The slope of
the second plateau is also given by by. The difference in OUR values between the
initial endogenous decay level and the beginning of the second plateau is due to the

new biomass produced.

6.2 Assessment of ASM3 Parameters

6.2.1 Assessment of Yield Coefficient

There are two phases that causes oxygen consumption in activated sludge systems.
First phase is the growth of biomass on added substrate, then second phase continues
on the stored polymers (PHA, glycogen). Stored polymers within the bioflocs are
utilized when there is no ready substrate in the wastewater. This indicates that both
growth and storage reactions occur after substrate is added to the system.

By measuring both the oxygen and substrate consumptions, the conversion factor
known as yield coefficient can be calculated. If yield coefficient is not correct there
will be great errors in the calculation of consumed substrate. Biomass makes
exogenous respiration on the substrate, also endogenous respiration for the
maintenance of itself. According to Dircks et al. (1999), yield coefficient can be
found by subtracting the endogenous respiration from measured respiration. In this
approach, endogenous respiration is measured for the sludge just before the substrate
is added. Then exogenous respiration is calculated by the help of endogenous
respiration.A Direct growth on added substrate causes a high peak in the respiration
rate (first phase), and then it levelé off and continues in a constantly decreasing
manner (second phase) till it reaches the original endogenous respiration rate. Second

phase is probably caused by the stored polymers as said before (Figure 6.5).
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Figure 6.5 An example for OUR response (Dircks et al. 1999)

Two different sludges having sludge ages of 7 and 16 days are used as biomass and
pure substrates like acetate, glucose and ethanol are used as wastewater. Every
substrate gave different yield coefficients, also when glucose is used sludge age
changes the results too. This means that the determination of readily biodegradable
COD concentration should not be based on a constant yield coefficient because it
differs for every sludge and substrate, also organic matter concentrations do not
effect the results (Dircks ef al. 1999).

6.2.2 Calibration of ASM3 for Domestic Sewage

Respiration tests assembling the oxygen utiiization rate gives a curve as in Figure
6.6. This phenomenon can be modeled with the storage products Xsto introduced in
ASM3. Many stoichiometric and kinetic parameters for the aerobic storage and
growth of heterotrophic biomass could be estimated on the basis of acrobic batch
experiments with acetate as the substrate. According to Koch et al. (2000), Ysro02
and ksto are the most sensitive parameters after substrate addition during substrate
respiration and could be determined from Figure 6.6. Yu02, ksto and py are sensitive
both before and after substrate respiration. The half saturation constant Kg could be
determined during the sudden decrease of the oxygen consumption rate. The net
yield of heterotrophic biomass produced per unit of substrate removed results in
Yner,02 = Ysto,02* Yuo2 = 0.72%0.80 = 0.58 g Xy g’lSs according to Koch et al.
(2000), which is about 8 % higher than the value suggested by Gujer et. al. (2000).
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Figure 6.6 OUR simulations carricd out in various times (Koch ef al. 2000)

The characteristic of the oxygen utilization curve depends on the available substrate.
In the study, soluble COD from primary sludge acidification was used for aerobic
batch experiments. The net yield from readily biodegradable fraction of the total
soluble COD is Yner.02 = 0.8*%0.8 = 0.64 g X, 2'Ss (Koch er al., 2000). This value is
considerably higher than that observed from acetate batch tests and that suggested by
‘Gujer et. al. (2000). The aerobic storage rate constant ksro has to be increased by 100
% in order to obtain a good fit with measured data. The maximum oxygen
consumption rate based on dissolved fermentation products is higher than that based
on simple substrate acetate. This can be explained by the wide variety of substrates in
the fermentation products and their individual uptake rates. It is assumed that
fermentation products tend to induce oxygen consumption curves which are more

similar to wastewater than acetate as a single substrate (Koch er al.. 2000).

Readily biodegradable COD can also be estimated from respirometric measurements
by curve fitting in contrast to ASM3 suggestion that Sg may be.approximated by the
total soluble inlet COD as determined by 0.45 pm membrane filtration (Koch ef al..
2000). Otherwise, different aerobic yields for wastewater components and different
fermentation products as the substrate are required. The level of the basic respiraiion
(respiration after consumptioq of readily biodegradable silbstrate) could only be

modeled by a considerable increase of the hydrolysis rate constant, ky;.
6.2.3 Experimental Assessment of Storage Yield

ASM3 has differences when compared with ASMI since it includes the storage
phenomena. Especially, the determination of the yield factor for bacterial storage

(Ysro) needs careful consideration of the OUR response.
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Karahan-Giil et al. (2002a), proposed an experimental procedure for the
respirometric assessment of bacterial storage yield, Ysro. Ysrto is a significant
parameter because it represents the stoichiometric amount of substrate converted into
storage products, which are then utilized for growth. Experimental procedure of
Karahan-Giil ef al. (2002a) is based on respirometry and doesn’t involve the
measurement of storage products, since it is not always possible to determine the
amount of all the storage products when a complex substrate like tannery wastewater

in this study is concerned.

The basic stoichiometry of the storage process can be expressed with the following

equation according to ASM3:
AOgo = (1— Yg0)ASg (6.43)

At the depletion of external substrafe, Ysto can be derivated from the above
expression:

AO STO )

Yoo = (1- (6.44)

Sl

Respirometric measurements provide the oxygen utilization rate (OUR) of the
overall system and not the OUR specific for the desired process alone, therefore it is
necessary to understand and interpret the components of an overall OUR associated
with the biodegradation of a soluble substrate. Figure 6.7 illustrates a typical OUR
curve obtained through model simulation using Aquasim (Reichert et al., 1998), for
the default kinetic and stoichiometric coefficients as suggested in ASM3. Proposed
procedure involves drawing a line connecting the initial OUR level due to
endogenous decay, up to the inflection point of the overall OUR curve. This reflects
that the external substrate is finished, so storage process is completed. The area
above the drawn line directly yiefds the oxygén used for storage.

The proposed procedure calculates the Ysro in accordance with ASM3, which says
storage and growth, does not occur simultaneously. In contrast, there are many
experimental evidences showing that both storage and growth can occur on external
substrate, and then growth continues on internal storage products after the depletion
of external substrate (Majone ef al., 1996; Beun et al., 2000; Dircks et al., 2001).
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Figure 6.7 Proposed graphical procedure for the determination of AOsro
(Karahan-Gtil ef al., 2002a)

This means, limiting external substrate at low F/M ratios would allow simultaneous
microbial growth as in conventionally operated activated sludge systems, whereas a
sudden increase of external substrate at high F/M ratios after a famine period would
cause internal storage to be the dominant mechanism. So the average yield value
reflected by overall OUR measurements would exhibit a changing pattern parallel to
the changing F/M values. Also the calculations were made with the assumption that
the entire soluble biodegradable COD could be regarded as readily biodegradable
substrate, which is not true in real cases as it is in tannery wastewater with complex
substrate compositions. In these cases, the corresponding oxygen consumption can
be interpreted with a superficially higher Ysro. The proposed experimental procedure
may also be used to calculate the readily biodegradable COD for a generally adopted
Ysro value, as it defines a stoichiometric procedure between the storage yield and the
readily biodegradable substrate.

6.2.4 Calibration of ASM3 for Aerobic and Anoxic Conditions

ASM3 introduced a number of kinetic and stoichiometric coefficients with the new
processes defined in the model, also suggested some default values. Recent studies
showed that parameter determination limits the applicability of ASM3 to special
cases. Respirometric procedures should be involved for the calibration of ASM3
parameters, also stoichiometric and kinetic coefficients under both aerobic and

anoxic conditions (Avcioglu ef al., 2002).
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A simplified matrix has been proposed by Avcioglu et al. (2002) for aerobic and
anoxic conditions (Table 6.2). Respirometric batch tests have been used to evaluate
different activated sludge models and thus respirometric responses obtained from
batch tests can be evaluated to estimate ASM3 parameters as shown in Figure 6.8
(Avcioglu et al., 2002). Tests were carried out in completely mixed batch reactors
seeded with active biomass acclimated to acetate. Results of the OUR experiments
are shown in Table 6.3. Amount of active heterotrophic biomass was calculated from
endogenous phase OUR data. The storage yield was estimated from the storage
(second) phase as defined before (Karahan-Giil et al, 2002a). The rate of storage
was determined for different substrate concentrations and F/M ratios, consequently
obtained results were much higher than the default value of ASM3, but in agreement
with that of Krishna and van Loosdrecht (1999), where ksto for acetate was reported
as 10 d” (Avcioglu et al., 2002).

Table 6.2 Modified ASM3 matrix for aerobic and anoxic processes
(Avcioglu et al., 2002)

omponent | 1 2 3 4 15 6 [Process rate equation, pj,all pj> 0
Ss So SN() Xp Xn | Xs10
Process COD| COD N |COD|COD|COD
Acrobic . s S
- Ysro |k S __x 2
it;)(r:agie) ' 0-Tero) SO0 ks +85 7 Ko +80
Anoxic - S S
Istorage -1 1= Ysrop) Ysrop |ksro'lp % _': 5 Xy X lj.os
of COD 2.86 s+ds — Bwo+Sno
Aerobic -1y 1 b P Xsro/Xu Xy So
Anoxic 1_;: e Xsro/Xu P% Sno
Lgrowth D " Yop Hallo Ksro +Xst0/Xu " Ko +Sno
2.86¥p,
Aerobic _ b x So
endogenous - Jex | -1 HX v
respiration (- /ex) Ko +5o
JAnoxic _ / ’ S
endogenous L 1~ fex Sfex | -1 byp Xy ﬁ—
Fespiration 2.86 No TONO
IAerobic be X So
;{&::ﬁratlon of -1 -1 |bsroA& sto0 K, +5g
JAnoxic
| Sno
irati -— -1 |bsropXspo——"—
rx&:folratlon of 3.86 sTODA STO Ko +Sho
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Figure 6.8 Estimated parameters of ASM3 using (a) acrobic curves
(b) anoxic curves (Avcioglu et al., 2002).

uu, Ksro, Ks and Yy are estimated from the model simulations while by, bsto and fex
were assumed as the default values in the proposed model of Avcioglu ef al. (2002).
The simulation results of aerobic respirometric data indicated that it was not possible
to obtain ASM3 calibration by using a single value of py. Higher py fit the first
plateau and lower py fit the second plateau. As a result, two different growth rates
were required for simulating the OUR data (Figure 6.9) (Avcioglu ef al., 2002).

Table 6.3 Aerobic kinetic and stoichiometric coefficients of ASM3 obtained for
acetate (Avcioglu et al., 2002).

Set 1 Set 2 Set 3 Set 4

Ss1 mgCOD.I" 164 187 274 548
FIM gCOD.g'VvSs  0.22 0.25 0.29 0.64
by d’ 0.20 0.20 0.20 0.20
bsto d’ 0.20 0.20 0.20 0.20
fox 0.20 0.20 0.20 0.20
Ks mgCOD.I" 3 2 3 2
Ksto 1 1 1 1
ksto d* 16 12 10 14
pg (2™ phase) d! 5 6 3 4
pi (3" phase) d* 2 2.5 1.6 2
Yu gCoD.g'COD  0.63 0.63 0.63 0.63
Ysto gCoD.g'COD 077  '0.75 0.80 0.80

6.2.5 Interpretation of OUR Response According to ASM3

OUR components for tannery wastewater simulated according to ASM3 can be
interpreted as in Figure 6.10.

OUR curve (Total OUR): This curve firstly shows a rapid, then slower increase. The

slope of the slow-increasing phase (first plateau) gives the growth rate since it -is
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dependent on py and Kgsro parameters. After a maximum value it starts to decrease,
then reaches to the second plateau. Maximum OUR and the transient area is

determined by using Ks and Kgro parameters.
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Figure 6.9 ASM3 simulation results for acetate aerobic run no 3
(Avcioglu et al., 2002)

OUR storage curve: Initial value of this curve is given by ksroXy after the addition
of substrate. It firstly increases then decreases. If the active biomass (Xg)
concentration in the reactor is known, storage rate can be estimated from the initial
OUR value. Minimum point of OUR storage gives the maximum value of stored
polymer concentration (Ss is depleted); K is effective for this zone.

OUR growth curve: Slope of this curve gives py and Kgro values. Increasing and
decreasing trends are similar to the first and second plateaus of OUR curve. It

increases till the maximum XST(j value and then starts to decrease.

OUR endogenous decay curve: The slope of endogenous decay curve gives the
endogenous decay coefficient, by since the initial decay level is given by bpX.
Active biomass concentration can be calculated if the endogenous decay coefficient

’

is known.

OUR endogenous decay curve for stored polymers (PHA): The slope of this curve

gives the endogenous decay coefficient for stored polymers, bsro.
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Figure 6.10 OUR components according to ASM3
6.3 Experimental Setup

Respirometric measurements were conducted for the calibration of different activated
sludge models for tannery wastewaters. Detailed characterization of tannery
wastewater was determined under aerobic conditions. For that purpose, oxygen
utilization rate (OUR) was measured and inert COD experiments were carried out.
Experimental studies involve acclimation and also the estimation of kinetic and
stoichiometric parameters from obtained OUR and inert COD data.

For the acclimation of microorganisms to tannéry wastewater from Tuzla organized
district, fill and draw reactors of 4 liter volume and having a sludge age of 20 days
were used. During acclimation studies, dissolved oxygen concentration in the
reactors was supplied by using aerators. Magnetic stirrers were used for the proper
mixing of biomass and wastewater. After the acclimation was achieved, acclimated

biomass from these reactors were used in OUR and inert COD experiments.

Parallel tests were performed to visualize the effect of the initial F/M ratio and
hydrolysis process. The tests were carried out in completely mixed, aerated 2-3 1
batch reactors, seeded with active biomass taken from fill and draw acclimation

reactors operated at steady state.
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OUR experiments were carried out with both raw and filtered wastewater in parallel
reactors. These batch reactors were prepared according to the selected F/M values.
Dissolved oxygen concentration under aerobic circumstances was adjusted to 6-7
mg/l. Nitrification inhibitor (Formula 2533™, Hach Company) was also added in
small amounts in order to prevent the growth of autotrophs. Nutritional requirement
of biomass was supported by special solutions as shown in Table 6.4. The amount of
the solutions that should be added is given as 10 ml for 1000 mg/l COD (O’Connor,
1972).

Table 6.4 Buffer and Mineral Solutions (O’Connor, 1972)

Solution A  K;HPO, 320 g/l
KH,PO, 160 g/l
SolutionB  MgS04.7H,O 15 g/l
FeS04.7H,0 0.5 g/l
ZnS0,.7H,0 0.5 g/l
MnS0,.3H,0 0.5 g/l
CaCl, 2.0 g/l

The initial active biomass concentration was estimated by model simulation on the
basis of an endogenous decay rate, by of 0.2 d”', the suggested value in Orhon et al.,
1999. OUR measurements were conducted with a Manotherm RA-1000 continuous
respirometer with PC connection. In the experiments, pH was kept in the range of
7.0-8.0, suitable for biological activity. COD measurements were performed as
described in the method 1SO6060 (1986). Filtration was performed through 0.45 um

cellulose acetate filters.

6.4 Modeling studies

Measured data must be interpreted in a proper way, which is a common problem for
all scientific studies. In the case of environmental studies, measured data are used
indirectly based on the implications of the hypotheses about the mechanisms
involved within a given system. Mathematical models are proposed to state the
hypotheses about functional relationships in environmental systems. This
mathematical formulation makes quantitative derivation of model behavior possible.
As a result, computer programs become necessary for calculating the consequences

of model assumptions.
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Model hypothesis should be tested as directly as possible e.g., by limiting the
investigation to the isolated subsystem that is most sensitive to the hypothesis to be
tested. More direct tests mean the formulation of a model for the complete system
performing such a test is less important. Both laboratory and field studies should be
done for understanding the behavior of environmental systems. Isolated processes
under controlled conditions can be characterized by laboratory studies while the
behavior of the system as a whole is characterized by field investigations. Laboratory
experiments make easier to quantify the contributions of different processes to the
true transformation rates observed in the field. There are many external influences
and internal interactions in environmental systems, leading to a multi-output and
multi-input conditions in which inputs can only be measured but not controlled. Also
results from laboratory studies must be taken into account for the evaluation of field
data. The use of advanced mathematical models and parameter identification
techniques for hypothesis testing is therefore so much important in environmental

sciences.

Computer programs should be as simple as possible, but also adequately complex
allowing model comparisons needed for the process of system identification and
describing the features shown by measured data. Models for environmental systems
are variable that system identification programs are not flexible enough for them.
Simultaneous use of general-purpose simulation sofiware and identification
programs is difficult. Consequently, a more universal, user-friendly and flexible
simulation and identification tool for environmental systems is designed. This
simulation and identification program can be used for most of the aquatic systems in
the environment, in technical plants and in the laboratory by the aim of providing an

instrument for scientific researches.

The investigated models for tannery wastewater have been simulated using Aquasim
(Reichert et al., 1998). An exat'hple of prepared models in Aquasim is presented in
Appendix B.
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SECTION 7 EXPERIMENTAL DATA

7.1 Wastewater Characterization

For the characterization of tannery wastewater, three set of experiments were
conducted with different F/M ratios in Istanbul Technical University Environmental
Engineering Department by Environmental Biotechnology Group in February, 2002.
One set was for raw wastewater and experiment was carried out at an F/M ratio of
0.05 mg COD/mg VSS. Other two sets were for filtered wastewater of different F/M
ratios of 0.07 mg COD/mg VSS and 0.2 mg COD/mg VSS. Table 7.1 summarizes

the relevant COD fractions of experimental sets.

Table 7.1 Characterization of Tannery Wastewater

Parameter Value (mg COD.I')
Cn 2550
St1 1500
Cs1 1475
S 190
Xs1 165
Xn 685
Xu1 200
VFA content 820
7.2 Modeling Studies

Modeling studies were carried out with the calculation of initial conditions with
respect to different definitions of COD fractions for ASM1 and ASM3 and model
simulations were conducted for the estimation of kinetic and stoichiometric model

’

parameters.

7.2.1 Calculation of Model Initial Conditions

Experimental data were evaluated in order to be used in modeling studies.
Evaluations were made on the basis of both ASM1 and ASM3 because calculation

procedure is different in these two models.
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7.2.1.1 Initial Conditions for ASM1

Set I-Filtered Wastewater (F/M=0.07 mg COD/mg VSS): Basic data used in the
calculations are given in Table 7.2 and COD fractions calculated according to ASM1

are also given in details as below.

Table 7.2 Volume and COD fractions of Set 1
(Filtered Wastewater F/M=0.07 mg COD/mg VSS)

Volume Fractions () COD Fractions (mg/l)
Initial Volume of Total Soluble Soluble VFA
Volume Wastewater added Volume COD Inert COD Content
Vini Vww Vr St Su Svra
2.00 0.14 2.14 1500 190 820

Ss1=820 mg/1 (Assumed to be equal to VFA content)

Xs=S=St1-Ss1-S11=1500-820-190=490 mg/1
Ss1ni=820%0.14/2.14=54 mg/]
Xs ini=Sn,n=490*0.14/2.14=32 mg/1

Set 2-Filtered Wastewater (F/M=0.2 mg COD/mg VSS): Same procedure is applied
to filtered wastewater of F/M=0.2 mg COD/mg VSS. Data are shown in Table 7.3

and calculations are also given.

Table 7.3 Volume and COD fractions of Set 2
(Filtered Wastewater F/M=0.2 mg COD/mg VSS)

Volume Fractions () COD Fractions (mg/l)
Initial Volume of Total Soluble Soluble VFA
Volume Wastewater added Volume COD Inert COD Content
V; Vww Vr St Su Svra
2.0 0.4 2.4 1500 190 820

Ss51=820 mg/l (Assumed to be equal to VFA content)

Xs=Sy=S11-S51-S11=1500-820-190=490 mg/1
Ss1,ini=820*0.4/2.4=137 mg/1
Xs,inFSH,ini":490*0-4/2-4=82 mg/l

Set 3-Raw Wastewater (F/M=0.05 mg COD/mg VSS): Raw wastewater consists of
more components due to the particulate parts (Table 7.4).
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Table 7.4 Volume and COD fractions of Set 3
(Raw Wastewater F/M=0.05 mg COD/mg VSS)

Volume Fractions (I) COD Fractions (mg/l)

Initial Volume of Total Total Soluble Soluble Particulate Biomass VFA
Volume WW added Volume COD COD Inert COD Inert COD Content Content
Vini Vww Vr Cn St S Xn Xn1 Svra
2.0 0.1 2.1 2550 1500 190 685 200 820

COD fractions in the reactor according to ASM1 are calculated as below:

Ss1=820 mg/l (Assumed to be equal to VFA content)
Xs=Cri-Ss1-S11-Xn-Xu1=2550-820-190-685-200=655 mg/l
Ss1,0i=820%0.1/2.1=39 mg/1

Xs,ini=655*0.1/2.1=31 mg/1

Si1,mi=190*0.1=19/2.1=9 mg/]

Xi1,m=685%0.1=69/2.1=33 mg/l

7.2.1.2 Initial Conditions for ASM3 and Modifications

Same data (from Tables 7.2, 7.3 and 7.4) are used for the calculations of ASM3

components. Calculations are given in details for each set of experiment as below.

Set 1-Filtered Wastewater (F/M=0.07 mg COD/mg VSS):

Ss]=ST1-S[1=1500-190=1310 mg/l
Ss1,mi=1310%0.14/2.14=86 mg/
S1in=190*0.14/2.14=12 mg/1

Set 2-Filtered Wastewater (F/M=0.2 mg COD/mg VSS):

'Ss]=ST1-Su=1 500-190=1310 mg/l
Ss1,mi=1310*0.4/2.4=218 mg/]

Sx,inf'-l 90*0.4/2.4=32 mg/l

Set 3-Raw Wastewater (F/M=0.05 mg COD/mg VSS):

Ss|=STl-Sn=1500-I90=1310 mg/l
X1=Cr1-S11=2550-1500=1050 mg/l

X31=XT-X11-XH1= 1050-685-200=165 mg/l
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Xs1,ini=165%0.1=17/2.1=8 mg/1

Ss1,in=1310%0.1=131/2.1=62 mg/1

S11,ini=190*0.1=19/2.1=9 mg/1

Xi1,ini=685%*0.1=69/2.1=33 mg/1

The set of model parameters used for each simulation is summarized in Table 7.5.

Table 7.5 Model parameters used in the simulations

Parameter, ASM1 ASM3 and modifications

unit Set 1 Set 2 Set 3 Set 1 Set 2 Set 3

Volume “

fractions, 1
Vini 2.00 2.00 2.00 2.00 2.00 2.00
Vww 0.14 0.4 0.1 0.14 04 0.1
Vt 2.14 2.4 2.1 2.14 2.4 2.1

COD fractions,

mg/l
Crt - - 121 - - 121
St1 98 250 - 98 250 -
Si1,ini 12 32 9 12 32 9
Xi1,ini - - 33 - - 33
Xm - - 10 - - 10
Svra 54 137 39 - - -
Ss1,ini 54 137 39 86 218 62
Stiini 32 82 - - - -
Xs,ini = - 31 - -

7.2.2 Respirometric Data

The respirometric data obtained in each set of experiment according to ASM1 are

given in Figures 7.1, 7.2 and 7.3.
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Figure 7.1 OUR data for Set 1 (filtered wastewater F/M=0.07 mg COD/mg VSS)
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Figure 7.2 OUR data for Set 2 (filtered wastewater F/M=0.2 mg COD/mg VSS)
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Figure 7.3 OUR data for Set 3 (raw wastewater F/M=0.05 mg COD/mg VSS)
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SECTION 8 RESULTS AND DISCUSSION

8.1 Sensitivity of Model Coefficients

8.1.1 Sensitivfty of ASM1 Coefficients

Heterotrophic growth rate, py and heterotrophic yield coefficient, Yy are the most
significant parameters in ASM1 simulations. Sensitivity of endogenous decay rate,

by and substrate half saturation constant, Kg are also illustrated as follows.

Sensitivity of heterotrophic growth rate: The OUR curve is shified up as py is
increased, but the area under the curve remains the same. Also the steepness of the

first plateau and the maximum OUR value would increase too (Figure 8.1).
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Figure 8.1 Sensitivity of heterotrophic growth rate, py according toASM1

Sensitivity of heterotrophic yield coefficient: The area under the curve decreases as

Yy value increases as shown in Figure 8.2.

Sensitivity of endogenous decay rate: The total OUR curve is shifted up at nearly
equal amounts if the value of by is increased (Figure 8.3).

Sensitivity of substrate half saturation constant: If Kg is smaller, the OUR curve will
exhibit a steeper drop as shown in Figure 8.4.
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Figure 8.2 Sensitivity of heterotrophic yield coefficient, Yy according to ASM1
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Figure 8.3 Sensitivity of endogenous decay rate, by according to ASM1
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Figure 8.4 Sensitivity of substrate half saturation constant, Ks according to ASM1
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8.1.2 Sensitivity of ASM3 Coefficients

Most sensitive parameter is storage yield coefficient, Ysro in ASM3 simulations.
Substrate storage rate, ksto and substrate half saturation constant, Ks are also
effective for storage process. Heterotrophic growth rate, puy and storage products’
half saturation constant, Ksro couple is important in the modeling of growth process.
Sensitivity of heterotrophic yield coefficient, Yy, endogenous decay rate for
heterotrophs, by and endogenous decay rate for stored polymers, bsto were also

investigated.

Sensitivity of storage yield coefficient: When Ysro is increased, area under the curve
is decreased as shown in Figure 8.5. Ever, it is increased by a value of 0.1 results are
significantly changed.
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Figure 8.5 Sensitivity of storage yield coefficient, Ysro

Sensitivity of substrate storage rate: If ksro is increased, the OUR curve is shifted
up, but the area under the curve gives the same value. Sensitivity of kgro is illustrated

in Figure 8.6.

Sensitivity of substrate half saturation constant: Ks seems to have not much
influence on OUR curve, but it has impact on the maximum reachable value of OUR
by decreasing the observed storage rate. If K is higher, decrease of OUR is smoother
(Figure 8.7).
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Figure 8.7 Sensitivity of substrate half saturation constant, Ks

Sensitivity of heterotrophic growth rate: Growth rate has effects on both the first and
second plateaus of the OUR curve as shown in Figure 6.10 before. First plateau
increases sharply and the maximum OUR value has a higher level if py is increased.
Also the slope of the second phase would increase too. py is generally estimated

from the slope of the second plateau. Sensitivity of py is investigated and illustrated

in Figure 8.8.

Sensitivity of storage products’ half saturation constant: As similar to Ks, Ksro
decreases the observed growth rate and therefore effects the OUR curve. If Ksto

increases, the heterotrophic growth rate decreases so a more rounded curve is

observed as in Figure 8.9.
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Figure 8.9 Sensitivity of storage products’ half saturation constant, Ksro

Sensitivity of endogenous decay rate for heterotrophs: As by increases the OUR

curve shifts up at nearly equal amounts (Figure 8.10).

70
60 —OUR_ASM3_bH:0.2

— OUR_ASM3_bH:0.12

50 -
40 -
30 -

OUR (mg/l/h)

20 -
10 -

0 . - . ;
0 0.01 0.02 0.03 0.04 0.05
Time (d)

Figure 8.10 Sensitivity of endogenous decay rate for heterotrophs, by
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Sensitivity of endogenous decay rate for stored polymers: There is no change in the

OUR curve even the bsro value is increased nearly by 70% (Figure 8.11).

Sensitivity of heterotrophic yield coefficient. As Yy increases the area under the OUR

curve decreases but the impact is not so important as illustrated in Figure 8.12.
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Figure 8.11 Sensitivity of endogenous decay rate for stored polymers, bsto
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Figure 8.12 Sensitivity of heterotrophic yield coefficient, Yy

8.2 Simulation Results

OUR simulations of the experimental data were conducted by using the volumes and
COD fractions as calculated and summarized in Section 7. Default values for kinetic
and stoichiometric coefficients of ASM1 determined by Orhon ef al (1999) for
tannery wastewater and suggested in ASM3 by Gujer ef al. (2000) for domestic

wastewater are summarized in Table 8.1. Five models were used in the simulation of
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all set of experiments; namely ASM1, ASM3 and ASM3 based models proposed by
Krishna and van Loosdrecht (1999), Karahan-Gtil et al. (2002b) and van Loosdrecht
and Heijnen (2002), all adapted for tannery wastewater in ASM3 terms. Kinetic and
stoichiometric coefficients estimated via model simulations are presented for
experimental data obtained with filtered and raw wastewater. The OUR curves of

each process is illustrated as separate components.

Table 8.1 Default values for kinetic and stoichiometric coefficients under normal
conditions at 20 °C (Orhon e al., 1999; Gujer et al., 2000)

Parameter, unit ASM1 (for tannery) ASM3 (for domestic)
by, d” 0.12 0.2
bsto, ! - 0.2
fgs, COD/COD 0.1 -
fex, COD/COD 0.2 -
ky, d” 0.9 3
Kx, COD/COD 0.3 1
Koz, mg O,/ 0.2 0.2
Ks, mg COD/1 28 2
kSTO’ d.l - 5
Ksto0, COD/COD - 1
T 2.2 2
Yy, COD/COD 0.64 0.63
Ysto, COD/COD - 0.85

8.2.1 Simulation results for ASM1

Model simulations have been performed according to ASMI, based on the matrix
given in Table 5.1 in Section 5 (Orhon et al. 1999).

Filtered Wastewater (F/M=0.07 mg COD/mg VSS): Table 8.2 shows the kinetic and

stoichiometric coefficients chosen for the best fit and the resulting OUR curves are

presented in Figure 8.13.

Table 8.2 Kinetic and stoichiometric coefficients used in the ASM1 simulation of
Set 1 (Filtered wastewater F/M=0.07 mg COD/mg VSS)

Parameter Unit Value
by dt 0.12
Ks mF COD/1 28
I} d _ 4
Yu COD/COD 0.68
XH,ini mF .COD/I 1200
kus d 0.9

Kxs COD/COD 0.03
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Figure 8.13 Resulting OUR components for filtered wastewater according to ASM1

(F/M=0.07 mg COD/mg VSS)

Filtered Wastewater (F/M=0.2 mg COD/mg VSS): Kinetic and stoichiometric

coefficients used in the simulation of wastewater of F/M=0.2 mg COD/mg VSS is

given in Table 8.3 and OUR curves are illustrated in Figure 8.14 as below:

Table 8.3 Kinetic and stoichiometric coefficients used in the ASM1 simulation of
Set 2 (Filtered wastewater F/M=0.2 mg COD/mg VSS)

Parameter Unit Value
by d’ 0.12
Ks mg COoD/1 28
Uy d 4
Yu COD/COD 0.68
X1 ini mg COD/1 600
kus d 0.9
Kxs COD/COD 0.03
ASM1 Filtered WW F/M=0.2
45
40 ——OUR
- 35 — OURenddec
'5 30 4 OURgrowth
2 25
g o OURdata
o) 20 -
8 15
10
5 4
0 .
0 0.1 0.2 03 04 05 06
Time (d)

Figure 8.14 Resulting OUR components for filtered wastewater according to ASM1

(F/M=0.2 mg COD/mg VSS)
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Raw Wastewater (F/M=0.05 mg COD/mg VSS): In the modeling of raw wastewater,
dual hydrolysis model is considered as different from filtered wastewater

simulations. For that reason, hydrolysis rate constant (ky) and half saturation
constant (Kx) for the hydrolysis of slowly biodegradable COD are involved in the
kinetic and stoichiometric coefficients (Table 8.4). OUR curve obtained by the
simulation of raw wastewater of F/M=0.05 mg COD/mg VSS is given in Figure 8.15.

Table 8.4 Kinetic and stoichiometric coefficients used in the ASM1 simulation of
Set 3 (Raw wastewater F/M=0.05 mg COD/mg VSS)

Parameter Unit Value
by d’ 0.12
Ks mg COD/1 28
1 d-l 4
Yu COD/COD 0.68
Xt mg COD/1 1900
Kus d 0.9
ku dat. 0.8
Kxs COD/COD 0.03
Kx COD/COD 0.01
ASM1 Raw WW F/M=0.05
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Figure 8.15 Resulting OUR components for raw wastewater according to ASM1
(F/M=0.05 mg COD/mg VSS)

8.2.2 Simulation Results for ASM3 Adapted for Tannery Wastewater

Simulations according to ASM3 adapted for tannery wastewater were done referring

to the matrix given by Table 5.3.

Filtered Wastewater (F/M=0.07 mg COD/mg VSS): Kinetic and stoichiometric

coefficients are given in Table 8.5 and OUR curves for the model are given by

Figure 8.16.
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Table 8.5 Kinetic and stoichiometric coefficients used in the ASM3 simulation of

Set 1 (filtered wastewater F/M=0.07 mg COD/mg VSS)

Parameter Unit Value
by d’ 0.12
bsto d* 0.2
Ks mg COD/1 12
Ksrto COD/COD 0.3
ksto d? 6.5
Mu d*! 4
Yu COD/COD 0.68
Ysto COD/COD 0.83
Xt ini mg COD/I 1200
ASM3 Filtered WW F/M=0.07
60
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10
0 T ; - 1
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Figure 8.16 Resulting OUR components for filtered wastewater according to ASM3
(F/M=0.07 mg COD/mg VSS)

Filtered Wastewater (F/M=0.2 mg COD/mg VSS). Kinetic and stoichiometric

according to ASM3 is given in Table 8.6 and OUR curves are illustrated by Figure
8.17 as below:

Table 8.6 Kinetic and stoichiometric coefficients used in the ASM3 simulation of

coefficients used in the simulation of wastewater of F/M=0.2 mg COD/mg VSS

Set 2 (filtered wastewater F/M=0.2 mg COD/mg VSS)

Parameter Unit Value
by d’ 0.12
bsto d? 0.2
Ks mg COD/1 12
Ksto COD/COD 0.4
ksto d* 7
HH d-l 3
Yu COD/COD 0.68
Ysro COD/COD 0.83
Xitni mg COD/l 600
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Figure 8.17 Resulting OUR components for filtered wastewater according to ASM3
(F/M=0.2 mg COD/mg VSS)

Raw Wastewater (F/M=0.05 mg COD/mg VSS): Kinetic and stoichiometric

coefficients used for the best fit are summarized as below (Table 8.7). OUR curves

obtained by the simulations for raw wastewater of F/M=0.05 mg COD/mg VSS are
given in Figure 8.18.

Table 8.7 Kinetic and stoichiometric coefficients used in the ASM3 simulation of
Set 3 (raw wastewater F/M=0.05 mg COD/mg VSS)

Parameter Unit Value
by d” 0.12
bsto d! 0.2
ks d? 0.8
Kx COD/COD 0.01
Ks mg COD/1 12
Ksto COD/COD 0.3
ksto d* 7
HH d-l 4
Yu COD/COD 0.68
Ysto COD/COD 0.83
XH,ini mg COD/1 1900

8.2.3 ASM3 Adapted for Tannery Wastewater (MODEL A)

Simulations according to ASM3 based model proposed by Krishna and van
Loosdrecht (1999) adapted for tannery wastewater were done based on the

expressions reported in Table 5.4.
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Figure 8.18 OUR components for raw wastewater according to ASM3
(F/M=0.05 mg COD/mg VSS)

Filtered Wastewater (F/M=0.07 mg COD/mg VSS): Kinetic and stoichiometric

coeflicients used in model simulations are given in Table 8.8 and OUR curves of the

model are given by Figure 8.19.

Table 8.8 Kinetic and stoichiometric coefficients used in MODEL A simulation of
Set 1 (filtered wastewater F/M=0.07 mg COD/mg VSS)

Parameter Unit Value
by d’ 0.12
bsto d? 0.2
Ks mg COD/1 12
Ksto COD/COD 0.04
ksto d’ 5
HE1 d? 0.65
W2 d-I 1
Yui COD/COD 0.67
Y2 COD/COD 0.68
Ysto COD/COD 0.83
X W ini ' mg COD/1 1200

Filtered Wastewater (E/M=0.j mg COD/mg VSS): Table 8.9 summarizes the

coefficients used in the simulation. Figure 8.20 shows the OUR curves obtained for

filtered wastewater for each component.
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MODEL A Filtered WW F/M=0.07
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Figure 8.19 OUR components for filtered wastewater according to MODEL A
(F/M=0.07 mg COD/mg VSS)

Table 8.9 Kinetic and stoichiometric coefficients used in MODEL A simulation of
Set 2 (filtered wastewater F/M=0.2 mg COD/mg VSS)

Parameter Unit Value
by d’ 0.12
bsto d? 0.2
Ks mg COD/1 12
Ksto COD/COD 0.04
ksto d? 6
M1 d! 0.9
e d? 0.8
Y COD/COD 0.67
Y COD/COD 0.68
Ysro COD/COD 0.83
X ini mg COD/ 600
MODEL A Filtered WW F/M=0.2
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Figure 8.20 OUR components for filtered wastewater according to MODEL A
(F/M=0.2 mg COD/mg VSS)

157



Raw Wastewater (F/M=0.05 mg COD/mg VSS): Table 8.10 summarizes the
coefficients used in the simulation. Hydrolysis of slowly biodegradable COD is

involved in this simulation as in all simulations done for raw wastewater because raw
wastewater contains slowly biodegradable particulate components. Figure 8.21
shows the OUR curves obtained for raw wastewater of F/M=0.05 mg COD/mg VSS
based on MODEL A.

Table 8.10 Kinetic and stoichiometric coefficients used in MODEL A simulation of
Set 3 (raw wastewater F/M=0.05 mg COD/mg VSS)

Parameter Unit Value
by d” 0.12
bsto d! 0.2
kn d! 0.8
Kx COD/COD 0.01
Ks mg COD/1 12
Ksro COD/COD 0.04
ksto d* 5
{E1 d’ 0.7
Unz d?! 1
Yui COD/COD 0.67
Y COD/COD 0.68
Ysto COD/COD 0.83
X1, ini mg COD/I 1900
MODEL A Raw WW F/M=0.05
90
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Figure 8.21 OUR components for raw wastewater according to MODEL A
(F/M=0.05 mg COD/mg VSS)
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8.2.4 ASM3 Adapted for Tannery Wastewater (MODEL B)

Simulations according to ASM3 based model proposed by Karahan-Giil et al.

(2002b) adapted for tannery wastewater were done referring to the matrix given in

Table 5.5.

Filtered Wastewater (F/M=0.07 mg COD/mg VSS): Kinetic and stoichiometric

coefficients for the best fit are given in Table 8.11 and OUR curves of MODEL B are
given in Figure 8.22.

Table 8.11 Kinetic and stoichiometric coefficients used in MODEL B simulation of
Set 1 (filtered wastewater F/M=0.07 mg COD/mg VSS)

Parameter Unit Value
by d’ 0.12
bsto d! 0.2
Ks mg COD/1 12
Ksto COD/COD 0.04
ksto d? 4
e d’ 0.7
Hi2 dul 1
Yui COD/COD 0.67
Yo COD/COD 0.68
Ysto COD/COD 0.83
X Hini mg COD/I 1200
MODEL B Filtered WW F/M=0.07
60

OUR (mg/i/h)

——OUR
50 + —~— OURenddec
40 3 ——OURendPHA
—— OURdirectgrowth
30 - — OURgrowthXsTO
20 4 OURstorage
« OURdata
10 -
0 — . . .
0 0.05 0.1 0.15 02 0.25
Time (d)

Figure 8.22 OUR components for filtered wastewater according to MODEL B

(F/M=0.07 mg COD/mg VSS)

Filtered Wastewater (F/M=0.2 m,é COD/mg_VSS): Kinetic and stoichiometric

coefficients used in the model are given in Table 8.12.

159



Table 8.12 Kinetic and stoichiometric coefficients used in MODEL B simulation of
Set 2 (filtered wastewater F/M=0.2 mg COD/mg VSS)

Parameter Unit Value
bu d” 0.12
bsto d! 0.2
Ks mg COD/1 12
Ksto COD/COD 0.04
ksto d? 5
MH1 d?! 0.9
LLH2 d? 0.8
Y1 COD/COD 0.67
Yuz COD/COD 0.68
Ysto COD/COD 0.83
Xﬂ,ini mg COD/1 600
OUR curves for the simulation of filtered wastewater of F/M=0.2 mg COD/mg VSS
are given by Figure 8.23.
MODEL B Filtered WW F/M=0.2
s D -
35 | ——O0OURenddec
£ 3 ] —— OURendPHA
% 25 —— QURUdirectgrowth
E 20 —— OQURgrowthXsSTO
8 15 - OURstorage
10 Wm » OURdata
5 |
0 4
0 01 0.2 0.3 04 05 06

Time (d)

Figure 8.23 OUR components for filtered wastewater according to MODEL B

(F/M=0.2 mg COD/mg VSS)

Raw Wastewater (F/M=0.05 mg COD/mg.VSSz: Table 8.13 shows the kinetic and

stoichiometric coefficients used,in the simulation. Figure 8.24 illustrates the OUR

curves obtained for the raw wastewater of F/M=O.'05 mg COD/mg VSS.
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Table 8.13 Kinetic and stoichiometric coefficients used in MODEL B simulation of
Set 3 (raw wastewater F/M=0.05 mg COD/mg VSS)

Parameter Unit Value
by d’ 0.12
bsto d? 0.2
ke d? 0.8
Kx COD/COD 0.01
Ks -mg CODA 12
Ksro COD/COD 0.04
ksto d! 4.2
Hm d! 0.7
M2 d’ 1
Ym COD/COD 0.67
Yo COD/COD 0.68
Ysto COD/COD 0.83
X, ni mg COD/1 1900
. MODEL B Raw WW F/M=0.05
70 ——OURenddec
= 60 A ———OURendPHA
% 50 - —— QOURdirectgrowth
Ew. —— OURgrowthXSTO
2 3p OURstorage
20 s OURdata
10
0 T — .
¢} 0.05 0.1 0.15 0.2 0.25
Time (d)

Figure 8.24 OUR components for raw wastewater according to MODEL B
(F/M=0.05 mg COD/mg VSS)

8.2.5 Model Adapted for Tannery Wastewater in ASM3 Terms (MODEL C)

Simulations according to model proposed by van Loosdrecht and Heijnen (2002)

adapted for tannery wastewater’in ASM3 terms were done according to the matrix

given in Table 5.6.

Filtered Wastewater (F/M=0.07 mg COD/mg VSS): Table 8.14 gives the kinetic and
stoichiometric coefficients used in the simulation. Figure 8.25 illustrates the OUR

curves obtained for filtered wastewater of F/M=0.07 mg COD/mg VSS.
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Table 8.14 Kinetic and stoichiometric coefficients used in MODEL C simulation of
Set 1 (filtered wastewater F/M=0.07 mg COD/mg VSS)

Parameter Unit Value
by d’ 0.12
bsto d? 0.2
Ks mg COD/1 12
kxsto d 42
™ d? 0.7
Ym COD/COD 0.67
Y COD/COD 0.68
Ysto COD/COD 0.83
gs d! 58
Xit,ini mg COD/l 1200
MODEL C Filtered WW F/M=0.07
60
———O0OUR
50 - ——OURenddec
g 40 3 ——OURendPHA
g’ ——OURsubstuptake
E 30 -
> ——— OURgrowthXsTO
3 20 - OURdirectgrowth
10 + OURdata
0 kN Ay——- - S :
4] 0.05 01 0.15 0.2 0.25
Time (d)

Figure 8.25 OUR components for filtered wastewater according to MODEL C
(F/M=0.07 mg COD/mg VSS)

Filtered Wastewater (F/M=0.2 mg COD/mg VSS): Kinetic and stoichiometric

coefficients used in the model simulation are given in Table 8.15. Figure 8.26

represents the OUR curves obtained.

Raw Wastewater (F/M=0.05 mg COD/mg VSS): Kinetic and stoichiometric
coefficients used in the simulation for set 2 are given in Table 8.16. Figure 8.27

represents the OUR curves for Model C.
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Table 8.15 Kinetic and stoichiometric coefficients used in MODEL C simulation of
Set 2 (filtered wastewater F/M=0.2 mg COD/mg VSS)

Parameter Unit Value
by d’ 0.12
bsto d’! 0.2
Ks mg CcoDn 12
kxsto d 9
HH ! 0.7
Yui COD/COD 0.67
Yh2 COD/COD 0.68
Ysro COD/COD 0.83
as d’ 8.5
X1 ini mg COD/I 600
MODEL C Filtered WW F/INM=0.2
45
40 —-OUR
35 | ——OURenddec
£ 30 —— OURendPHA
S 25 . —— OURsubstuptake
E ] —— OURgrowthXSTO
g b —— OURdirectgrowth
o ] . OURdata
10 4
5 -
P B —— < e |
0 0.1 02 03 04 05 06
Time (d)

Figure 8.26 OUR components for filtered wastewater according to MODEL C

(F/M=0.2 mg COD/mg VSS)

Table 8.16 Kinetic and stoichiometric coefficients used in MODEL C simulation of
Set 3 (filtered wastewater F/M=0.2 mg COD/mg VSS)

Parameter Unit Value
by d! 0.12
bsro d! 0.2
ke d! 0.8
Kx ’ COD/COD 0.01
Ks COD/1 12
kxs'ro g}? 21
e d! 0.65
Ym COD/COD 0.67
Y2 COD/COD 0.68
Ysto COD/COD 0.83
ds d-l 6
XlLini mg CcoD/1 1900

163



MODEL C Raw WW F/M=0.05

90

80 —OUR

70 ——OURenddec
‘E‘ 60 ——OURendPHA
=m 50 —— OURdirectgrowth
£ —— OURgrowthXSTO
E 40 - OURsubstuptake
8 30 - ¢ OURdata

0 ! ¥ b
0 0.05 0.1 0.15 0.2
Time {(d)

Figure 8.27 OUR components for raw wastewater according to MODEL C
(F/M=0.05 mg COD/mg VSS)

Table 8.17 summarizes the kinetic and stoichiometric coefficients estimated for the

best fit obtained in the simulation of five different models concerned.

8.3 Discussion of Modeling Results

Different activated sludge models including storage phenomena for tannery industry
wastewater have been investigated and evaluated in this study. The activated sludge
system treating both domestic and/or industrial wastewaters is the most widely used
biological wastewater treatment process. Computer modeling is accepted as a useful
tool for understanding the behavior of activated sludge wastewater treatment
systems. ASM models developed by IAWQ task group introduced a common
language for computer modeling. Computer models are mainly applied for domestic
wastewater treatment plants; their application to industrial wastewater treatment
plants requires different modeling approaches and accurate estimation of wastewater
fractions and that of kinetic and stoichiometric model parameters that are different

from the ones used for domestic wastewater.

IAWQ Task Group introduced ASM1 (Henze et al., 1987) for the design and
simulation of activated sludge systems. Later ASM1 was improved for biological
phosphorus removal and presented as ASM2 and ASM2d by Henze et al. (1995;
1999). Recently, Task Group introduced ASM3 (Gujer et al, 2000), which

emphasizes the importance of storage concept.
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In the literature, only a few studies are present for the application of ASM3 whereas
a number of ASMI1 calibrations are reported for industrial wastewaters. In the
proposed model of Gujer ef al. (2000) stoichiometric and kinetic coefficients are
suggested as default values for domestic wastewater. The other studies on ASM3
applications are those presented by Koch et al. (2000) for domestic wastewater,
Krishna and van Loosdrecht (1999) for acetate, Karahan-Giil et al. (2002b) for

glucose and acetate, Avcioglu et al. (2002) for acetate.

In this study, application and comparison of modeling studies for ASM1 and ASM3
for tannery wastewater were handled and it is the first attempt in this field.
Additionally, ASM3 was extended and adapted for tannery wastewater according to
the simultaneous growth and storage concept. In literature, simultaneous growth and
storage models were applied for acetate by Krishna and van Loosdrecht (1999) and,
for acetate and glucose by Karahan-Giil ef al. (2002b). There is no available research
for the application of above-mentioned structured models for tannery wastewater.
Therefore, comparison and evaluation of the results obtained for tannery wastewater
in this study presents a conceptual framework for the application of different
structured models for industrial wastewaters.

Different experimental studies conducted for the calibration and validation of ASM
models for carbon removal, namely ASM1 and ASM3 have resulted in a number of
values for the kinetic and stoichiometric parameters applicable for systems fed with
various substrates as shown in Table 8.18. The summary presented in Table 8.18,
reflects the variations expected for the values clearly of model parameters when
different models and different substrates are concerned. Therefore the results
highlight the need for reliable estimation of model parameters with respect to each

specific wastewater of concern.

Model simulations conducted in this study were based on previous literature data
obtained for tannery effluents £Orhon et al., 1999). The endogenous decay process
rate, by, was assumed to be 0.12 d'! as given by Orhon et al. (1999) and the
corresponding active heterotrophic biomass concentrations were estimated as 1200,
600 and 1900 mg COD/1 for experimental sets 1, 2 and 3 respectively.
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Consequently the estimated F/M ratios on COD basis considering active
heterotrophic biomass fraction were found as 0.08, 0.42 and 0.06, reflecting 60%,
34% and 55% of VSS used as seed could be considered as active.

In this context, all the model simulations were based on the same endogenous decay
rate and active heterotrophic biomass concentrations as one of the initial
experimental conditions. The initial wastewater COD fractions were calculated based
on the definitions in ASM1 and ASM3 as given in Section 7.2. For ASMI
simulations, the readily biodegradable substrate concentration was assumed to be
equal to the VFA content, whereas the biodegradable portion of soluble COD

fraction was considered as Ss for ASM3 and modifications.

Model simulation results for ASM1 were quite consistent with those given in

literature (Orhon et al., 1999) as given in Table 8.19.

Table 8.19 Comparison of ASM1 Modeling Results

8 ASM1 ASMI ASM1
§ ':% (Henze et al., 1987) (Orhon ef al., 1999) This Study
E default tannery tannery
by dT 0.62 0.12 0.12
Kys d! - 2 0.9
ky d! 3 0.9 0.8
Kxs gCOD/gCOD . 0.08 0.03
Kx gCOD/gCOD 0.03 0.3 0.01
Ks mg COD.I" 20 28 28
My d! 6 22 4
Yy __gCoD/gCOD 0.67 0.64 0.68

The modeling results presented in this study yielded higher growth rates and
heterotrophic yield coefficients when compared to the literature values for tannery
wastewaters. This difference is due to the fact that in the previous study (Orhon et
al., 1999), the vield coefficient and growth rate were estimated with respirometric
tests together with Ss, where this study assumes readily biodegradable COD fraction
to be equal to the VFA content. As a consequeﬁce, the estimated hydrolysis rates in
this study are slower than that of Orhon et al. (1999). Half saturation coefficient, Ks
was found to be 28 mg.I' in this study for both raw and filtered wastewaters and
these results are in accordance with the results given in literature. Heterotrophic
growth rate, py is 4 d”? in this study. This value is less than that of ASM1 default
(Henze et al., 1987), which is expected when the complexity of tannery effluent with

respect to domestic sewage is concerned.
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If ASM3 is chosen as the valid model for tarnery effluent applications the simulation
results present a better description of the dynamic OUR response compared to
ASM1. This result is obviously a consequence of the high amount of VFA content

and prevailing transient conditions in batch experiments.

The simulation results of ASM3 are presented in Table 8.20 in comparison with
ASM3 default values and various results reported in literature for different

substrates.
Table 8.20 Comparison of ASM3 modeling results

b ASM3 ASM3 ASM3 ASM3 ASM3 ASM3
° = (Gujer et (Koch et (Krishna and van (Karahan-Giil (Avcioglu  This Study

g 5 al, 2000)al.,, 2000)Loosdrecht, 1999) et al., 2002b) et al., 2002)

& default domestic acetate acetateglucose acetate tannery
by d’ 02 0.3 0.2 024 02 0.2 0.12
bsto d! 0.2 0.3 0.2 024 0.1 0.2 0.2
ky d* 3 9 - - - - 0.8
Kx gCOD/gCOD 1 1 - - - - 0.01
Ks mgCODI' 2 10 0.1 4 18 2.5 12
Ksto  mgl! 1 0.1 1 1 1 1 0.33
ksto d! 5 12 5 16 12 13 6.8
My d’ 2 3 2 1.8 25 45&2 3.7
Yy gCOD/gCOD 0.63 0.8 - 0.63 0.6 0.63 0.68
Ysro_gCOD/gCOD _ 0.85 0.8 . 0.80 0.88 0.78 0.83

Value of by is found to be 0.12 d in this study as in the study of Orhon ef al. (1999)
and also lower from the values given in six of the models as in Table 8.20. All of
these simulation studies were achieved for different substrates, acetate, glucose and

domestic sewage, which are more biodegradable than tannery effluent.

Endogenous decay rate for stored polymers, bsro is accepted as 0.2 d” like in ASM3
(Gujer ef al., 2000) default, Krishna and van Loosdrecht (1999) and Avcioglu ef al.
(2002). Koch et al. (2000) found bsro as 0.3 d* and Karahan-Giil et al (2002b) as
0.24 d" for acetate, but 0.1 d” for glucose. The modeling results for the endogenous
degradation of stored polymers should be investigated further with specific tests.

For particulate substrate, ky and Kx values are found to be 0.8 d' and 0.01
gCOD/gCOD respectively. Comparison of these values is only available with data
given in ASM3 (Gujer et al., 2000) default and Koch et al. (2000) and they both
seem to be very higher than the values found in this study. These differences are due
to the wastewater composition; tannery wastewaters exhibit more complex

characteristics than domestic sewage. Kg is 12 mg COD.I" in ASM3 simulation of
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tannery wastewater, which is higher than all of the values except Karahan-Giil et al
(2002b) for glucose. Especially the result of 0.1 mg COD.I? found by Krishna and
van Loosdrecht (1999) is very small.

Half saturation constant for stored polymers, Ksro is 0.3 gCOD/gCOD for filtered
wastewater of F/M=0.07 and raw wastewater of F/M=0.05 while the value for
filtered wastewater of F/M=0.2 is found to be 0.4 gCOD/gCOD. These values are
bigger than the value of Koch er al. (2000) and smaller than the values of other
ASM3 models. Substrate storage rate, ksro is 6.5 d’! for filtered wastewater of
F/M=0.07, whereas 7 d”! for filtered wastewater of F/M=0.2 and raw wastewater of
F/M=0.05. These values are similar to ASM3 (Gujer et al, 2000) default and
Krishna and van Loosdrecht (1999), but smaller from the other simulation results.

Heterotrophic growth rate is 4 d for filtered wastewater of F/M=0.07 and raw
wastewater of F/M=0.05 while the value for filtered wastewater of F/M=0.2 is found
to be 3 d”. py for F/M=0.2 filtered wastewater is same as in the study of Koch et al.
(2000). Other values range between 1.8 and 4.5 d'. Yy is found to be 0.68
gCOD/gCOD for all wastewaters, which is higher than all of the values except in
Koch ef al. (2000). Storage yield coefficient, Ysro is same for all wastewaters: 0.83
gCOD/gCOD. This value is between the range of 0.78 and 0.88 gCOD/gCOD, so

calculated Ysro is in good accordance with the literature.

There are three modified versions of ASM3 for simultaneous growth and storage
models evaluated in this study; namely Model A, Model B and Model C. These
models were simulated for tannery wastewater and compared with the models of
Krishna and van Loosdrecht (1999) for acetate and Karahan-Giil et al. (2002b) for
both acetate and glucose as presented in Table 8.21.

Endogenous decay rate, by was found to be 0.12 d! as in ASM1 and ASM3. This
value is lower than the values of both of the models as it is in ASM3 because the
value of 0.12 was adopted from the study of Orhon ef al. (1999) and gave good
results in the simulations, bsto was found to be 0.2 d”! for all of the models which is
similar with the study of Krishna and van Loosdrecht (1999). But the values found
by Karahan-Gill ef al. (2002b) both for acetate (0.24 d™') and glucose (0.1 d™") differ
from the value found in this study. ky and Kx were found as 0.8 d? and 0.01

COD/COD respectively, which were not considered in the compared models.
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Table 8.21 Comparison of simultaneous growth and storage modeling results

3 Modified ASM3  Modified ASM3 ModelA Model B Model C

g = (Krishna and van  (Karahan-Giil ef al.,

E =) Loosdrecht, 1999) 2002b) This Study

- i acetate acetate  glucose tannery
by d’ 0.2 0.24 0.2 0.12 0.12 0.12
bsto d! 0.2 0.24 0.1 0.2 0.2 0.2
ky d! - - - 0.8 0.8 0.8
Kx gCOD/gCOD - - - 0.01 0.01 0.01
Ks mg COD.I! 0.1 3 18 12 12 12
Ksro mgl"! 1 0.4 1 0.04 0.04 -
ksto d! 5 14 8 53 4.4 -
M d! 4 4 2 0.75 0.77 0.70
T d! 2 3 2.5 0.93 0.93 -
Yu: gCOD/gCOD 0.41* 0.65 0.6 0.67 0.67 0.67
Y gCOD/gCOD 0.57* 0.75 0.70 0.68 0.68 0.68
Ys1o gCOD/¥COD 0.69* 0.80 0.90 0.83 0.83 0.83
kxsto d - - - - - 15.6
gs d' - - - - - 6.77

Substrate half saturation constant, Ks is determined as 12 mg COD.I", which is very
higher than the value (0.1 mg COD.I') determined by Krishna and van Loosdrecht
(1999). Karahan-Giil ef al (2002b) calculated the values of 3 mg COD.I" for acetate
and 18 mg/l for glucose, which are also not in accordance with this study. The rate of
storage ksto is estimated as 5.3 d! for Model A and 4.4 d”! for Model B which are in
perfect agreement with the rates reported by Krishna and van Loosdrecht (1999),
however Karahan-Giil et al (2002b) found higher values as 14 d” and 8 d* for

acetate and glucose respectively.

Two different heterotrophic growth rates were defined in Model A and Model B; for
direct growth, py and for the growth on stored polymer, iy, whereas there is only
one py in Model C for direct growth. Growth on storage polymers is defined with
kxsto parameter, which is defined as PHB degradation rate coefficient in Model C.
For Model A, py; was found to be 0.65 d! and 0.9 d* for filtered wastewater of
F/M=0.07 and 0.2 respectively; 0.7 d* for raw wastewater. In Model B, this value is
0.7 and 0.65 d™ for filtered F/M=0.07 and raw, 0.9 d"! for filtered F/M=0.2. In Model
C, it is 0.65 d! for filtered F/M=0.07 and raw, 0.81 d! for filtered F/M=0.2. gy is |
d! for both of the models in the case of F/M=0.07 filtered and raw wastewater,
whereas it is 0.8 d! for F/M=0.2. All of these values are smaller from the values
found in the models of Krishna and van Loosdrecht (1999) and Karahan-Giil et al
(2002b). This result is interpreted as a consequence of the possible differences in the

composition of studied microbial communities.

171



As similar to heterotrophic growth rate, two different coefficients were defined for
heterotrophic yield constants as Yy for direct growth and Yy, for growth on Xsro in
all of the models A, B and C. Yy; is 0.67 gCOD/gCOD for three of the models which
is same to the value of Karahan-Gtil et al. (2002b) for glucose, acetate value is also
similar. Krishna and van Loosdrecht (1999) adapted this Yy; value from Beun ef al.
(2000) as 0.41 gCOD/gCOD which is very low. Yy value is found as 0.68
gCOD/gCOD, adapted value of Beun et al. (2000) is again lower, being 0.57
gCOD/gCOD, but the values of Karahan-Giil et al. (2002b) for both of the substrates
are higher. Storage yield coefficient, Ysro is estimated as 0.83 gCOD/gCOD. Beun
et al. (2000) reported the same value as 0.69 gCOD/gCOD while Karahan-Gitil et al.
(2002b) calculated the values of 0.80 for acetate and 0.90 for glucose. The storage
yield for tannery effluent is in agreement with the findings of Karahan-Gil et al.
(2002b) when high VFA content of tannery wastewaters is concerned.

As previously explained, two new parameters were introduced in the modified Model
C. These parameters are stored polymer consumption rate coefficient, kxsto and
substrate uptake rate, gs. kxsto is found to be 17 d?! for filtered F/M=0.07, 9 d”* for
filtered F/M=0.2 and 21 d* for the experimental data of raw wastewater, whereas qs
values are estimated as 5.8 d”! for filtered F/M=0.07, 8.5 d”! for filtered F/M=0.2 and

6 d”! for raw wastewater.

When the simulation results of five different models are compared, it can be
concluded that the possibility of describing the real case increases as the model gets
more detailed. A comparative representation of the modeling results obtained with
five different models are presented in Figures 8.28, 8.29 and 8.30 for three sets of
experiments with filtered F/M=0.07 and F/M=0.2 and raw wastewater (F/M=0.05),
respectively. The modeling results of ASM3 show that the consumption of stored
polymers has a considerable effect on the 2™ plateau (famine phase) observed in the
OUR response in batch tests. ‘When ASM1 is used to simulate OUR responses
observed in batch tests at relatively low F/M ratios, in other words when the effect of
hydrolysis is less dominant, the model cannot describe the higher OUR level of 2m
plateau. On the contrary, ASM3 results together with Models A and B, for the
experiment with high F/M ratio clearly emphasizes the challenge in the definition of
readily biodegradable COD, Ss.
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Filtered WW F/M=0.07
70
— ASM{

. 60 - —ASM3
= 50 —Model A
£ — Model B
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Figure 8.28 Comparison of the simulation results of five different models for Set 1
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Figure 8.29 Comparison of the simulation results of five different models for Set 2

The results also point out that, the missing hydrolysis process in ASM3 and Models
A, B and C, in other words the neglected soluble portion of slowly biodegradable
COD, Sy, -as described in ASM1 adapted for tannery wastewaters (Orhon ef al.,
1999)- can be compensated with the secondary growth process, when 'process
kinetics are defined with first order rates with respect to Xsro concentration as seen
in ASM3 and Model C. In other words, the low Ksro values estimated for Models A
and B, 0.04 gCOD/gCOD cannot compensate with the neglected hydrolysis process
in the 2" plateau of OUR curves whereas ASM3 results, with higher Ksro
coefficients, 0.33 gCOD/gCOD resemble first order kinetics as described in Model
C.
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Figure 8.30 Comparison of the simulation results of five different models for Set 3

Although structured models can generally be regarded as the best interpretation to
describe the dynamic behavior observed for tannery effluents, the insufficiency
experienced in the experimental determination of all the storage products when
complex substrate compositions are concerned, hinders the correct determination of
model coefficients. Thus, when the case of experimental determination of model
parameters are concerned Model C is favorable since storage polymers are
considered as the excess substrate pool and therefore this model does not need the

measurement of storage polymers.

It should be noted that although storage polymers (Xgsro) for tannery wastewaters
could not be measured experimentally, the modeling simulations for all of the four
structured models involving substrate storage process were conducted to give

approximately the same amounts of stored polymers (Figure 8.31).

Raw WW F/M=0.05

0 - T
0 0.1 02

Time (d)

Figure 8.31 Comparison of the simulation results of stored polymer amounts
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SECTION 9 CONCLUSIONS AND RECOMMENDATIONS

Activated sludge modeling has gained much importance with the urge for more
specialized design for specific applications of biological treatment, such as nutrient
removal, bulking sludge prevention and .industrial ‘ wastewater treatment. The
activated sludge models introduced by IAWQ Task Group have presented useful
tools in the design and operation of activated sludge systems. ASM1 (Henze ef al.,
1987) introduced a common language for computer modeling and with the
improvement for bio-P removal, storage phenomena has been encountered in ASM2
and ASM2d (Henze et al, 1995; 1999). Recently, Task Group introduced ASM3
(Gujer et al., 2000), which emphasizes the importance of storage concept.

In activated sludge modeling, storage polymers have been neglected, without
considering that they might have a significant role. However, activated sludge
systems are highly dynamic with respect to their feeding patterns. Bacteria will have
external substrate supply only for relatively short periods of time and will rapidly
grow. The microorganisms would undergo long starvation periods without internally
stored substrate. Bacteria that are able to store and consume this stored substrate will
have a strong competitive advantage over the other organisms without the capacity of
substrate storage. The significance of the storage polymers has been reported,

especially for SBR processes more than continuously operated treatment plants.

In spite of a variety of model structures proposed for activated sludge systems,
calibration of these models for industrial wastewaters still stands untouched. In this
study, application and comparison of modeling using ASM1 and ASM3 for tannery
wastewater has been handled. IAdditionally, ASM3 was extended and adapted for
tannery effluent according to the simultaneous growth and storage concept. In
literature, simultaneous growth and storage models were applied for acetate and
glucose. There is no available research for the application of above-mentioned
structured models for tannery wastewater. Therefore, comparison and evaluation of

the results obtained for tannery wastewater in this study presents a conceptual
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framework for the application of different structured models for industrial

wastewaters.

The modeling results obtained in this study, in comparison with literature highlight
the need for reliable estimation of model parameters with respect to each specific
wastewater of concern. Model simulations conducted in this study were based on
previous literature data obtained for tannery effluents. In this context, all the model
simulations were based on the same endogenous decay rate and active heterotrophic
biomass concentrations as one of the initial experimental conditions. The initial
wastewater COD fractions were calculated based on the definitions in ASM1 and
ASM3. Model simulation results for ASM1 were quite consistent with those given in

literature.

ASM3 modeling results yielded a better description of the dynamic OUR response
compared to ASM1. This result is obviously a consequence of the high amount of
VFA content and prevailing transient conditions in batch experiments. When ASM3
simulation results are compared with the set of model coefficients reported in
literature, it can be stated that lower process rates are estimated for tannery
wastewaters, than those reported for different substrates, which are more
biodegradable than tannery effluent. This result is interpreted as a consequence of the

possible differences in the composition of studied microbial communities.

In addition to IAWQ Task Group Models ASM1 and ASM3 modified versions of
ASM3 involving simultaneous growth and storage under dynamic conditions have
also been investigated in the scope of this study.

When the simulation results of five different models are compared, it can be
concluded that the possibility of describing the real case increases as the model gets
more detailed. The results have shown that the hydrolysis process is less effective
when batch tests with low F/M ratios are concemed but the calibration studies at high
F/M ratios clearly emphasize the challenge in the definition of readily biodegradable
COD. The results also point out that, the neglected OUR response due to the
hydrolysis of soluble slowly biodegradable substrate can be compensated when first

order kinetics is chosen to describe the growth response on storage polymers.

Although structured models can generally be regarded as the best interpretation to
describe the dynamic behavior observed for tannery effluents, the insufficiency
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experienced in the experimental determination of all the storage products when
complex substrate compositions are concerned, hinders the correct determination of
model coefficients. Thus, when the case of experimental determination of model
parameters are concerned the adapted model considering substrate uptake could be
used more effectively since this model does not need the measurement of storage
polymers.

It should be noted that although storage polymers for tannery wastewaters could not
be measured experimentally, the modeling simulations for all of the four structured
models involving substrate storage process were conducted in this study.

Approximately the same amounts of stored polymers were achieved. Thus, modeling

results can be used as estimate values for the experimental determination of storage
polymers.
It is recommended that the modeling studies conducted for structured models should

be repeated with initial conditions applied for ASM1, in order to evaluate the effect
of hydrolysis.

Further research should be conducted on the assessment of specific parameters of
structured models for industrial wastewaters. The description of readily
biodegradable substrate still needs additional experimental studies and the choice of
definition on the readily biodegradable fraction of influent COD should be dealt with
significant care and this choice should be made meticulously depending on the
purpose of modeling application for industrial wastewaters.
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APPENDIX A

Derivations of the rate equations

ASMS3 adapted for tannery wastewater
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ASM3 based model proposed by Krishna and van Loosdrecht (1999) adapted
for tannery wastewater (Model A)
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ASM3 based model proposed by Karahan-Giil ef al. (2002b) adapted for
tannery wastewater (Model B)
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APPENDIX B

An Example of Aquasim System Definitions

ASM3 adapted for tannery wastewater

sk e sk e ake s v o afe o ole ok e afe 3 sk ke sk e ok e she 3k sk ok skt afe o sk sfe s ofe 2 ke ade sk 3k ok ok ok ke s e ok ot she e abe s sk e sk ok ofe ok ok ok sle ok ol she ke she o sk ok sk ok

AQUASIM Version 2.0 (win/mfc) - Listing of System Definition
she ok a5 33 sbe sk ofe Sk sl e sfe 3k afe s sfe sk s e o s e e she s e o3¢ s s e e sfe e ke ofe s s e sbe o e sle s e ole 3k e she ole sfe e sfe o sheofe 2 sk s ke e o s e ok sfe oe o e ok

Date and time of listing: 04/14/2003 00:49:25

3k ok s 3k afe fe afe ok sfe e afe o o ok ofc ok 3¢ of e af ol s ofe o o afe e ofe sf afe af ofe s ofe sk ot afe o o o sfe o ofe o ok ok ofe sk ot 3k o sk ok ok ok ok o sk ok ok ofe e she e sk ke

Variables
e e e e e e e e o o o o o o s e o o o o e s ke o e e e e o o e e ks e o e e o f ol e e s s s ol e e e o o ke s e s s s ke o o ke ke e

Aer_coef:  Description: Aeration Coefficient
Type: Constant Variable
Unit:
Value: 1000
Standard Deviation: 1
Minimum: 0
Maximum: 1000

Sensitivity Analysis: inactive
Parameter Estimation: inactive

b H: Description: Kin. par.
Type: Formula Variable
Unit: 1/d
Expression: 0.12

b_STO: Description: Kin. par.

: Type: Formula Variable
Unit: 1/d
Expression: 0.2

fes: Description: Stoic. par
Type: Constant Variable
Unit:
Value: 0.1
Standard Deviation: 1
Minimum: 0
Maximum: 10
Sensitivity Analysis: inactive

Parameter Estimation: inactive
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fex:

Description: Stoic. par.
Type: Constant Variable
Unit:

Value: 0.2
Standard Deviation: 1
Minimum: 0
Maximum: 10

Sensitivity Analysis: inactive
Parameter Estimation: inactive

InCOD: Description: Inf. COD
Type: Formula Variable
Unit: mg/]
Expression: 2550

k_H: Description: Kinetic par.
Type: Formula Variable
Unit: 1/d
Expression: 0.8

K 02: Description: Kin. par.
Type: Constant Variable
Unit: g0/m3
Value: 0.2
Standard Deviation: 1
Minimum: 0
Maximum: 10

Sensitivity Analysis: inactive
Parameter Estimation: inactive

K S: Description: Kin.par.
Type: Constant Variable
Unit: mg/l
Value: 12
Standard Deviation: 1
Minimum: 0
Maximum: 40
Sensitivity Analysis: inactive
Parameter Estimation: inactive

K _STO: Description: " Kin. par.
Type: Constant Variable
Unit:
Value: 0.3
Standard Deviation: 1
Minimum: 0
Maximum:; 10

Sensitivity Analysis: inactive
Parameter Estimation: inactive
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k_STO:

Description:
Type: Formula Variable
Unit: 1/d
Expression: 7

Kin. par.

K X:

Description:
Type:
Unit:
Expression:

Kin. par.
Formula Variable

0.01

mue H:

Description: Kin. par.
Type: Formula Variable
Unit: 1/d

Expression: 4

OUR:

Description:

Type:

Unit: mg/l/h

Expression: (((1-Y_STO)*(k_STO*(S_02/(K_02+S_02)))
*(S_S/(K_S+S_S)*X +H((1-Y_H)YY_H)
*mue H*(S_02/(K_02+S_02))
*((X_STO/X_H)/(K_STOHX_STO/X_H)))*X_H)
H(1-f e_s-f e x)*b H*(S_02/(K_02+S_02))*X_H)
+(b_STO*(S_02/(K_02+S_02))*X_STO))/24

Oxygen Uptake Rate
Formula Variable

OURdata:

Description:
Type: Real List Variable

Unit:

Argument: time

Standard Deviations: global

Rel. Stand. Deviat.: 0

Abs. Stand. Deviat.: 1

Minimum: 0

Maximum: 1e+009

Interpolation Method: finear interpolation
Sensitivity Analysis: inactive

Real Data Pairs (316 pairs):
-0.052083333  8.7648382
-0.051388889 7.9753085
-0.050694444  9.5543678

-0.05 8.647468
-0.049305556 8.5087707

0.16388889

0.16458333
0.16527778
0.16597222
0.16666667

5.9214722
5.2999825
5.9214722
6.1188547
5.4973649
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OURenddec:  Description: Oxygen Uptake Rate

Type: Formula Variable

Unit: mg/h

Expression: ((1-f_e_sf e x)*b H*(S_O02/(K_02+S_02))*X_H)/24
OURendPHA: Description: Oxygen Uptake Rate

Type: Formula Variable

Unit: mg/I/h

Expression: (b_STO*(S_02/(K_02+S_02))*X_STO0)/24
OURgrowth:  Description: Oxygen Uptake Rate

Type: Formula Variable

Unit: mg/l/h

Expression: (((1-Y_H)/Y_H)*mue H*(S_O2/(K_02+S_02))
*(X_STO/X_H)/(K_STOHX_STO/X_H))*X _H)/24

OURstorage: Description: Oxygen Uptake Rate
Type: Formula Variable
Unit: mg/Vh
Expression: (((1-Y_STO)*(k_STO*(S_02/(K_02+S_02)))
*(S_S/(K_S+S_S)*X _H))/24

S It Description: Sol. inert COD
Type: Dyn. Volume State Var.
Unit: gCOD/m3

Relative Accuracy: 1e-006
Absolute Accuracy: 1e-006

S_02: Description: Dis. oxygen
Type: Dyn. Volume State Var.
Unit: gO0/m3

Relative Accuracy: 1e-006
Absolute Accuracy: 1e-006

S_O2SAT:  Description: Sat.oxy.
Type: Constant Variable
Unit: mg/l
Value: 10
Standard Deviation: 1
Minimum: 0.
Maximum: 10

Sensitivity Analysis: inactive
Parameter Estimation: inactive

S_P: Description: Conc. '
Type: Dyn. Volume State Var.
Unit: gCOD/m3

Relative Accuracy: 1e-006
Absolute Accuracy: 1e-006
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S S:

Description: Readily biodegr.COD
Type: Dyn. Volume State Var.
Unit: gCOD/m3
Relative Accuracy: 1e-006
Absolute Accuracy: 1e-006

Temparature: Description: Temp.

Type: Constant Variable
Unit: C

Value: 20

Standard Deviation: 1

Minimum: 0

Maximum: 20

Sensitivity Analysis: inactive
Parameter Estimation: inactive

time:

Description: t
Type: Program Variable
Unit: d
Reference to: Time

X H:

Description: Het. biomass
Type: Dyn. Volume State Var.
Unit: gCOD/m3
Relative Accuracy: 1e-006
Absolute Accuracy: 1e-006

XTI

Description: Part. Inert COD
Type: Dyn. Volume State Var.
Unit: gCOD/m3
Relative Accuracy: 1e-006
Absolute Accuracy: 1e-006

X P:

Description: Conc.
Type: Dyn. Volume State Var.
Unit: gCOD/m3
Relative Accuracy: 1e-006
Absolute Accuracy: 1e-006

X S:

Description: Slow. Biodegr. COD
Type: Dyn. Volume State Var.
Unit: gCOD/m3
Relative Accuracy: 1e-006
Absolute Accuracy: 1e-006

X STO:

Description: X _storage
Type: Dyn. Volume State Var.
Unit: gCOD/m3
Relative Accuracy: 1e-006
Absolute Accuracy: 1e-006
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Y H: Description: Stoic. par.

Type: Constant Variable
Unit:

Value: 0.68

Standard Deviation: 1

Minimum: 0

Maximum: 10

Sensitivity Analysis: inactive
Parameter Estimation; active

Y _STO: Description: Stoic. par.
Type: Constant Variable
Unit:
Value: 0.83
Standard Deviation: 1
Minimum: 0
Maximum: 10

Sensitivity Analysis: inactive
Parameter Estimation: inactive

st st b ol b e e ke ok o e e s e oo o o s e o ko s o s o ol e ke e ok ok ok ke ke ol ol e e e s e e o e s e e s e ke o b s ol s ol ol e o o ol e s s s sk

Processes
e ok afe o ofe s e sfe o ae ofe afe o 3k afe o o e dfe sfe e ok sfe o ke sfe afe afe e ofe sfe o ke ofe s ok afe ofe s o sk afe s e 3¢ sfe sk e sk she o afe ofe s ok sfe afe o ofe afe s e ke of¢ sfe s o k¢
Aeration:  Description: Aeration
Type: Dynamic Process
Rate: Aer_coef*(S_O2SAT-S_02)
Stoichiometry:
Variable : Stoichiometric Coefficient
S 02:1

EndogenResp: Description: Aerobic endogenous respiration

Type: Dynamic Process
Rate: b H*(S_O2/(K_02+S_02))*X H
Stoichiometry:

Variable : Stoichiometric Coefficient

XH:-1

S 02:-(1-fe xfe5s)

XP:fex

SP:fes

Growth: Description: Aerobic growth
Type: Dynamic Process
Rate: mue H*(S_02/(K_02+S_02))
*((X_STO/X_H)/(K_STOHX_STO/X_H))*X H
Stoichiometry:
Variable : Stoichiometric Coefficient
X H:1
X STO:-(1/Y_H)
S 02:-(1-Y_HYY H
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Hydrolysis: Description: Hyd.
Type: Dynamic Process
Rate: if X_S>0 then k H*((X_S/X_H)/(K_X+(X_S/X_H))*X_H
else 0 endif

Stoichiometry:
Variable : Stoichiometric Coefficient
X S:-1
S S:1

Resp XSTO: Description: Aerobic resp.of X_STO
Type: Dynamic Process
Rate: b_STO*(S_02/(K_02+S_02))*X_STO
Stoichiometry:
Variable : Stoichiometric Coefficient
S 02:-1
X STO: -1

Storage:  Description: Aerobic storage
Type: Dynamic Process
Rate: k_STO*(S_02/(K_02+S_02))*(S_S/AK_S+S_S)*X H
Stoichiometry:
Variable : Stoichiometric Coefficient
S S:-1
S 02:-(1-Y_STO)
X STO:Y_STO

sk 34 o abe ofe ok abe e sk ofe se ok ofe o afeofe sk s sfe o sk afe sk 2 fe ok abe e s sbe o s ofe e o sk sk sfe e sk sfeofe ok s ofe af sk e s sfe e ok ofe sk afe ke e sfeofe ok sheoke she e sk ke ek

Compartments
o 3 ok e ok ok sfe o ok ok o sk ole ok ke afe o afe ok ok sk o ok ke sk o sk ok afe ok sbe o abe o sfe sk s ok ok sk ok sk ke sk ke o e ade ok 3fe ok ke sk ofe o ofe s ole s ok afe o ke ofeofe sk e ok
Reactor:  Description: Batch reactor
Type: Mixed Reactor Compartment
Compartment Index: 0
Active Variables: S S,S 02,S LX LX S,X H,X STO,X P,S P,
OUR, OURenddec, OURendPHA, OURgrowth,
OURstorage
Active Processes: Resp_XSTO, EndogenResp, Storage, Growth,
Aeration, Hydrolysis
Initial Conditions:
Variable(Zone) : Initial Condition
S_02(Bulk Volume) : 0
S_I(Bulk Volume) : 9
S_S(Bulk Volume) : 62
X I(Bulk Volume) : 33
X S(Bulk Volume) : 8
X H(Bulk Volume) : 1900
X_STO(Bulk Volume) : 0
X _P(Bulk Volume) : 0
S_P(Bulk Volume) : 0
Inflow: 0
Loadings:
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Volume: 2.1
Accuracies:
Rel. Acc. Q: 0.001
Abs. Acc. Q: 0.001
Rel. Acc. V: 0.001
Abs. Acc. V: 0.001
Abs. Acc. V: 0.001

3k sk s afe e o ok af afe ke oe v ok she e e o o s afe sfe ke o sk afe afe e ok o afe she ke ofe s ok sk 3k ofe ke ok sk o sbe ke o 3 abeshe ke oe 3k b afe b e e ok 3k ok ofe ke e e 3k e ke ok e

Definitions of Calculations
T I I I I mmey

calcl: Description:
Calculation Number: 0
Initial Time: 0
Initial State: given, made consistent
Step Size: 0.001
Num. Steps: 190
Status: active for simulation

inactive for sensitivity analysis

3k e sfe e ok 3k ok e ok ik afe ok ofe o e ok ok ok ofe ok ofe s o sfe ok ofe ok fe ake e ake e afe ke afe sk obe 3k ofe ok oke sk ke oo e afe sk afe o ofe s ofe afe ofe sfe ke o ke afe ke afe ok ok ofe ke dfe ke ok

Plot Definitions
sk ke ofe sfe ok ofe sfe sie o ofe ok afeofe ofe ok sk ofe o3¢ sk o ofe ad¢ s sk ke 3k sk o e ok ok e ohe she s e abe sfe e ke sfe s s sfe ale ok e ke sbe s oe 3B s s ofe sfe s ofe okt ok ok ofe ok she o sfe ke ok
Conc: Description:
Abscissa: Time
Title: Conc
Abscissa Label:  time(d)
Ordinate Label:  Conc(mgCOD/])
Curves:
Type : Variable [CalcNum,Comp.,Zone, Time/Space]
Value : X_S [0,Reactor,Bulk Volume,0]
Value : S_S [0,Reactor,Bulk Volume,0]
Value : S_I [0,Reactor,Bulk Volume,0]
Value : X_I [0,Reactor,Bulk Volume,0]}
Value : X_H [0,Reactor,Bulk Volume,0]
Value : X_STO [0,Reactor,Bulk Volume,0]}
Value : S_P [0,Reactor,Bulk Volume,0]
Value : X_P [0,Reactor,Bulk Volume,0]
Value : S_02 [0,Reactor,Bulk Volume,0]

OUR: Description: bxygen Uptake Rate
Abscissa: Time
Title: OUR (mg/Vh)

Abscissa Label: T (d)

Ordinate Label:  OUR (mg/Vh)

Curves: -
Type : Variable [CalcNum,Comp.,Zone,Time/Space]
Value : OUR [0,Reactor,Bulk Volume,0]
Value : OURdata [0,Reactor,Bulk Volume,0]
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QUR2:

Description: Oxygen Uptake Rate
Abscissa: Time
Title: OUR (mg/I/h)

Abscissa Label: T (d)

Ordinate Label:  OUR (mg/V/h)

Curves:
Type : Variable [CalcNum,Comp.,Zone, Time/Space]
Value : OUR [0,Reactor,Bulk Volume,0]
Value : OURenddec [0,Reactor,Bulk Volume,0]
Value : OURdata [0,Reactor,Bulk Volume,0]
Value : OURendPHA [0,Reactor,Bulk Volume,0]
Value : OURgrowth [0,Reactor,Bulk Volume,0]
Value : OURstorage [0,Reactor,Bulk Volume,0]

S I Description:
Abscissa: Time
Title: S 1
Abscissa Label:  Time(d)
Ordinate Label: ~ S_I(mgCOD/1)
Curves:
Type : Variable [CalcNum,Comp.,Zone, Time/Space]
Value : S_I [0,Reactor,Bulk Volume,0]
Value : S_I [0,Reactor,Bulk Volume,0]
S_02: Description:
Abscissa: Time
Title: S 02
Abscissa Label:  Time(d)
Ordinate Label:  S_0O2(mg/1)
Curves:
Type : Variable [CalcNum,Comp.,Zone, Time/Space]
Value : S_02 [0,Reactor,Bulk Volume,0]
S_P: Description:
Abscissa: Time
Title: S P
Abscissa Label:  Time(d)
Ordinate Label:  S_P(mgCOD/)
Curves:
Type : Variable {CalcNum,Comp.,Zone, Time/Space]
Value : S_P [0,Reactor,Bulk Volume,0]
S_S: Description: S_S.degr
Abscissa: Time
Title: S S

Abscissa Label:  Time(d)

Ordinate Label:  S_S(mgCOD/])

Curves:
Type : Variable [CalcNum,Comp.,Zone,Time/Space]
Value : S_S [0,Reactor,Bulk Volume,0]
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X H:

Description:
Abscissa: Time
Title:
Abscissa Label:  Time(d)
Ordinate Label: X H[gCOD/I]
Curves:
Type : Variable [CalcNum,Comp.,Zone, Time/Space]
Value : X _H [0,Reactor,Bulk Volume,0]
Value : X_H [0,Reactor,Bulk Volume,0]

X1 Description:
Abscissa: Time
Title: X1
Abscissa Label:  Time(d)
Ordinate Label: X 1
Curves:
Type : Variable [CalcNum,Comp.,Zone, Time/Space]
Value : X I [0,Reactor,Bulk Volume,0]
X P Description:
Abscissa: Time
Title: XP
Abscissa Label:  Time(d)
Ordinate Label: X P(mgCOD/1)
Curves:
Type : Variable [CalcNum,Comp.,Zone, Time/Space]
Value : X_P [0,Reactor,Bulk Volume,0]
X_S: Description:
Abscissa: Time
Title: XS
Abscissa Label:  Time(d)
Ordinate Label: X _S(mgCOD/1)
Curves:
Type : Variable [CalcNum,Comp.,Zone, Time/Space]
Value : X_S [0,Reactor,Bulk Volume,0]
X_STO: Description:
Abscissa: Time
Title: X _STO

Abscissa Label:  Time(d)

Ordinate Label:  X_STO(mgCOD/T)

Curves:
Type : Variable [CalcNum,Comp.,Zone, Time/Space]
Value : X_STO [0,Reactor,Bulk Volume,0]
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Calculation Parameters
e 3k sk o sk 3fe 3¢ sl afe sk afe sle sfe sfe ske sfe sfe sk e ke afe sk sfe afe afe sbe she o st sk 3k o s o ke ofe ok she afe sk o afe ok o ok 3 e dfe e ofe afe e 2k sk afe sk sfe sk 3k o sfe e e ofe ok ke ek
Numerical Parameters: Maximum Int. Step Size: 1

Maximum Integrat. Order: 5

Number of Codiagonals: 1000

Maximum Number of Steps: 1000

Fit Method: secant
Max. Number of Iterat.: 100

s e s o o e oo o o o s o o e o s o o s ok o o o oo o o o e s e e o s s o o oo o o s ofe o o o oo o o s o o ok oo o o o e e

Calculated States

e al¢ afe o sfe sk e ok 3le afe e afe ok she o afe ok sfe o sl o ke sfe e sk s abe sk sbe sk sfe s ofe o e ok e she e sde i afe e sfe o sfe ok ke afe ofe sfe o sfe ok sfe ake ol sk sfe sk sfe ofe e afe ke sfe ok e

Calc. Num. Num. States Comments
0 191 Range of Times: 0 - 0.19

sk ke ok ke s e 3k ofe she o abe ok ke abe oe afe le afe o oo e she o ke ok e abe e sk o afe ok ake o sfe ok sfe o e ste e ake ke afe ¢ s e afe s ke ok ofe sk e ok ofe afe ofe ok e ofe o ok sfe e dfe ok e
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