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SIMULATION OF WATER RESOURCE RECOVERY FACILITIESWITH
AN OPEN SOURCE SOFTWARE
SUMMARY

Digitalization is in an uprising trend for more than a decade on many aspects of
wastewater treatment processes and these days we are coming across with the term
more than ever. Simulation softwares are virtual platforms, a projection of a particular
configuration created by the users that can process the data provided with the help of
consistent mathematical model implementations.

By doing this, environmental engineers are able to control and optimize the operational
parameters and use if for finding the most cost-efficient treatment configuration while
upgrading an existing facility process scheme or even before constructing it. In other
words, engineers can prevent excessive construction and operational costs along with
excessive energy consumptions.

The motivations of this thesis study is to emphasize the need for popularizing creating
functionable softwares with user friendly interfaces, creating specific softwares for
divergent configurations and usage of modelling in academy as it is so benefitial for
the students to familiarize with the fundamentals of modeling during their
undergraduate lectures in terms of the convenience it provides for operational and
Kinetic parameters.

An open-source software able to perform simulations of water resource recovery
facilities with Modified Ludzack-Ettinger configuration has been developed within the
scope of this study.

Python programming language has been chosen for the development of the software
due to its easy to learn syntax and its open-source libraries that contain powerful
packages such as NumPy, SciPy, PySide2, Matplotlib and Pandas.

The data handling of inputs and outputs have been achieved with the help of useful
built-in functions of NumPy and Pandas, whereas the graphical user interface of the
software have been created with PySide2. SciPy.integrate’s solve ivp function has
been used for performing computations of ordinary differential equations with the
backward differentiation formula (BDF) method which is a multi-step variable-order
implicit method used in solving stiff problems.

Lastly for the development phase, figure canvas class of Matplotlib package has been
integrated to the interface for visualizing the results of performed simulations.

A biochemical process model, consisting of 10 processes and 2 operational parameters
defined for 15 state variables, have been created for the specific configuration that
includes hydrolization processes of rapidly hydrolyzable COD, slowly hydrolyzable
COD, soluble organic nitrogen and particulate organic nitrogen along with the growth
and decay processes of heterotrophic and autotrophic biomasses.

Activated Sludge Model No. 1 (ASM1) has been taken as a base model for the creation
of software model meanwhile endogenous respiration process definitions for two
different heterotrophic organism species were adopted from the Activated Sludge
Model No. 3 (ASM3).

xxiii



Modifications have been made to the hybrid process model as the ammonification of
soluble organic nitrogen process from Activated Sludge Model No. 1 and the storage
mechanism of Activated Sludge Model No. 3 were removed from the process model
in this thesis study.

Once the process model was created, mass balance equations of each state variable
were implemented in the software. Configuration reactors were considered as
Continuously Stirred Tank Reactors (CSTR) and therefore were assumed as ideal
reactors. The reactant concentrations were considered to be distributed homogenously
through the reactors meaning that the reactant concentrations within the reactor are
assumed to be equal to the effluent concentrations of the reactors.

Rate of accumulation in the reactors were computed for each state variable for defining
the mass balance equations of the specific configuration. Cofefficients and
stoichiometric parameters defined on process model matrix were multiplied by the
process rates of each component for calculating the rate of accumulation in the
reactors.

Operational processes like constant feed of dissolved oxygen and sludge disposal
process for the particulate matter that are going to be wasted were included in the
matrix.

Computation of sludge disposal was achieved by a sludge retention time input
parameter and correction factors for the process rates of denitrifiers were also included
to kinetic parameters alongside the coefficients of heterotrophic and autotrophic
growth and decay processes. Lastly, hydrolysis rates and coefficients were appended
to the model.

Calibration and validation of the process model have been achieved by using the data
set of an existing WRRF. First 220 days of the data set of 363 days were used for the
calibration and last 143 days were used for the validation of the parameter coefficients.
Root Mean Square Error (RMSE) and Janus Coefficient methods have been selected
for evaluating the precision of model simulation outputs. The most precise predictions
in the calibration were achieved for the NH4-N and the NO3-N parameters with Root
Mean Square Error values of 1,73 and 2,01, respectively while in the validation phase,
the most precise predictions were achieved for the NH4-N and the TKN parameters
with Root Mean Square Error values of 0,65 and 0,78, respectively. The least precise
predictions were computed for the COD and pCOD parameters on both of the
calibration and validation processes with Root Mean Square Error values of 14,41 and
14,14, respectively for the calibration and 5,82 and 7,93, respectively for the validation
processes.

The verification of the developed software was achieved by implementing the
Modified-Ludzack Ettinger model in AQUASIM, an acknowledged simulation
software used in environmental science, and comparing the results obtained from
AQUASIM and the developed software created in this thesis study.

Several simulations were done using the same operational parameters, kinetic and
stoichiometric coefficients in each software while changing the parameters and
coefficients each time a simulation was performed. Similarly, simulation outputs of
each software were compared with simulations having different step sizes like 107,
102 and 103. On all of the simulations mentioned, it was seen that the outputs of the
developed software matched the outputs of AQUASIM software.
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In conclusion, a useful tool to predict the performances of nitrogen removal process
schemes for different water quality and treatment requirements was created in this
thesis study. Considering a decent automation integration is achieved to the software,
the developed software will increase the control of facility operators over the operation
of the systems. The need for specific case studies on the modeled configuration will
reduce with the efficient use of the software and younger generations of environmental
engineers will be provided a better mean of comprehension for the operational, kinetic
and stoichiometric parameters and their impacts on the processes.
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SU KAYNAGI GERi KAZANIM TESIiSLERININ ACIK KAYNAK YAZILIM
ILE SIMULASYONU
OZET

Dijitalizasyon, 6zellikle gectigimiz on yildan fazla bir siire zarfindan itibaren atiksu
aritimi1 konusunda olduk¢a yayginlasmakta olan ve giiniimiizde artik her alanda daha
sik karsilastigimiz bir kavrama déniismiistiir. Ozellikle teknolojik alanlardaki
gelismeler de gbéz Oniine alindiginda, atiksu aritimi simiilasyonlarinin ve bu
simiilasyonlarin  gergek hayattaki sorunlara getirebilecegi c¢ozimlerle ilgili
yazilimlarin sayis1 giin gectikce artmaktadir.

Bu simiilasyon programlari sayesinde kullanicilar, spesifik konfigiirasyonlarin sanal
bir ortamdaki yansimasini olusturarak, elde edilen analiz sonuglarini isleme 6zelligine
sahip yazilimlar vasitasiyla ve tutarli matematiksel modellerin yardimiyla farkli
senaryolar test edebilmektedirler.

Atiksu aritimi konusu iizerine gelistirilen yazilimlar sayesinde giiniimiizde ¢evre
miihendisleri ve bu alanda g¢alismakta olan, atiksu aritma tesislerinin proses ve
isletmesinde gorev alan tiim bireyler tesis isletimi ve kontroliinde deger tasiyan
parametrelerin optimizasyonunu saglayabilmektedir.

Ote yandan mevcut olan tesislerin modifikasyonu veya dizayn asamasindaki tesislerin
tasariminda kullanilan yazilimlar sayesinde, belirlenen standart desarj limitlerini
saglayan en diisik maliyetli konfigiirasyon tasarimi  seceneklerini  de
degerlendirebilmektedirler.

Atiksu aritimi konusunda ve gittikce yayginlasmakta olan su kaynaklarmin geri
kazanimi iizerine artan ¢alismalar da g6z 6niine alindiginda, bu tez ¢alismasinin amaci
tilkemizde de bu tiirde kullanici dostu arayiize sahip, fonksiyonel ve spesifik bir alana
yogunlagarak diinyaca kabul goren bir biyolojik azot giderimi konfigiirasyonunun
simiilasyonlarinin yapilabilecegi kullanish bir yazilim gelistirmektir.

Gelistirilen yazilim1 olusturmaktaki bir diger motivasyon ise, lisans ve yiiksek lisans
derecelerinde egitim goren 6grencilerin modelleme ile tanismalarini kolaylastirmak ve
modellemenin temel elementlerinin 6grencilerin atiksu aritimi proseslerinde kullanilan
kinetik parametreler ve isletme kosullarinin kavranmasi siirecinde sagladig:
faydalardan yararlanabilmeleridir.

Bu tez kapsaminda Modified Ludzack-Ettinger konfigiirasyonuna sahip su geri
kazanim tesislerinin farkli senaryolar i¢in simiilasyonlarinin miimkiin oldugu bir agik
kaynak yazilimi gelistirilmistir.

Programin gelistirilmesinde, sdzdiziminin kolayca anlasilabilir olmasi ve NumPy,
SciPy, PySide2, Matplotlib ve Pandas gibi bir¢ok 6nemli agik kaynak kiitiiphaneyi ve
modiilii igerisinde bulunduran Python programlama dili kullanilmigtir.

Simiilasyon sirasinda kullanilan girdiler ve simiilasyon sonrasinda kaydedilen ve
gorsellestirilen ¢iktilarin islenmesinin gerceklestirilebilmesi i¢in, igerisinde kullanish
hazir fonksiyonlar1 barindiran NumPy ve Pandas modiilleri kullanilmistir.

Kullanicr arayiiziiniin gelistirilmesi esnasinda Qt Framework’un biinyesinde bulunan
ve icerisinde ¢esitli gorsel ara¢ barindiran PySide2 paketi tercih edilmistir.

Kiitle denklemlerini i¢eren adi diferansiyel denklemlerin ¢6ziimii i¢in SciPy.integrate
modiiliiniin solve ivp fonksiyonu kaynak koduna entegre edilmistir.
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Adi diferansiyel denklemlerin ¢oziimii sirasinda ¢ok adimli bir ortiik tiirevleme
metodu olan BDF (backward differentiation formula) metodu kullanilmistir.
Fonksiyonun igerisinde Radau, Runge Kutta ve LSODA gibi farkli ¢6ziim metodlari
da bulunmasina ragmen bu metodun tercih edilmesinin sebebi, yazilimin ve yazilima
entegre edilen proses modelinin verifikasyonunun yapilacagi AQUASIM programinda
da BDF metodunun uygulanmasidir.

Yazilimin gelistirilmesi asamasinda son olarak Matplotlib paketinin figiir kanvas sinifi
arayiize entegre edilerek yiiriitiilen simiilasyonlarin sonuglarinin grafiksel olarak
arayliz igerisindeki sonuglar kismina yansitilmasi saglanmistir. Elde edilen ¢iktilarin
gorsellestirilmesi i¢in NumPy fonksiyonlartyla kaynak kodu igerisinde depolanan
ciktilarin figlir kanvas smifina iletilmesi saglanmistir. Programda kullanilan tim
paketlerin birbirleriyle olan etkilesimlerinin verimini arttirmak ve yazilim hizinin
arttirtlmas1 amaciyla optimum fonksiyon algoritmalar1 tasarlanmaigtir.

Belirtilen konfigiirasyon igerisinde gerceklesen biyokimyasal reaksiyonlar:t ve
operasyonel parametreleri igeren bir proses modeli tanimlanmistir. Olusturulan proses
modeli 15 durum degiskeni i¢in tanimlanan 10 proses ve 2 igletim parametresini
barmndirmaktadir. Bu proseslerden bazilari heterotrofik ve ototrofik biyokiitlerinin
cogalma ve i¢sel solunum hizlarini ifade etmekte iken substrat ve azot gideriminde son
derece onemli olan hidroliz hizlar1 ve tanimlanan tiim reaksiyon denklemlerinde
kullanilan hiz katsayilari, kinetik ve stokiyometrik katsayilar ve isletim parametreleri
de modelin igerisine dahil edilmistir.

Biyokimyasal proses modelinin hazirlanma siirecinde reaksiyon hizlari, prosesler ve
durum degiskenleri i¢in Aktif Camur Modeli No.1 (ASM1) referans alinmistir. Aktif
Camur Modeli No. 1’e ilaveten anoksik ortamlarda elektron alicisi olarak oksijen (O>)
yerine nitrat (NOs) kullanabilen heterotrofik bakteriler ile acrobik ortamlarda ¢ogalan
heterotrofik bakterilerin i¢sel solunum proses tanimlar1 Aktif Camur Modeli No.3
(ASM3)’ten benimsenmistir. Bu sayede Aktif Camur Modeli No. 1 (ASM1)’in aksine
iki tiirlin cogalma ve igsel solunum hizlar1 ayr1 tutulmustur.

Olusturulan hibrit modelde Aktif Camur Modeli No.1’e 6zgli ¢oziinmiis organik
azotlarin amonifikasyonu da ¢ikarilmigtir. Modelde Aktif Camur Modeli No.3’te
tanimlanan depolama mekanizmasi da benimsenmemistir.

Proses modelinin tamamlanmasinin ardirdan her durum degiskenine o6zgii kiitle
denklemleri olusturulmus, aerobik ve anoksik reaktdrlerin tanimlar1 yapilmistir. Kiitle
denklemlerinin olusturulmasinda aerobik hat ¢ikisina bagli i¢sel geri devir hatt1 ve
coktlirme verimine bagli olarak ¢amur geri devir hattindan anoksik reaktdre devir
edilecek parametre konsantrasyonlari da g6z oniinde bulundurulmustur. Yazilimda
olusturulan reaktorler, siirekli karistirmali reaktorler (CSTR) olarak tanimlanmigtir ve
ideal reaktor Ozellikleri tasidiklari varsayilmistir. Bu sebeple reaktdr igerisinde
bulunan durum degiskenleri konsantrasyonlarinin reaktér boyunca homojen bir
dagilim gosterdikleri ve reaktorlerin  ¢ikis  hattinda bulunan parametre
konsantrasyonlarinin da reaktorlerin igerisindeki konsantrasyonlara esit olduklar
varsayilmistir.

Yine kiitle denklemlerinin olusturulmast sirasinda her durum degiskenine 06zgii
akiimiilasyon hizinin hesaplanmasi ile saglanmistir. Reaktorlerdeki birikim miktarinin
hesaplanmasi esnasinda ise proses modeli i¢in hazirlanan matris formati kullanilmistir.
Bu formata gore her parametrenin bulundugu siitundaki stokiyometrik katsayilar, o
katsayilar1 igeren satirdaki proseslerin reaksiyon hizlariyla carpilmistir. Kiimiilatif
olarak her durum degiskeni i¢in bulundugu siitundaki tiim stokiyometrik katsayilarin
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reaksiyon hizlar ile ¢arpilarak toplanmasi yoluyla elde edilen birikim miktarlari, ilgili
durum degiskenlerinin kiitle denklemlerine eklenmistir.

Biyokimyasal proseslerin haricinde, model matrisinde bulunan havalandirma ve ¢amur
atimi1 islemleri i¢in de ayni uygulama tekrar edilmistir. Havalandirma ve ¢amur atimi
islemlerinin sadece aerobik reaktérde kullanilmalarina dikkat edilmis, atilan ¢amur
miktar1 iki reaktoriin toplam hacmine oranlanarak tiim sistemin ¢amur atim
gereksinimi aerobik reaktdr iizerinden saglanmistir.

Camur atimi islemi i¢in kullanicilar tarafindan arayiiz yardimi ile alinan ¢amur yasi
parametresi kullanilmistir. Aerobik reaktor ¢ikisindan sonra gelen igsel geri devir
hattinin debisi giris, igsel geri devir hatti ve ¢amur geri devir hatt1 debilerinin
toplamina esit olan reaktor debisinden ¢ikarilmis ve ¢coktlirme tankina giris debisi ile
camur geri devir hatti debisi toplaminin ulasmasi saglanmistir. Bu noktada
kullanicilardan alinan ¢oktliirme verimi katsayisi sayesinde partikiiler ve ¢oziiniir
madde konsantrasyonlarinin anoksik reaktére ve c¢ikis suyu hattina iletilmeleri
saglanmistir.

Yazilimin kalibrasyon ve validasyonu mevcut bir atiksu aritma tesisine ait olan 363
giinliik giris suyu ve ¢ikis suyu verileri kullanilarak yapilmistir. Kalibrasyon sirasinda
363 giinliik verinin ilk 220 giinii kullanilarak gerekli katsayilarin giincellenmesi
saglanmus, kalan 143 giinliik veri ise kalibre edilen katsayilar ile yapilan simiilasyonlar
sayesinde validasyon isleminde kullanilmistir. Simiilasyon sonrasi elde edilen ¢ikis
suyu degerlerinde toplam azot (TN), toplam kjeldahl azotu (TKN), nitrat azotu (NOz-
N), amonyak azotu (NHs-N), biyokimsayal oksijen ihtiyaci1 (BOD), kimyasal oksijen
ihtiyact (COD) ve partikiiler kimyasal oksijen ihtiyac1 (pCOD) degerleri, tesise ait
analiz sonuglartyla karsilastirilmistir. Kalibrasyon ve validasyon islemlerinin
matematiksel olarak degerlendirilmesi, Kok Ortalama Kare Hatas1 (RMSE) metodu ve
Janus katsayisi hesab1 ile saglanmistir. Kok Ortalama Kare Hatast (RMSE) metoduna
gore karsilastirilan parametrelerden elde edilen deger sifir (0) degerine yaklastikca
modelin bu parametreler i¢in kesinligi de o seviyede artmaktadir. Validasyon ve
kalibrasyonda elde edilen Kok Ortalama Kare Hatas1 sonuglarinin oranlanmasi ile elde
edilen Janus katsayisi ise, sonu¢ bir (1) degerine yaklastik¢a ilgili parametrenin
kalibrasyon ve validasyon asamalarinda daha tutarli bir dagilim sergiledigini
gostermektedir. Buna gore kalibrasyon islemi sonrasinda analiz sonuglari ile en tutarh
davranig1 gosteren parametreler sirasiyla 1,73 ve 2,01 Kok Ortalama Kare Hatasi
degerlerine sahip olan amonyak azotu (NHs-N) ve nitrat azotu (NOs-N) degerleri
olurken, validasyon islemi sonrasinda analiz sonuglari ile en tutarli davranis1 gosteren
parametreler sirastyla 0,65 ve 0,78 Kok Ortalama Kare Hatas1 degerlerine sahip olan
amonyak azotu (NHs-N) ve toplam kjeldahl azotu (TKN) degerleri olmustur. Janus
katsayilar1 g6z oniine alindiginda ise kalibrasyon ve validasyon asamalarinda en tutarh
dagilimi sergileyen parametrelerin sirasiyla 0,75 ve 0,73 degerlerine sahip olan nitrat
azotu (NOs-N) ve toplam azot (TN) degerleri oldugu belirlenmistir.

Tez kapsaminda gelistirilen yazilimin dogrulanmasi icin ¢evre biliminde taninmis bir
simiilasyon programi olan AQUASIM kullanilmistir. Yazilimda kullanilan modifiye
edilmis Ludzack Ettinger konfigiirasyonu birebir sekilde AQUASIM’de tasarlanarak
ayni katsayr degerleri ve isletme kosullar1 ile yiiriitilen simiilasyonlar sonucu
gelistirilen yazilimda elde edilen sonuglar ile AQUASIM’de elde edilen sonuglarin
birbiriyle uyustugu gézlemlenmistir.

Yapilan ¢alismalar ve elde edilen sonuglar dogrultusunda kullanisl, kullanici dostu bir
arayiize sahip olan, entegre edilen konfiglirasyonda azot giderim simiilasyonlarinda
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hassas sonuglar elde edebilen ve otomasyon sistemi ile modifiye edilmesi durumunda
atiksu aritma tesislerinde isletme kontroliinii ve verimliligini arttirabilecek bir yazilim
elde edilmistir.
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1. INTRODUCTION

1.1 Purpose of Thesis

The dramatical increase in world population over the last decades and the rising rates
of industrialization around the world has led the environmental science community to
a pursuit of accelaration in wastewater treatment enhancements. The improvement of
wastewater treatment technologies such as Conventional Activated Sludge (CAS)
configuration yielded new concepts and the possibility of further wastewater treatment
options. Recently, a transition to Resource Recovery notion is popular around the
European countries which aims the removal of nutrients in wastewater, such as
nitrogen and phosphorus, by means of advanced wastewater treatment technologies in
addition to carbon removal. In order to integrate with and become a part of this
conceptual conversion phase, comprehension of Water Resource Recovery Facilitiy
(WRRF) dynamics and biochemical processes that occur in these environments is
crucial. Modelling is considered as one of the key instruments that assists the
environmental science community with having a better grasp of nutrient removal
configurations and matters that comes within. In consideration of the given
information, the purpose of this thesis study is to create a specialized open-source
software provided with a graphical user interface focusing on nitrogen removal process
in WRRFs. The structure of software model enables further enhancements and
integrations for possible different solutions. This software also aims to create a
simulation tool where undergraduate and graduate environmental engineers/scientists
will be able to conceive the significance of modifications in operational parameters
and develop their knowledge in biological nitrogen removal with the help of included
Modified Ludzack-Ettinger model in a more feasible way. It should be taken into
consideration that most of the existing simulation platforms possess a lot of divergent
functions and therefore, are not suitable for students to master specific subjects.
Consequently, building specialized simulation platforms on particular aspects of

wastewater treatment technologies should become prevalent in the near future.



1.2 Scope of Thesis

Building an educational simulation platform for the environmental science students of
next generations which will enable them to have a better understanding of the carbon
and nutrient removal configurations is in the scope of this thesis study. Integrating the
included model with time seris input has been achieved while at the same time
providing the users with the option of evaluating changes in operational parameters
with constant input values has been succeeded. Validation and calibration of the
particular software was conducted in regard of real data taken from an existing
Wastewater Treatment Plant (WWTP) and further verification of the software was
carried out by comparison of outputs with a simulation software recognized in the field

of wastewater treatmeant modelling.



2. LITERATURE

2.1 Conventional Activated Sludge Configuration

Carbon removal process in wastewater treatment is accomplished through complicated
biochemical chain reactions performed by specific microorganisms under certain
conditions. The most common system designed for biological carbon removal in
wastewater engineering is the conventional activated sludge (CAS) configuration.
CAS systems consist of an aeration tank, a settling tank and a recycle flow pipeline
where huge amount of the biomass in the effluent flow is fed back to the aeration tank
to sustain organic matter utilization and the excess amount of sludge is disposed in a
daily routine from waste disposal pipeline as it can be seen in Figure 2.1.
Biodegradation of organic carbon in the influent wastewater occurs due to growth and
maintenance activities of heterotrophic bacteria. These heterotrophic bacteria requires
sufficient amounts of dissolved oxygen concentration in aerobic reactor for the
utilization of organic material by oxidation reactions. As the dissolved oxygen
concentration in influent wastewater is neglected, constant feed of dissolved oxygen
is essential for the heterotrophic bacteria to prevail. Autotrophic bacteria also increases
oxygen demand in the aeration tank as nitrification of ammonia to nitrate nitrogen
requires oxygen. In addition to ammonia, treatment of phosphorus in small quantities
is also achieved due to biomass growth as the biomass requires nutrients for the growth

process.
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Figure 2.1 : CAS configuration flow and recycle flow diagram (Coskuner & Jassim,
2008).



Although the CAS configuration has been a common choice of method for carbon
removal in wastewater through the years, with the innovations in wastewater treatment
technologies and the global conceptual evolution on the prospect of resource
sustainability, environmental science and technology is obliged to implement

advanced wastewater treatment systems designed for nutrient removal.

2.2 Biological Nutrient Removal in Resource Recovery Facilities

The emerging developments in wastewater engineering and technological
advancements in the field have given wastewater experts an opportunity to increase
their precision in predicting possible future scenarios. Governments have noticed the
significance of sustainable development policy since resources were limited and the
demand in resources were on the rise (Yang et al., 2020). A schematic expression of
wastewater treatment phases, technologies, and utilizations of effluents has been given

in Figure 2.2.
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Figure 2.2 : Wastewater treatment phases, technologies, and utilizations of effluents
(Mo & Zhang, 2013).

It should be noted that a more comprehensive course of action has been published by
the European Union Parliament covering the directives for water reuse criterias. As a
result, awareness in terms such as resource management and sustainability have raised
and modifications in wastewater treatment for resource recovery have expanded. At
the present time, development in energy efficiency and resource recovery are the main

approaches in improving sustainability of WWTPs (Mo & Zhang, 2013).



Recovering resources existing in wastewater has a paramount importance in
wastewater treatment plants during the transmutation process of renewable energy,
water intended to be used in other applications and biofertilizer from those resources
(Chrispim, Scholz & Nolasco, 2020). Concisely, resource recovery targets the
complete utilization of different outputs from each wastewater treatment process
intending to convert them into practical products as it can be seen in Figure 2.3. It also
aims to prevent the wastage of organic carbon, metals, and global nutrients substantial

in wastewater for achieving industrial sustainability (Puyol & Batstone, 2017).
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Figure 2.3 : Bio-based production processes including resource recovery (Puyol &
Batstone, 2017).

The two major nutrients present in wastewater are nitrogen and phosphorus. It is vital
to have a deep understanding of biochemical reactions, system dynamics, and balance
equations in the removal processes of each nutrient. Therefore, creating a viable
framework of biological nutrient removal processes prior to the enhancements like life
cycle assesment and resource recovery tools to the simulation platform is crucial in
terms of accuracy in software integration. Particularly for nitrogen, nitrification and
denitrification processes must be conceived along with current modifications designed
based on the relevance of each process. Enhancement of stated tools must be achieved
only after the model framework is created and the conversion reactions of vital
parameters are comprehended as the carbon and nitrogen contents of wastewater
morphs into carbon dioxide, biomass, and nitrogen gas due to bacterial activities in the

course of activated sludge treatment (Ansari et al., 2017).



2.2.1 Biological nitrogen removal processes

2.2.1.1 Nitrification

Nitrification process is the first phase of a two-step nitrification-denitrification cycle
used in the biological removal of nitrogen from wastewater. It takes place in an aerobic
environment where the chemotrophic bacteria are capable of yielding nitrogen oxides
by oxidizing existing ammonia nitrogen (NH4") in the reactor. The oxidation process
of ammonia nitrogen itself is a two-step chain of reactions consisting of the conversion
of ammonia nitrogen (NH4") into nitrite (NO2) and the conversion of nitrite (NO2-)

into nitrate (NO3) as it can be seen in Equations 2.1 and 2.2, respectively.

NH; + 1,50, - NO3 + 2H* + H,0 2.1)

NO; + 0,50, —» NO3 2.2)

The conversion reaction of ammonia nitrogen into nitrite is accomplished by
Nitrosomonas species, whereas latter is achieved by Nitrobacter species. Each bacteria
species yields the products with the help of their ability to use nitrogen forms as
electron donor, while utilizing carbondioxide (CO.) as electron donor and the oxygen
(O>) as electron acceptor. Hence, maintaining sufficient amount of dissolved oxygen
concentration in the aerobic reactor is crucial and a drop below critical dissolved
oxygen concentrations in the reactor might end up adversely affecting the reaction or
even cease the growth of particular bacteria. Even though aeration of aerobic reactor
is of great importance in regard of system sustainability and in an aerobic reactor the
oxygen concentration should not fall under 0.5 mg/L according to (Bozek, Navratil &
Kellner, 2005), operational parameters such as temperature, pH, hydraulic retention
time (HRT), and sludge retention time (SRT) are also vital for the autotrophic bacteria
to prevail. The effects of these parameters on nitrification process can be seen in Figure
2.4, Figure 2.5, and Figure 2.6.

In order to achieve complete removal of nitrogen in the system, a supplementary phase
is needed. Denitrification process must be combined with nitrification to fulfill the

objective.
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Figure 2.6 : Effect of SRT on NHs-N concentration and
effectiveness of nitrification (Komorowska-Kaufman et al, 2006).

2.2.1.2 Denitrification

Denitrification is the second step of biological nitrogen removal in activated sludge
systems which achieves the conversion of nitrate nitrogen (NO3-) into nitrogen gas
(N2). Conversion of nitrate nitrogen is accomplished by four sequential steps (Feleke,

2002) as it can be seen in Equation 2.3.

NO3 - NO; - NO - N,0 = N, (2.3)

Biological nitrogen removal in wastewater treatment systems is dominantly performed
by facultative heterotrophic bacteria in anoxic conditions. Anoxic reactors do not

contain dissolved oxygen, instead they contain oxygen in the form of nitrogen oxides.

Nitrate (NO3-) is the electron acceptor in this case whereas carbondioxide (CO2) is
the electron donor. For the purpose of achieving complete biological nitrogen removal,
nitrification and denitrification processes are coupled with the help of various

configuration setups.

Among the single-sludge designed systems, most widely used ones are the pre-

denitrification and the post-denitrification systems.



2.2.2 Biological nitrogen removal configurations

2.2.2.1 Pre-denitrification systems

Pre-denitrification systems are designed based on the fact that having sufficient
amounts of substrate in anoxic reactors is vital for the facultative bacteria to maintain
their metabolical activities. In pre-denitrification systems, anoxic reactors are placed
ahead of aerobic reactors in order to fulfill this objective. Constant feed of substrate
from the influent wastewater creates the optimum ambient for the facultative bacteria
to prevail. The single sludge Ludzack-Ettinger model consisting of anoxic and aerobic
reactors in series and a sludge recyle from the settling tank was designed for achieving
nitrogen removal in wastewater. This predenitrification design was later on improved
with Modified Ludzack-Ettinger configuration by addition of an internal recycle flow
from aerobic reactor to the anoxic reactor as it can be seen in Figure 2.7,

Pre-denitrification
"a" recycle
Effluent
x Anoxic Aerobic
—— =
Influent reactor | ,,..q| reactor |giq
"s" recycle

Figure 2.7 : Pre-denitrification system design (Haandel, 2012).

The difference between two configurations can also be seen in Figure 2.8. Under
favour of this enhancement, constant feed of nitrate rich content to the anoxic tank was
achieved while a reduction in effluent nitrate concentration was accomplished due to
the internal recycle. Constant feeding of anoxic reactor with nitrate rich content also
increased the growth rate of denitrifiers as nitrate nitrogen is the electron donor for
their utilization reactions.Internal feed of nitrate effluent from the aerobic reactor is
accomplished by an internal recycle flow to the anoxic reactor Particulate matter are
also recycled after the settling tank for the aim of sustaining sufficient biomass
concentrations in the anoxic reactor. Altering the effluent nitrate nitrogen which
recycles to the anoxic reactor into nitrogen gas makes it possible to remove nitrogen

in the system.



Effluent

Anoxic Aerobic
Influent reactor reactor

sludge recycle

(b)

internal recycle
Anoxic Aerobic

3
Influent reactor reactor

sludge recycle

Effluent

Figure 2.8 : Difference between (a) Ludzack-Ettinger and (b) Modified Ludzack-
Ettinger Models (Haandel, 2012).

2.2.2.2 Post-denitrification systems

In contrast to pre-denitrification systems, aerobic reactors are placed ahead of anoxic
reactors in post-denitrification systems as it can be seen below in Figure 2.9. The
advantage of post-denitrification systems is the potential of complete removal of
nitrogen in wastewater. Pre-denitrification systems discharge some of the nitrate
nitrogen content as effluent from aerobic reactors. The disadvantage on the other hand
is having lower denitrification rates compared to pre-denitrification system as most of
the substrate concentrations are consumed in the aerobic reactor and in order to achieve

higher denitrification rates substrate addition to the anoxic reactor is required.

Post denitrification

Effluent
Aerobic Anoxic
-
Influent reactor | ¢,q | reactor |4
"s" recycle

Figure 2.9 : Post-denitrification system design (Haandel, 2012).
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2.3 Modelling of Activated Sludge Systems

2.3.1 Model development

Through the years, knowledge of environmental scientists/engineers on wastewater
treatment has exponentially increased. This ended up uprising the need for creating
and improving models in order to have a better understanding of the processes taking

place in wastewater treatment and enabling more efficient plant designs.

Even though various mathematical models have been developed before, on the purpose
of forming a framework introducing a globally accepted new model, Activated Sludge
Model No.1 (ASM1) was developed by International Association on Water Quality
(IAWQ) in 1987.

In 1999, IAWQ merged with the International Water Supply Association (IWSA) to
form the International Water Association (IWA). Even now, models are being
established inspired by the ASM1 and implementation of these models into simulation
platforms are ongoing (Henze et al., 2015). Further studies on the model resulted in

publications of new models as it is shown below in Table 2.1.

Table 2.1 : Publication years of activated sludge models by IWA.

Model Year of Reference
Publication
ASM1 1987 (Henze et al., 1987)
ASM2 1995 (Henze et al., 1995)
ASM2d 1999 (Henze et al., 1999)
ASM3 1999 (Gujer et al., 1999)

Activated Sludge Model No.2 (ASM2) was developed in 1995, as the previous
reference model is unable to define Enhanced biological phoshorus removal (EBPR)
mechanism. Similar to ASM1, an expanded version of ASM2, Activated Sludge
Model No.2d (ASM2d) was released in 1999. Following the publication of ASM2d,
Activated Sludge Model No.3 (ASM3) was released in the same year.

11



2.3.2 Activated sludge model no. 1

In order to create a simple activated sludge model capable of computing precise
predictions, a task group was formed by the International Association on Water
Quality (IAWQ) in 1987 which initially focused on earlier model studies for creating
a universal framework. Monod-like expressions for growth rates of autotrophic and
heterotrophic bacteria and concepts like bisubstrate hypothesis that suggested the
fragmentation of influent wastewater fractions as readily and slowly biodegradable
COD were embraced from the University of Cape Town (UCT) model (Jeppsson,
1996).

Switching functions that enabled limiting the process rates gradually in the absence of
components required for the processes to take place, such as the dissolved oxygen,
were introduced (Jeppsson, 1996). Also, the task group determined using a matrix
format for the demonstration of the interactions of model processes, components and
process rates. The flow of chemical oxygen demand (COD) in ASM1 can be seen

below in Figure 2.10.

ASM1 So St

Growth

Nitrifiers| |X4 — SNo

Df:cay

Figure 2.10 : Flow of COD in ASM1 (Henze et al., 2015).

The structure of ASM1 involves a strong interralation between the decay regeneration
cycle of the heterotrophs and the decay process of nitrifiers (Henze et al., 2015).
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2.3.3 Activated sludge model no. 3

The task group of International Water Association (IWA) published Activated Sludge
Model No.3 (ASM3) in 1999 due to the requirement of a renovated model that could
take advantage of the developments occurred in computation methods.

In ASM3, endogenous respiration was introduced instead of the decay process (lysis)
used in the ASM1 (Henze et al., 2015). The profound effect of hydrolysis that was
defined as a combined process of hydrolysis, lysis of organisms and storage of
substrates is prevented in ASM3 with the introduction of cell internal storage
mechanism (Henze et al., 2015). The flow of chemical oxygen demand (COD) in
ASM3 can be seen below in Figure 2.11.

5 5
ASM3
Nitritiers
H?‘n‘:ﬂ — X."‘L ;{I
CGrowth Em{ng_muuu;
Heterotrophs respiration

So

I I:.-x"I ro 1:.-'_':i_':

:‘:HTU
Endngmuuu:

rrqairaﬁnu

Figure 2.11 : Flow of COD in ASM3 (Henze et al., 2015).

As it can be seen in Figure 2.11, all the processes related with both of the heterotrophic
and the autotrophic organisms are defined separately in contrast to ASM1 and decay
processes are identically defined (Henze et al., 2015).
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2.4 Software Platforms for Activated Sludge Simulation

24.1 AQUASIM

AQUASIM simulation program was developed for providing environmental scientists
a platform able to define their processes and variables and perform simulations
according to the model they have defined. It was developed by Swiss Federal Institute
for Environmental Science and Technology (EAWAG) not only for the purpose of
designing a program with a user friendly graphical user interface but also for creating
a simulation platform uncomplicatedly comprehended by environmental scientists due
to its familiar language (Reichert, 1998). Aquasim system consists of four subsystems
that the user has to adjust for the intended model amplification as it can be seen in
Figure 2.12.

Links |
| Compartments |
7 7

I Processes |

| Variables |

Figure 2.12 : Main elements of model structure (Reichert, 1998).

FEVAQUASIM - lawpicl * _ (O] x|
Fie Y Calc View Window Help

MHumerical Parameters...

Delete States...

Iz
Figure 2.13 : Edit menu (Reichert, 1998).
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These four subsystems are variables, processes, compartments and links. Aquasim
users have to define all the subsystem parameters and specify the types of variables,

processes and links.

System inputs can either be defined inside the program as constant inputs or loaded to
the software by a time series real list from a text file. Defining a real list variable inside
the program is also possible.

Edit Real List Variable [x]
Name: EERE
Drescription: Itcchldulc profle day 33247
Unit IE
Argumenk: Iz vl
Sid. Deviat: @ global  individusl
Rel. Std Dew: |0 Abe, Sid Dev: |005
Minram: IE M ammum: Te003
Argument Value | ewiation Pairg 19
0 57 - Read |
1 57 j =
25 57 |
3 % E ' Wiite
75 56 -
10 56 - ZEE
125 56 =
|
! l I HeplEee |
Interpolation: = linsar  spline © smocth
[T aclive foe sensitivity anaksis Gt ) S 1
Cove

Figure 2.14 : Dialog box for editing a real list variable (Reichert, 1998).

Read Data Pairs from a Texst File E I

Skatt Row: 4]
End Row [zero for end of e} ]
Column Murbes of Asgument: 1

Colurnin Mumber of Value 2
(oo U b e et A L et o

™ Delete exiting data pairs

Cancel |

Figure 2.15 : Dialog box for reading data pairs from a text (Reichert, 1998).

There are six types of variables, two types of processes and three types of
compartments in the program as shown in Table 2.2 and setting a recycle flow between
compartments are achieved by the links subsystem with the bifurcation option
(Reichert, 1995).

Setting the predefined initial values for state variables, adjusting reactor dimension
and input flows, activating the intended processes and choosing the reactor type can

be done through compartment editing section.
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Table 2.2 : Types of subsystem elements in AQUASIM (Reichert, 1995).

Subsystem Type
State Variables
Program Variables
Constant Variables

Variables Real List Variables
Variable List Variables
Formula Variables
Dynamic Processes
Processes

Equilibrium Processes
Mixed Reactor Compartments
Compartments Biofilm Reactor Compartments
River Section Reactor Compartments

Besides simulation, AQUASIM provides identifiability analysis, parameter estimation

and uncertainty analysis funcitonalities to the users (Reichert, 1995).

In this thesis study, validation of the created simulation program has been achieved by
comparing output data with the output data obtained from simulating the same model
in AQUASIM.

L. AQuasiM - o x
Fle Edit Colc View Window Help

Dfe|il] »[%( @] 2|E| ~[~~] k] %]
Edit Variables X Edit Processes
New N
Duplicate Duplicate
Edit Edi
Edit Type Delete
Exchange
Del
Cl M Close
Type: Type:
- New
Duplicate
Edit
Delet
v Close:
Type: Type:

Figure 2.16 : Graphical user interface of AQUASIM (Reichert, 1998).
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2.42 SUMO

The Super Model (SUMO) wastewater simulation software is among the best-known
softwares in the field of environmental engineering. It was developed by Dynamita
software and process modelling company and contains open-source model and process
unit libraries (SUMO | dynamita, 2021). These libraries were coded in a unique
language called SumoLang which was designed for the software itself. In order to build
advanced level models and perform modifications on existing models, users have to
master the SumoLang through the user manual Dynamita company provides them
with. The simulation software also provides the users with the opportunity of

performing steady-state and dynamic simulations.

suﬁn

Figure 2.17 : Graphical user interface of SUMO (SUMO | dynamita, 2021).
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Figure 2.18 : Steady-state calculation results in SUMO (SUMO | dynamita, 2021).
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2.4.3 BioWin
BioWin is a wastewater treatment plant simulation software and it was developed by

EnviroSim company which was established in 1990. It is a globally known software
used for optimizing, designing and upgrading any type of wastewater treatment plant
(EnviroSim, 2021). BioWin software provides models that integrates biological,
chemical, and physical processes and it is capable of performing simulations of water
chemistry models for calculation of pH and precipitation reactions, mass transfer
models for oxygen modeling and other gas-liquid interactions with the help of
supplementary packages (EnviroSim, 2021). BioWin has a user friendly graphical user
interface as it can be seen in Figure 2.19. It also provides report generation function in

the format of Excel and Word.
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Figure 2.19 : Graphical user interface of BioWin (EnviroSim, 2021).
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Figure 2.20 : Result graphs from BioWin (EnviroSim, 2021).
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244 GPS-X™

GPS-XTM was developed by Hydromantis, an environmental engineering company
based in Canada which was founded in 1985. Hydromantis focuses on software
development comprising plant optimization, collection and distribution systems and
water resource management (Hydromantis, 2021). Their dynamic wastewater
treatment simulation software GPS-XTM contains powerful tools providing options to
the users such as model development, dynamic parameter estimation and python
integration. GPS-XTM also contains a wide range of unit processes and enables

running simulations by getting input data from the user.
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Figure 2.21 : Graphical user interface of GPS-X™ (Hydromantis, 2021).

Interface of the software is designed user friendly with its drag-n-drop function. Each
unit process can be linked by the user with connection paths. It is possible to plot
energy usage and operating cost values in the program. Through mass balances
diagram option, users are enabled to visualize the system layout with additional
information tables in which they can adjust the parameters of selected unit processes.
Performing statistical comparison of measured and simulated datasets can be plotted

with the statistical analysis tool.
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Figure 2.22 : Visualization of energy usage and operation costs on GPS-X™
(Hydromantis, 2021).
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Figure 2.23 : Mass balance diagram of GPS-X™ (Hydromantis, 2021).
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Figure 2.24 : Model predicted and measured effluent TSS concentration vs. Time
graph from GPS-X™ (Hydromantis, 2021).
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245 SIMBA

Simba was first developed by the Water & Energy department at ifak e.V. in 1994. It
has then been modified and the latest member of the Simba™ simulator family is
SIMBA# (SIMBA#, 2021). SIMBA#water is used for the simulations, mathematical
modellings and optimizations of wastewater treatment systems with its wide unit

process library that enables dynamic simulations.

The software has a modern GUI that provides visualization of the simulation results

and a model editor that enables biological and unit process models implementation

(SIMBA#, 2021).

Figure 2.26 :

Aeration system model in SIMBA# (SIMBA#, 2021).
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246 WEST

WEST simulation platform has been developed by DHI company in order to provide
optimization of treatment plants, comparison of treatment system scenarios,
development of custom process models and simulation of integrated models (WEST,
2021). WEST software is also capable of performing carboon footprint calculations

and implementation of control strategies.
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Figure 2.27 : The start-up view of WEST (WEST, 2021).

Parameters
Name Type Description Uinit Default vale Group Lower bound
w
v (fS I Fracton S_I fracto... 0.25 Fractonation -INF
fS N Fraction S_NH fracti..., - 0.65 Fractionation -INF
F_TSS_COD Real Conversion ... - 0.75 Fractonation -INF
f X 84 Fracton X_BH fract... - 0.1 Fractionation -INF
fX_ND Fracton X_ND fract... - 0.6 Fractonation  -INF
fxXs Fracton X_S fractio... 0.75 Fractonation -INF
S_Ak_n Concentration parameter g/m3 30 -INF
S_NO_in Concentration parameter g/m3 0.001 -INF
S On Concentration parameter g/m3 0.001 -INF
X_BA n Concentration parameter gfm3 0.001 -INF
X_Pn Concentration parameter gfm3 0.001 INF
4 ’
oK Canced

Figure 2.28 : Parameters of the fractionation model (WEST, 2021).
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3. SOFTWARE DEVELOPMENT

3.1 Selection of Programming Language

Throughout the process of software development, Python programming language was
chosen due to its comprehensive open-source libraries. Recently, Python language is
one of the most known and widely used programming languages in data science under
favour of these open-source libraries which provides the user with various useful
packages and modules. As part of this thesis study, packages that contain practical
tools for performing complicated mathematical calculations, storing the data in multi-
dimensional arrays, plotting the results of each state variable and creating a friendly
graphical user interface were used. In addition to the benefits they provide in regard to
data science, most of the packages constituted for python are written in different
programming languages that are quicker in the compiling process such as C and C++.
Programming languages like C and C++ are considered to be low-level programming
languages meaning that their syntax are closer to the machine language and compiling
source codes of low-level programming languages to machine language is faster when

compared to high-level programming languages like Python.

On the other hand, high-level programming languages are similar to modern day
languages in terms of their syntax structures and therefore easier to learn and master

in a shorter period of time.

Machine language, also known as machine code, is the language that operates
computers and provides users with the opportunity to get their commands done by
computers. Machine language is made up of binary numbers which are comprised of
ones and zeros and in order for a computer to run a program written by the user in any
of the existing programming languages, first it should be compiled into machine
language. However, converting a source code writtten in Python language into

machine code is performed by interpreters instead of compilers.
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One of the most important differences between interpreters and compilers is the need
for compilers to create an object code in the compiling process, ending up using more
memory but at the same time considerably decreasing execution time. On the contrary,
interpreters execute the source code line by line without creating an object code and

saving memory in the process.

3.2 Biochemical Process Model

The biochemical reactions demonstrated in the model matrix of simulation software as
shown in Table 3.1, are integrated into the mass balance equations of Modified
Ludzack-Ettinger (pre-denitrification) configuration. The biochemical process model
consists of hydrolization processes of rapidly hydrolyzable COD, slowly hydrolyzable
COD, soluble organic nitrogen and particulate organic nitrogen as well as growth and
decay processes of heterotrophic and autotrophic biomasses maintaining in the aerobic
and anoxic tanks. In total, process model consists of 10 processes and 2 operational
parameters defined for 15 state variables. Reactions occuring in both tanks are
included into the mass balance equations of each state variable. In order to accomplish
this, cofefficients and stoichiometric parameters defined on process lines of a single
component’s column are multiplied by the process rates of the corresponding
processes. The same principle is applied to the operational processes in order to
incorporate aeration process for the aerobic biomass by considering a constant feed of
dissolved oxygen and sludge disposal process for the particulate matter that are going
to be wasted. Users are enabled to adjust the dissolved oxygen saturation concentration
prior to running the simulation through the graphical interface. Sludge disposal is also
achieved by the sludge retention time input that the users provide the software with
and total volume of the reactors are considered in the computation process of sludge
disposal. Correction factors for the process rates of heteroptrophic biomass
maintaining under anoxic conditions are included to kinetic parameters along with the
heterotrophic and autotrophic growth and decay coefficients. Hydrolysis rates and

coefficients are also included in the related process rates.

24



Table 3.1 : Model matrix of the simulation software.

from biomass: ixp

Components— i 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15
Process Rate, o [ML3T?
i Process! Si Ss Xi Xs Xsn Xea S X So Sno Svi Sw Swo Xwo SaLk ol 1
1 Aerobic growth of -1 1 1-Yy i —ixp " Ss So Kno Snu X
heterotrophs Y, Yy X8 14 Hmax e+ SsKon + So Kno + Sno Kng + Sy~ o1
(1 - Yyp)
Anoxic growth of -1 (1—Yyp) . 14 x 2.86Y, Ss Kou Sno Snu
2 v 1 - - Ixs : HD ngp-maxl-[ XB,H
heterotrophs Yo 2,86Yyp _iyp Ks + Ss Kou + So Kno + Sno Knu + Snu
14
i -1
3 Aerobicgrowth of 1 457V, 1 A Cyg 1 " Snu So
autotrophs Y, Y, _AiXB 14 7Y, Amaxy n+ Swn Koa +So oA
Observed Conversion = Z v;j0;
Rates [ML>T] i
Stoichi . - Y Y s = B 2 — i S
toichiometric S 3 3 75 2 L8 8 7 = 3 5§ o
Parameters: fa) o o O 8 a 2 5 a = = o S s
Heterotophic yield: Y, 9 g o 9 o o) g 5 o z Y g £ =
Y T =2 3 = T ¢ £ o s Z = 2 2
e = g =3 2 F £ g= 2 = S % £ & =
H H . = L — L = = > = =S . .
powncpscv. £ 8 ¥ By 0§ oges2 E 0§ 2 f Bl
Fre : E B g 3 £ g £z Z0 a <) g 38 °od a-d S Heterotophic growth and decay: pn, Ks, Ko, Kno, b
yielding products: fex, fes = 2 N = 2 S =oC =0 o = S 2 =20 €0 = : .
. 2 » 3 2 ¢ 82 c 2 =0 €0 ‘ Autotrophic growth and decay: pa, Knn, Koa, ba
Mass N/Mass COD in 2 @ g @ o S FC 2= © @ E 2 80 €0 i i
- L c = S = = o 2L 8= ) = c = s &9 > Correction factor for anoxic growth of heterotrophs : 1g
biomass: ixg S ] g 3 1 = 83 3= > = ) < £ oS = : .
. ) o s 3 8 S nE BB = = I ° o2 82 £ Correction factor for anoxic decay of heterotrophs : 14
Mass N/Mass COD in 5 s 2 B 8 & g£° o8 g = z S 8 ¢ S Hydrolysis: Kps, Kix, Kxs, K
products 5 £ & 8 B 5 =2 23 g g + g g = = YOrOTySIS: Hns, Fnx, Fixs: Foxx
£ 38 © 3 8 2 g E = @ 5 8 = B <
» & E 3 £ § 8 3 g g Z 2 2 3
= > 3 > ¢ = 2 8 2 B= > = 2
£ 2 2% £ 335§ & 2 2 8 3
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Table 3.1 (continued): Model matrix of the simulation software.

Components— i | 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15

Process Rate, gj[ML3T?]

j Process! S Ss X Xs Xgn Xsa Sp Xp So Sno SnH Sh Swo Xnp SaLk

Endogeneous
decay of g
4 heterotrophs -1 fes  fex - (1- fex- feo) ixa— (fex + fes)ixe HK (-)|- SoKno + S Xan
under aerobic on _O o + Sno
conditions
Endogeneous
decay of - B
5  heterotrophs 1 fos fox _( J;m; . fes)
under anoxic i
conditions

Sno

. . K S
ixg— (fex + fes)ixe Naby ﬁﬁxB,H

Endogeneous So

6  decay of -1 fes  fex - (1- fex- fes) ixg— (fex + fes)ixe by WXB,A
autotrophs 0A T 20

Observed
Conversion Rates i = Z Vij@Qj
[ML=T] 7

Stoichiometric Kinetic Parameters:

Parameters: Heterotophic growth and decay: pp,
Heterotophic yield: Ks, Kon, Kno, b

Yu, YHp Autotrophic growth and decay: pa,
Autotrophic yield: Knn, Ko, ba

Ya Correction factor for anoxic growth of

Fraction of biomass
yielding products:
fex, fes

Mass N/Mass COD
in biomass: ixg
Mass N/Mass COD
in products

from biomass: ixp

heterotrophs : ng

Correction factor for anoxic decay of
heterotrophs : g

Hydrolysis: Khs, Khx, Kxs, Kxx

INA/CANNL 31
Aarav TNA/CONNL -31
[M(COD)L]

Soluble inert organic matter [M(COD)L"?]
Active heterotrophic biomass [M(COD)L ]
Active autotrophic biomass [M(COD)L?]
Oxygen (negative COD) [M(-COD)L?]
Nitrate and nitrite nitrogen [M(N)L]
NH4* + NHs nitrogen [M(N)L]
Soluble biodegradable organic nitrogen
Particulate biodegradable organic nitrogen
[M(COD)L¥]

Alkalinity — Molar units

Readily biodegradable substrate [M(COD)L?]
Particulate products arising from biomass

Particulate inert organic matter [M(COD)L®]
Slowly biodegradable substrate [M(COD)L "]
Soluble products arising from biomass decay
Rapidly biodegradable substrate [M(COD)L?]
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Table 3.1 (continued): Model matrix of the simulation software.

Components— 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 Process Rate, oML T]

j PrOCeSSl SI SS XI XS XB,H XB,A SF’ XF’ SO SNO SNH SH SND XND SALK ’ Ql
Hydrolysis of Rapidly Su/Xgu

7 1 -1 KhS o e v~ XB H
Hydrolyzable COD Kxs + (Su / Xgn)

g Hydrolysis of soluble 1 1 1 K Su/Xpu Snp
organic nitrogen 14 "SKys + Su / Xgn) oM Sy
Hydrolysis of Slowly Xs / Xgu

9 1 -1 Kixo————c—Fv——Xgn
Hydrolyzfable COD Kxx + (Xs / Xgn)
Hydrolysis of 1 Xs / Xu Xnp

10 particulate organic 1 -1 — DX R 1 X</ Xo) B X
nitrogen 14 xx + (Xs / Xgn) s

Operations

1  Aeration 1 kLa (Sosat — So)

2 Sludge DiSpOSﬁl -X -Xs 'XB,H ‘XB,A -Xp -XND 1/6x

Observed Conversion Rates r= Z oy

ML3TY] ooy
]
Stoichiometric Parameters: . & & — > & - Kinetic Parameters:
Heterotophic )_/ield: Yu, Yo 7 /5'\ = ,EL Y gz- S @ a': — ,3'\ s g Heterotophic growth and decay:
Autotrophic yield: Ya 3 o 8 o) 8 = ; E = O — o g £ B, Ks, Ko, Ko, by

Fraction of biomass yielding 8 e () Q O 8 e 3 o zZ | e = c Autotrophic growth and decay:

products: fex, fes s 2 = =3 s 1 s & — NI 3 =3 2 oS £ % ta, Kin, Koa, ba )
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3.3 Mass Balances and Settling Model

For this thesis study, reactors in the Modified Ludzack-Ettinger configuration are

considered to be Continuous Stirred Tank Reactors (CSTR) and the hydraulics of these

reactors are assumed to be identical with ideal reactor features. The reactant

concentrations in the system are therefore reckon as distributed homogenously through

the reactor volume and the effluent concentrations of the reactants are equal to the

reactant concentrations within the reactor. In order to define the mass balances of the

system, rate of accumulation in the reactor was computed for each state variable

according to the Equation 3.1 as it can be seen below:

Rate of Rate of mass Rate of mass Rate of conversion
accumulation = flow intothe -  flow out of the + of mass by reaction
in the reactor reactor reactor in the reactor

avce oc oc V
— —_ -7
dt p

3.3.1 Mass balance equations of anoxic tank variables

(3.1)

(3.2)

Mass balance equations of the state variables in the anoxic tank are shown below:

dSs Q
E - m (Ssinfluent - SSAnoxic) + rSSﬁHOXiC

dXs Q
T - m (Xsinﬂuent - XSAnoxic) + rXSaHOXiC

dXy Q
T - VA— (XHinﬂuent - XHAnoxic) + rXHaHOXiC
noxic

dXa Q
dt = Vanoxi (XAinﬂuent - XAAnoxic) + rXAanoxic
noxic

dSp Q
dt = Vanoxi (Spinﬂuent - SPAnoxic) + rSPanoxic
noxic

dXp Q
T - V_ (XPinfluent - XPAnoxic) + rXPaUOXiC
Anoxic
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(3.6)
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ddito = ﬁ (Soinﬂuent - SOAnoxic) + IS504n0xic (3.9)
dZI:H = VAixic (SNHinﬂuent - SNHAnoxic) + I'SNHanoxic (3.10)
dZI:O - VAixic (SNOinfuent ~ SNOanoxic) * TSNOanoxic (3.11)
d?jl:D = VAIixic (SNDinﬂuent - SNDAnoxic) + ISNDanoxic (3.12)
d);im - VAr(ixic (XNDinfuent = XNDanoxic) T TXNDanoxic (3.13)

ds(;\tLK - VAIS)xic (SALKinfluent - SALKAnoxiC) + ISALKanoxic (3.14)
dditH = VAixic (SHinfluent - SHAnoxic) * I'SHanoxic (3.15)
% > ﬁ (Stinftuent = Stanoxic) (3.16)

% = %oxw (Xiinfuent = Xianoxic) (3.17)

3.3.2 Mass balance

equations of aerobic tank variables

Mass balance equations of the state variables in the aerobic tank are shown below:

s Q S -S ) +r1S

dt VAerobic S Anoxic Effluent Saerobic SAerobic (3 18)
% = ﬁ (XSAnoxic Effluent XSAerobic) + XS perobic ~ XSaerobic (%) (VZ::?E) (3.19)
d;(_tH = ﬁ XH Anoxic Effluent ~ XHAerobic) + Xt erobic ~ XHaerobic (%) (%) (3.20)
dstA = ﬁ (XAAnoxic Effluent XAAerobic) + XA perobic ~ XAnerobic (%) (%) (3.21)
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Sy Q

- -(S i -S ) +rS ,
dt  Vaerobic ( P Anoxic Effluent PAeroblc) PAerobic (3.22)
dXP —Q 1 VTotal
dt - Vaerobic (XPAnoxic Effluent XPAerobic) + 1XP pcrobic ~ XPaerobic (6) (M) (323)
dSy Q
T - \% ; (SOAHOXiC Effluent SOAerobic) + rSOAerobic + kLa(SOSat - SO) (324)
Aerobic
dSng Q
= S i - S ) +1S .
dt Vaerobic ( NHAnoxic Effluent NHAeroblc) NH Aerobic (3.25)
dSno Q
- S i - S ) +rS .
dt Vaerobic ( NOAnoxic Effluent NOAeroblc) NO Aerobic (3.26)
dSnp Q
dt - V . (SNDAnoxiC Effluent SNDAerobic) + rSNDAerobic (327)
Aerobic

d):ll:D = VA:ibic (XND Anosic Efftuent ~ XNDacronic) T TXND aerobic ~ XND scrobic (%) (ﬁ) (3.28)
dS&LK = VAe?obic (SALKAnoxic Effluent SALKAerobic) + I.SALKAerobic (329)
dj—tH = ﬁ (SHanoxic Effluent — SHacrobic)  TSHacrobic (3.30)

% = % (Stanoxic Effuent ~ Staerobic) (3.31)

% = ﬁ (Xtanoxic Efftuent — Xlaerobic) ~ Xiacrobic (%) <VZ:I(‘)(t)?)11C) (3.32)

3.4 Internal and Sludge Recycle Flows and Settling Model

The influent flow of the system is mixed with the internal and sludge recycle flows in
each iteration step. The new flowrate entering the anoxic tank is defined as the reactor
flowrate and is equal to the sum of internal, sludge and influent flowrates as it can be
seen in Equation 3.33. Calculating the concentrations of state variables in the reactor
flow is achieved by separately computing the total mass of each concentration coming
from the internal recycle, flow recycle and influent pipelines and dividing them by the

reactor flowrate.
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The total mass flowrate coming from different pipelines is acquired by firstly

achieving separate mass calculations.

Qreactor = Qinfluent T Qinternal + Qsludge (3.33)

The soluble and particulate parameter concentrations in the internal recycle line are
equal to the concentrations of aerobic reactor effluents. On the other hand, particulate
matter concentrations in the sludge recycle line are found by seperately multiplying
particulate component concentrations maintaining in the pipeline with a flowrate equal
to the sum of sludge and influent flowrates by a settling constant in order to apply
settling tank mechanics in the configuration. Soluble parameter concentrations in the
sludge recycle line are also equal to the concentrations of aerobic reactor effluents.

‘ Qinternal
* Settling
Qinfluent Qreactor Tank  Qeffiuent
—> _»_ Anoxic Tank [— Aerobic Tank \ ] E:>'
Qsludge
Qwaste

Figure 3.1 : Flow diagram of the MLE configuration.

The residual particulate concentrations that bypass the settling process are assumed to
proceed to the effluent pipeline and considered as the effluent particulate
concentrations. Similarly, soluble effluent concentrations are assumed to be equal to
the aerobic reactor effluent concentrations. The mass flowrate calculations of internal

recycle, sludge recycle and effluent flows are given below:

XInternal Mass — anternal -XAerobic Effluent (334)
SSludge Mass — QSludge - SAerobic Effluent (3.35)

Xsludge Mass = (Qunfluent + QSludge) . X Aerobic Effluent - Settling Efficiency (3.36)
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SEffluent Mass = Qinfluent - SAerobic Effluent (337)

XEfﬂuent Mass — (anﬂuent + QSludge) -XAerobic Effluent - (1 - Settling EfﬁCienCY) (338)
Sinfluent Mass = Qinfluent - Sinfluent (3.39)
XInfluent Mass — anﬂuent -Xlnﬂuent (3.40)

Influent soluble and particulate concentrations are calculated at the end of each
iteration step after all the mass flowrate calculations are completed. The concentration
values found by these calculations are then used as the new influent concentrations at
the next iteration step. The equations used for computing the concentration values can

be seen below:

(Slnternal Mass T SSludge Mass T SInﬂuent Mass)

(3.41)

Sinfluent = Q
Reactor

(Xlnternal Mass T XSludge Mass T XInﬂuent Mass)

(3.42)

Xinfluent = Q
Reactor

3.5 Simulation Algorithm

The algorithm of the simulation platform is based on the input type choice of users.
Software contains two main function pathways to choose depending on this choice. If
the user prefers a simulation with constant inputs, software first checks the

compatibility and correctness of input data entered by the user from the user interface.

Fraction ratios are being checked just before software controls the input lineedit boxes
from the GUI in order to ensure that all data entered by the user are numerical and
there are no empty input space left behind. A warning dialog pops up if any of the
possibilities stated occurs and asks for the user to correct the input data according to
the type of error. After ensuring all the constant input data is appropriate for the
simulation, simulate function initiates in which long lists containing input data and

lists that are going to store the output data are being created.
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Iteration initiates by providing the input data as arguements necessary for the functions
that virtually imitates denitrification and nitrification processes.

During the iteration, the lists that contain output data are constantly being updated at
the end of each step. Software opens the visualized output data in the results section
of interface when the simulation is completed and concurrently writes the output data
in a default excel file having a CSV format. On the other hand, while users are running
a simulation with time series input data another path of algorithms are chosen by the

program.

For the dynamic simulation function to initiate, an input file containing the data should
be uploaded to the program via the load input file dialog existing on the interface. The
system again checks for possible errors of Kinetic, stoichiometric, reactor design and
iteration parameter values entered by the user and proceeds with the real time
simulation function. This function has the same algorithm with the simulate function
of constant input method. The only difference is the variation in values of the input
parameters and the creation of interval data by using linear interpolation according to
the step size chosen by the user. After the input and output storage lists are created,
simulation starts running with the iteration of denitrification and nitrification process
functions. The output data is written into the same output excel file as the constant
input method and software opens the results section to visually demonstrate the output

data. The flowchart of the software can be seen in Figure 3.2.

3.6 Python Packages

3.6.1 NumPy

NumPy is one of the most useful python packages alongside with SciPy when it comes
to creating applications requiring data science. It enables the users to save and operate
data as ndarrays (N-dimensional arrays) instead of lists and dictionaries that are used
for saving data in python. One of the distinguishing features of ndarrays is their
duration time in operations on data elements which is way much shorter when
compared to the duration of operation time in python lists. On the other hand, ndarrays
are capable of storing only one type of data in each column such as integers, strings
and floats while lists can store different types of elements at the same time (Bressert,
2013).
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Figure 3.2 : Software flowchart.
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NumPy also provides functions that help us read, save and write data from excel files
in CSV format that leads to the opportunity of integrating data input and output
handling in the software. The python libraries used in data science can be seen below

in Figure 3.3.

'a &
Ext t Transfor oad (ETL) Hl 0
— Extract, Transform, Load (ETL I'-I pandas Beautlflg:)up rngxs ‘
| WA
\%J
[ Data Exploration Seaborn matpl:tlib
’

Python \
L|br|a)r|$s for @ [ Data Evaluation & NumPy  fensorFiow
ata J

Science
@ learn @SciPy S]
oXa
e
A ) y
[ Data Presentation matpltlib = nVisPy]

Figure 3.3 : Python libraries for data science (NumPy, 2021).
3.6.2 SciPy

SciPy is another powerful python package containing tools to utilize the data we have
stored and indexed with the help of NumPy objects and functions. It is an essential
package to use while conducting scientific studies due to its useful functions enabling
the users to solve ordinary differential equations (ODE), apply optimization and
interpolation to the existing data (Bressert, 2013).

Solving equations on the default python setup with existing mathematical operators
and iteration algorithms is less efficient when we have the SciPy and NumPy packages

as an option.

3.6.3 PySide2

In the graphical user interface (GUI) development phase of software, advanced and
flexible designing tools of PySide2 have been used. PySide2 module was developed
by The Qt Company in order to integrate Qt framework into python programming

language.
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After creating user friendly interface drafts from the Qt Designer application existing
in the module itself, it is possible to convert the source code of designed configuration
written in extensible markup language (XML) format into a python file. Files that
contain the configuration of designed drafts written in XML format are created with

the ui extension.

Once the python file containing all the class, subclass, object and many other relevant
object oriented programming (OOP) elements is converted from the ui file, it is not

possible to change the existing design from inside the Qt Designer application

| Qt Designer
File Edit Form View Seftings Window Help
Y . = T, | L - gas  ge 2@
D@ B o ) O B ) = W ox B o B M
Widget Bax = E = Object Inspectar
. E Frm = preyIEWEnul| SN T —
Goyous [a] | HTML Edior HTML Preview I
== vertical Layout - 4 spiitter QSplitter
=rical Lay = I editorBax £ QGroupBax
1] Horizontal Layout = = verticall ayout_2 = QvBoxLayout
441 Grid Layout =l horzontallayout (] QHBoxL ayout
o clearbutton =] QPushButton
4 Form Layout previewButton &=l QPushButton
=] Spacers | plainTexdEdit Al QPlainTextEdit
[ Horzontal Spacer = [l previewerBox | l:JG[ \up_E.u
webview © owebview
E vertical Spacer =
= Buttons | Property Editor 2 1]
[ Push Button = = Farm ; g
[ Too Button Llea CrEviEw Qwidget L <.
@ Radio Buttan Property value
B CheckBax
© command Link Button objectN._. Form
¥/ Button Box = .
ftem Views (Model-Baseq) | Enablsd .-(r TR
q ist " * gef:_u:]lelr\‘ |,_. l.'J_Aﬂ.-.F-i_ |
R T = sizePalicy
§ Tre Horiza
vertic
Horiza.. 0
fidgets ([tem-Based) | Verec. |0
= minimum
- Width
B Table Widget Height
= Containers C IMETLAN 15
=] Group Bax :'“'F[
sih
|CH scronarea Hg
- +- SZeincre.
B8 o0 8o . + paseSze |0x0

Figure 3.4 : Interface of Qt Designer (Qt 5.15, 2021).

Modifications from the python file itself can be achieved despite the fact that sufficient
knowledge in Qt elements such as widgets, layouts, signals and slots mechanism and

etc. is required.

Anyone with a fundamental knowledge in PySide2 can acquire this knowledge by
reading the existing Qt documents that contain every vital information about the Qt
elements. Other than that, the only option of modifying the interface features is to

redesign the draft in Qt Designer and convert the ui file into a python file again.
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3.6.4 MatPlotlib

MatPlotlib is another essential library for the data scientists on demonstrating and
analyzing their findings in a visualized way. It is a plotting library mostly used along
with Numpy library and it is used for creating a figure canvas that is able to plot the
results data of the scientific study in this case. In MatPlotlib means of editing the figure
is practical and easy to learn while at the same time it offers quite unique and divergent
visualization options to the user. In this thesis study, FigureCanvasTkAgg and
NavigationToolbar2QT classes existing in the MatPlotlib library are imported and
embedded in the results section of the software which was created by PySide2.
Entegration of figure canvas and navigation toolbar into the interface provides
convenience while comparing different parameters in the model and comparing same
parameters in different reactors and effluent values. Therefore, visualization of the
results data is a component of the software development process as crucial as the model
implementation phase. Some of the divergent figure styles can be seen in Figure 3.5,

Figure 3.6 and Figure 3.7.
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Figure 3.5 : Date tick feature of MatPlotlib canvas (Matplotlib — Visualization with
Python, 2021).
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Scores by group and gender
35

G1 G2 G3 G4 G5

Figure 3.6 : Grouped bar chart with labels (Matplotlib — Visualization with Python,
2021).

—— curvein (X, y)
e pointsin (x, 2)

Figure 3.7 : Plotting 2D data on 3D plot (Matplotlib — Visualization with Python,
2021).

3.6.5 Pandas

Lastly another important open source data analysis and data manipulation package,
Pandas, has been used in the software for reading the input file data and storing them
in fast and efficient dataframe objects (Pandas - Python Data Analysis Library, 2022).

Pandas has been integrated with NumPy’s functions for a more efficient data handling.

3.7 Software Features

3.7.1 Input data handling

There are two methods for input handling in the simulation software and it is up to the
user to choose which method to use according to the existing data. These methods can
be defined as constant input and time series input methods. Default simulation
algorithm is compatible with the constant input algorithm once we run the simulation.
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As it can be seen in Figure 3.8, input values section contains two sub-divisions;
influent values and COD and organic nitrogen fractions. Data entry of constant influent
values for Influent Flowrate (Qinfiuent), Total Influent COD (CTinfient), Total Kjeldahl
Nitrogen (TKN), Influent Ammonia Nitrogen Concentration (NH4-N), Influent Nitrate
Nitrogen Concentration (NOz-N), Influent Dissolved Oxygen Concentration (So) and
Influent Alkalinity Concentration (SaLk) can be achieved from the influent values
division.

During the simulation process, fragmentation of Total Influent COD concentration into
influent values of various variables in each iteration step is accomplished by the

fraction values entered by user from the fractions for influent conversions division.

Input Values

m Fractions for Infleant Coeversiond

Q influent fee

G st 800 fon

Inputs TKN f)(s
Kinetics NHs"N nfigent fa
Reactors NO3-N ifent fy
Initials Sonfient e
Settings SAK influent fop
Results &
Remoye: Input Fe fx,,
o e EKEED
Contact Adjust to Steady State fsnd

Exit

Figure 3.8 : Default Input Values Section of the Software.

While entering the fraction input values, users should be cautious about the total sum
of COD fraction percentages. The sum of COD fraction percentages till fxnp and fsno
must be equal to one in order for the simulation to run. The sum of fxnp and fsnp
percentages must be equal to one either. Otherwise, users will encounter an error

dialog warning them about the inaccurate input values as it can be seen in Figure 3.9.
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K

Please check the sumn of Influent COD fraction percentages.
It should be equal to cne (1).

Ok

Figure 3.9 : Inaccurate COD fraction percentage error.

Similarly, users must avoid leaving empty input boxes or entering invalid input values
such as nonnumeric characters. In that case, another error dialog warning the user

about the invalid input will be encountered as seen in Figure 3.10.

X

o Please check if all the parameters are numerical and filled or not.

0K

Figure 3.10 : Invalid input error.

Another point to take into account is entering the inputs with correct units. Users can
easily prevent this situation by getting explanation texts from the interface. Parameter
and unit information can be seen by simply holding the cursor on each parameter or

unit input box as shown in Figure 3.11, Figure 3.12 and Figure 3.13.

Data entry for time series influent values is achieved by enabling the Load Input File
button from checkbox and loading the input file from the directory.

Software automatically detects loaded input file and changes its simulation structure

by using time series simulation function.
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Q influent 0.14

CT influent 800
TKN 45.0

NH*’FN influent 38.0
NO3-N infiuent 1.0
SD influent 0.0

SaLK influent 500

I"x’ Influent Alkalinity
Concentration
Input File
Load Input File

Figure 3.11 : Information text for influent parameters.

Q influent 0.14
[:T influent 800
TKN 45,0

NH4'N influent 3.0
NOz-N infiuent 1.0

SD influent 0.0

3
SALK influent 500

Input File
Load Input File

Figure 3.12 : Information text for influent units.

In the software directory, a sample input file in the format of comma-separated values
(CSV) file exists by default. First row of the input file contains the input parameters.
The order of input parameter values are important and should be adjusted to the sample
CSV file as it can be seen from Figure 3.14. In each calculation step, influent values
are fragmentated into different fractions same as the constant input algorithm.
According to the time series data, Day and Steps values should be adjusted from the
settings section. Step size adjustments are achieved by interpolation in order to assign
new intermediate data values between the data values users have entered. Increasing

the step size will extend simulation duration substantially.
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fae 0.13 fss 0.13
f| Readily 0.14 fsh 0.14 -
Biodegradable
fyd Fraction of the| 0,55 fis 0.55
Influent COD
fxi 0.13 fyi 0.13
fsi 0.05 fsi 0.05
fp 0.00 fyp 0.00
fap 0.00 fsp 0.00
fin 0.00 fin 0.00
fxa 0.00 fxa 0.00
fxnd 0.8 fnd 0.8
fsnd 0.2 fsnd e.2

Figure 3.13 : Information text for COD fractions.

t,0,CT, TKN,NH4,NO3,50,5alk

d,m~3/d, g/ma3, gTKN,/ m "3, gNHA-N/m "3, gN03-N/m"3,g50,/m"3, maolar
1,0.126,1515,35,28,1.0,0.0,100

11,0.125,1330,35,28,1.0,0.0,100

21,0.190,1545,35,28,1.0,0.0,100

31,0.116,1325,35,28,1.0,0.0,100

41,0.199,2395,35,28,1.0,0.0,100

51,0.180,2485,35,28,1.0,0.0,100

62,0.120,2000,35,28,1.0,0.0,100

il 72.,0.151,1390,35,28,1.0,0.0,100

RV = T, B I TR R Y I

ca

[Ne}

Figure 3.14 : Sample input file in CSV format.

Interpolation is a numerical analysis method used for estimating unknown data values

between certain data values.

Currently, linear interpolation is applied to the data set given by users. Structure of

interpolation function written for estimating new values can be seen below:

Delta = Next Value — Value (2.4)

Delta (2.5)

Value = Val
alue alue + Total StepS X (Current Step - 1)
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The new value is appended to the existing data list after calculation of the new value
Is completed. In both constant input and time series input methods, influent input

parameters are the same and they are shown in Table 3.2.

Table 3.2 : Units and definitions of input parameters.

Input

Unit Definition
Parameter

t day Time

Q m/d Influent Flowrate

Cr g/m3 Total Influent COD
TKN g TKN/m? Influent Total Kjeldahl Nitrogen
NH4-N g NHs-N/m*  Influent Ammonia Nitrogen Concentration
NOs-N g NOz-N/m? Influent Nitrate Nitrogen Concentration

So g O2/m? Influent Dissolved Oxygen Concentration
SaLk molar Influent Alkalinity Concentration

It should also be taken into account that Total Biodegradable Organic Nitrogen
Concentration (CND) is not entered as an influent input from the interface. It is
calculated by subtracting influent Ammonia Nitrogen (NHs-N) concentration from
influent Total Kjeldahl Nitrogen (TKN) concentration as it can be seen in Equation
3.43.

The fractions used for influent parameter conversions and their definitions are given

in Table 3.3. Units and definitions of state variables are given in Table 3.4.
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Table 3.3 : Fraction conversions of input parameters.

Influent Parameter (mg/l) Fraction Constant

Definition

Converted Parameter (mg/l)

Definition

fss(Ss/ Cr)
fsr (Su / Cr)
fxs (Xs / Cr)
fxi (Xi/ C)
Cr (Total Influent COD)
fsi (Si/ Cy)
fxp (Xp / C1)
fsp (Sp/ Cr)
fxr (Xu / C1)

fxa (Xa ! Cr)

fxno (Xno / Ciib)
Cnp (Total Biodegradable Organic
Nitrogen)
fsno (Sno / Cnb)

Readily Biodegradable Fraction of
the Influent COD
Rapidly Hydrolyzable Fraction of
the Influent COD
Slowly Biodegradable Fraction of the
Influent COD
Particulate Inert Fraction of the
Influent COD
Soluble Inert Fraction of the Influent
COoD
Particulate Inert Organic Product
Fraction of the COD
Soluble Inert Organic Product
Fraction of the COD
Heterotrophic Biomass Fraction of
the Influent COD
Autotrophic Biomass Fraction of the
Influent COD
Particulate Biodegradable Organic
Nitrogen Fraction of the Total
Biodegradable Organic Nitrogen
Soluble Biodegradable Organic
Nitrogen Fraction of the Total
Biodegradable Organic Nitrogen

Ss
SH
Xs
Xi
Si
Xp
Sp
X

Xa

XnD

Sno

Readily Biodegradable COD

Rapidly Hydrolyzable COD

Slowly Biodegradable COD
Particulate Inert COD

Soluble Inert COD

Particulate Inert Organic
Product Concentration
Soluble Inert Organic Product
Concentration
Heterotrophic Biomass
Concentration
Autotrophic Biomass
Concentration

Particulate Biodegradable
Organic Nitrogen Concentration

Soluble Biodegradable Organic
Nitrogen Concentration
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Table 3.4 : State variables.

State Variable Unit Definition

Ss mg/I Readily Biodegradable COD

Xs mg/I Slowly Biodegradable COD

XH mg/I Heterotrophic Biomass Concentration

Xa mg/I Autotrophic Biomass Concentration

Xp mg/l Particulate Inert Organic Product Concentration

Sp mg/I Soluble Inert Organic Product Concentration

So mg/I Dissolved Oxygen Concentration

SNH mg/l Ammonia Nitrogen Concentration

Sno mg/I Nitrate Nitrogen Concentration

Snp mg/I Soluble Biodegradable Organic Nitrogen Concentration
XND mg/I Particulate Biodegradable Organic Nitrogen Concentration
SaLk molar Alkalinity Concentration

SH mg/I Rapidly Hydrolyzable COD

Si mg/l Soluble Inert COD

X mg/I Particulate Inert COD
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3.7.2  Kinetic and stoichiometric parameter inputs

Inputs of kinetic and stoichiometric parameters can be entered from the Kinetics
section present on the left side of the user interface. Kinetics section can be seen in
Figure 3.15. In addition to kinetic and stoichiometric parameters, temperature and pH
adjustments can also be done by enabling the checkbox of desired parameter. It should
be noted that changes in pH values only affect the growth rate of nitrifiers. A list of all
kinetic and stoichiometric parameters including their units and definitions are given in
Table 3.5.

Kinetic Parameters

Kinetic Parameters Stoichiometric Parameters

0.67

kes

0.54

Inputs ki - 0.24

max .
0.05
Reactors
i 0.036
Initials
Settings

Results

0.06

Remove
Guide
Contact
Exit

Figure 3.15 : Kinetics section in the software interface.

Adjustments of pH values are constricted due to the obscurities in the applied formula.
Values between 7.2 and 8.5 are considered constant, therefore the pH adjustment range
was arranged between 0 to 7.2 on the software. Equation 3.44 (Downing et al., 1967)

was applied for the adjustment of pH values.

Ha = Hamax[1—0.833(7.2 — pH)] (3.44)

For the temperature corrections in the range of 7 to 30°C, an Arrhenius-type equation

was implemented as shown below.

= pp0(877%°) (3.49)
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Equation 3.45 is applied to the growth rates and decay rates of autotoprohic and
heterotrophic biomass. Default growth rate of heterotrophic and autotrophic organisms
are considered to be the value they possess at 20°C. Another input parameter related
with the temperature impact is the 6 constant used in the Equation 3.44. According to
(Sozen, Orhon & San, 1996), 6 constant has a value between 1.08 to 1.123. Users are
free to choose any value between the given range with the help of sliders as it can be

seen below in Figure 3.16.

Kinetic Parameters

Kinetic Parameters Stoichiometric Parameters
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Results Ndecay = 0.6 Kua | 250 _
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Figure 3.16 : Enabling temperature and pH set values.

The total number of iterations and the number of steps for each day can be entered

from the settings section as it is demonstrated in Figure 3.17.
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Figure 3.17 : Day and step size value adjustments.
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Table 3.5 : Kinetic and stoichiometric parameters.

Parameter Unit Definition
MmaxH d+t Maximum Specific Growth Rate of Heterotrophic Biomass
MmaxA d+t Maximum Specific Growth Rate of Autotrophic Biomass
bu d+t Endogenous Decay Coefficient for Heterotrophic Biomass
ba d? Endogenous Decay Coefficient for Autotrophic Biomass
Ngrowth - Correction Factor for umax+ under Anoxic Conditions
Ndecay - Correction Factor for bx under Anoxic Conditions
Ko g O2/m® Oxygen Half-Saturation Coefficient for Heterotrophic Biomass
Koa g Oz2/md Oxygen Half-Saturation Coefficient for Autotrophic Biomass
kLa d? Overall Oxygen Transfer Coefficient
Ks g COD/m? Oxygen Half-Saturation Coefficient for the Carbon Source
Kns d+t Maximum Specific Hydrolysis Rate of Sk
Knx d+t Maximum Specific Hydrolysis Rate of Xs
Kxs g Su/g cell COD Hydrolysis Half-Saturation Constant for Sk
Kxx g Xs/g cell COD Hydrolysis Half-Saturation Constant for Xs
Kno g NO3-N/m3 Half-Saturation Constant for NOz-N
KNH,H g NHs-N/m?3 NHa4-N Half-Saturation Constant for Heterotrophic Biomass
KnH,A g NHa-N/m?3 NH.-N Half-Saturation Constant for Autotrophic Biomass
YH cell COD/COD Heterotrophic Growth Yield Coefficient
YHD cell COD/COD Growth Yield Coefficient of the Denitrifiers
Ya cell COD/g NH4-N COD Autotrophic Growth Yield Coefficient
fex - Particulate Inert COD Fraction of Biomass
fes - Soluble Inert COD Fraction of Biomass
ixs g N/g cell COD Nitrogen Content of the Active Sludge Fraction
ixp gN/g COD Nitrogen Content of the Endogenous Sludge Fraction
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3.7.3 Reactor parameter inputs

Parameters related to reactors in the wastewater treatment system can be changed
within the Reactors section. Reactor parameters are given in Table 3.6 with their units
and definitions.

Table 3.6 : Reactor parameters.

Parameters Units Definitions

V Anoxic m3 Volume of the Anoxic Reactor

V Aerobic m?3 Volume of the Aerobic Reactor
SRT day Sludge Retention Time
Sosat g/m3 Dissolved Oxygen Saturation Concentration
Soset g/m®  Control Set Dissolved Oxygen Concentration
kLa day? Overall Oxygen Transfer Coefficient

Rinternal - Internal Recycle Ratio

Rsiudge - Sludge Recycle Ratio

3.7.4 Intermittent aeration feature

The software provides the users with the intermittent aeration feature which can be
enabled by checking the Intermittent checkbox located on the reactor parameters
section, as it can be seen in Fig. 3.18. Once it is enabled, users are able to change the

intermittent aeration values located on the bottom side of the checkbox.

The first intermittent aeration parameter, Taeration , defines the period of aeration time
per cycle with the unit of hour. The second parameter , Caeration , is the number of

cycles per day. Units and definitions of intermittent aeration parameters can be seen in
Table 3.7.

Table 3.7 : Units and definitions of intermittent aeration parameters.

Parameters  Units Definitions
T aeration hour Aeration period per cycle
Caeration - Number of cycles for aeration per day
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Figure 3.18 : Reactor parameter inputs.

3.7.5 Plug flow reactor feature for aeration tank

The last parameter located on reactor parameters section, Naeration , is the number of
identical aeration units the aeration reactor volume is going to be divided into. The
sole purpose of this division process is to achieve performing simulations with a

treatment efficiency closer to that of a plug flow reactor’s (PFR).

According to (Sperling, 2007), a plug flow reactor is created when the treatment
configuration contains infinite number of reactors in series, and a complete-mix reactor
is created when a single reactor is consisted in the series. As it can be seen above in
Fig. 3.19, the treatment efficiency of a system with CSTR cells in series increases as

the number of CSTR units increases.
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Figure 3.19 : Removal efficiencies for first-order kinetics in a system composed of
CSTR cells in series, as a function of the dimensionless product K.t (Sperling,
2007).
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3.7.6 Dissolved oxygen control feature

Another important feature of the software is the control set option which can be
enabled by simply checking the Soset checkbox and entering the desired dissolved
oxygen concentration as an input. At the end of each iteration, the simulation is
programmed to calculate the overall oxygen transfer coefficient needed in the next
iteration for maintaining the desired dissolved oxygen concentration level in the

aerobic tank.

The overall oxygen transfer coefficient is calculated with the equation 3.46 seen

below:

_ (Soset B SO)

kLa = ——————
(Sosat > SO)

dt (3.46)

where, kLa = Overall oxygen transfer coefficient
Soset = Control set value for dissolved oxygen concentration
Sosat = Saturation concentration of dissolved oxygen
dt = Iteration time step interval

It should be noted that if both of intermittent aeration and dissolved oxygen control
functions are enabled during the simulation, the pausing period of intermittent aeration
will surpass the dissolved oxygen control feature.

As the overall oxygen transfer coefficient is taken as zero, new values for achieving
the desired dissolved oxygen concentration in the aerobic reactor will not be calculated

until the pausing period finalizes.

3.7.7 Gradual dissolved oxygen saturation feature

Gradual Dissolved Oxygen Saturation feature was implemented to the software for
enabling the users with the opportunity of running simulations with divergent
dissolved oxygen saturation concentrations that can be specified from the input dialog
for this feature. As it can be seen in Figure 3.20, this dialog can be reached by clicking
on the Sosat label located in the reactor parameters section. It should be noted that this
feature can only be used with time series input function and therefore, the software
will not allow the users to change dissolved oxygen saturation concentrations for

specific time intervals with constant input simulation mode.
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Figure 3.20 : Gradual dissolved oxygen saturation feature.

3.7.8 Steady state adjustment feature
Steady State Adjustment feature is another function created for simulations with time
series inputs and can be performed through the Inputs section simply by clicking the

Adjust to Steady State pushbutton once the time series input is loaded to the software.

The purpose of this feature is to adjust the initial state variable values for the time
series input simulation and it is achieved by calculating the mean influent values of
the time series input and running a constant simulation with the entered time and step

size inputs.

Once the adjustment simulation is completed, the initial values of state variables are

changed and the software is ready to perform a time series simulation.

3.7.9 Settling efficiency

The settling efficiency is taken as an input from users for calculating the percentage of
particulate component concentrations that are going to be recycled to the anoxic
reactor from the sludge recycle pipeline.

The sum of influent flowrate and sludge recycle flowrate is multplied by the settling
efficiency for calculating the mass load recycling to the anoxic reactor. Mass loadings
from the influent, internal and sludge recycle pipelines are then used for calculating

parameter concentrations entering the anoxic reactor with reactor flowrate.
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3.7.10 Setting initial values for state variables
Initial Values for state variables in anoxic and aerobic reactors are entered from the

Initials section. Initial values section can be seen in Figure 3.21.

Initial Values

Initial Values for Anoxic Reactor Initial Values for Aerobic Reactor
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Contact
Exit

Figure 3.21 : Setting initial values for state variables.

3.7.11 Results visualization and data handling

After the simulation is completed, interface automatically switches to the results
section. In the results section, users are able to plot the results of state variables for the
anoxic reactor, aerobic reactor and their effluent concentrations. Plotting of the results
are achieved by changing the combobox located at the top of the figure canvas as it

can be seen in Figure 3.22.
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Remove
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Simulation is completed,

Figure 3.22 : Results section combobox.
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Additionally, wastewater characteristics including the influent concentrations, effluent
concentrations and removal efficiencies of Total Soluble COD, Total Particulate COD,
Total Nitrogen COD, Total Kjeldahl Nitrogen and Total COD can be displayed from

this section.

Displaying influent and effluent concentrations and the removal efficiency in the
wastewater characteristics section while running the simulation with constant inputs is

achieved by plotting the last effluent concentration values of the simulation.

As input values do not change with time, entered input values are used for the

calculation of influent concentrations.

On the other hand, average values of influent and effluent concentrations during the
simulation are taken into consideration while running the simulation with time series

inputs. Wastewater Characteristics section can be seen in Figure 3.23.

Effiuent Wasteviater Characteristics

Smuiaton s compieted.

Figure 3.23 : Wastewater characteristics.

Default state variables plotted in the figure are Readily Biodegradable COD (Ss),
Slowly Biodegradable COD (Xs), Heterotrophic Biomass Concentration (Xn),
Autotrophic Biomass Concentration (Xa) and Dissolved Oxygen Concentration (So).
In order to display different state variables or remove the existing variables from the

figure, Navigation Toolbar feature of Matplotlib should be used.

As it can be seen in Figure 3.24, Navigation Toolbar is located on top of the figure
canvas. Through the edit axis section, users can add and remove parameters by simply
choosing the particular variable and make changes in the line style option in curves
tab. Users can also change the style of each parameter line including color, width and

draw style.
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Figure 3.24 : Figure options.

Another feature of figure options is the opportunity to use markers for results plotting
instead of lines. Apart from the stated features, result graphics can also be saved from

Navigation Toolbar. Sample graph from the simulation can be seen in Figure 3.25.
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Figure 3.25 : Anoxic reactor results graph.

3.7.12 Output data handling
Following the completion of simulation, the default output file in the format of comma-
separated values (CSV) located in the software directory is updated with the calculated

effluent concentrations of all state variables.

3.7.13 Remove function
Remove function of the software instantly clears the result section graphs while at the
same time setting default parameter values to all the input fields. Entered input values

and adjustments of users will be removed once the remove button is clicked.
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4. RESULTS AND DISCUSSION

4.1 Calibration of the Simulation Model

Calibration of the process model is of prime importance in terms of applicability of
simulation outputs to possible real life problems. The purpose of calibration is to find
the most optimized process model version that is capable of generating output data
which fits the real data obtained from an actual resource recovery facility by adjusting
each model parameter step by step. In this thesis study, calibration of the simulation
model has been accomplished manually by changing one model parameter at a time.
Studies were performed with the data obtained from an existing water resource
recovery facility with Johannesburg configuration and the data has been given in
appendix-A2. In order to alter the Johannesburg configuration of the facility into an
MLE configuration, the volume of anaerobic reactor structured ahead of the anoxic
tank has been neglected. Another vital assumption made for converting the existing
configuration into an MLE configuration was to merge the volume of anoxic tank with
another anoxic tank stationed at the sludge recycle line to the anaerobic tank that was
designed for decreasing the nitrate concentration of sludge recycle in order to prevent
possible phosphorus removal process interruptions. Design parameters of studied

water resource recovery facility can be seen below in Table 4.1.

Table 4.1 : Design parameters of the WWTP.

Parameter Value Unit
Total volume of the anoxic 35,597 m?3
tank
Total volume of the aerobic 92 112 m3
tank
Sludge retention time 25-30 day
Internal recycle ratio 08-1.1 -

Calibration of the model has been achieved by first assigning reference parameter

values acquired from the literature as the model parameter values.
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These reference parameter values are then changed step by step until the modeller
ensures the output data of the simulation fits the real data. This stage of the calibration

process depends on the modeller’s subjective opinion on the data comparison visuals.

The data list acquired from the RRF contains daily influent and effluent values of
COD, BOD, TKN, TN, ammonia nitrogen, nitrate nitrogen, total suspended solids
(TSS) and pH concentrations along with the measurements of influent flowrate.

In this study calibration phase focusses on total COD, total BOD, TKN, TN, ammonia
nitrogen, nitrate nitrogen, TSS and particulate COD (pCOD) parameters. Equations
used for the estimation of stated parameters can be seen below:

Total COD = Sg + Sy + Xs + X; + S; + Xy + Xa + Xp (4.1)
Total BOD = Sg + Sy + Xs + Xy + Xa (4.2)

TN = Sxu + Snp + Xnp + Swno (4.3)

TKN = Syu + Snp + Xno (4.4)

pCOD = Xg + X; + Xy + Xa + Xp (4.5)

Two third of the data set acquired from the WRRF was used for calibrating the and
one third of the data was used for the validation. In this thesis study, first 220 days of
the data set were used for calibration while last 143 days were used for the validation.
It can be seen from Figure 4.1 that overall simulation outputs match the analysis results

for the total COD parameter.
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Figure 4.1 : Effluent total COD results of resource recovery data and calibrated
simulation results.
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The results comparison of simulation outputs and resource recovery data for total

nitrogen is shown in Figure 4.2. It can be seen that simulation outputs match the
analysis results during the first 220 days of the analysis results data set.

Total Nitrogen

—Simulation_TN WRRF_TN
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Figure 4.2 : Effluent TN results of resource recovery data and calibrated
simulation results.

mg/|

The results comparison of simulation outputs and analysis values for total kjeldahl

nitrogen is shown below in Figure 4.3. It can be seen that by majority, simulation
outputs cover the lower boundary of analysis results.

mg/|

Figure 4.3 : Effluent TKN results of resource recovery data and calibrated
simulation results.

It can be seen from Figure 4.4 that between days 150 and 220, model outputs cover
the upper boundary of the analysis results in regard to total BOD. On contrary,

simulation outputs of first 150 days cover the lower boundary of resource recovery
data.
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Figure 4.4 : Effluent total BOD results of resource recovery data and calibrated
simulation results.

The nitrate nitrogen results comparison is given below in Figure 4.5. It can be seen
from the graph that the simulation results are dominantly above the resource recovery

data between days 25 to 75. Until day 150, simulation outputs match the upper

boundary of resource recovery data. After day 150, an opposite pattern can be

observed in the simulation outputs.

Nitrate Nitrogen
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Figure 4.5 : Effluent nitrate nitrogen results of resource recovery data and
calibrated simulation results.

The results comparison of simulation outputs and analysis values for ammonia

nitrogen is shown below in Figure 4.6, where it can be seen that simulation outputs
match the lower boundary of resource recovery data.
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Figure 4.6 : Effluent ammonia nitrogen results of resource recovery data and
calibrated simulation results.

The simulation outputs are below the threshold of particulate COD concentrations of
analysis results till day 100 as it can be seen in Figure 4.7.
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Figure 4.7 : Effluent total particulate COD (pCOD) results of resource recovery
data and calibrated simulation results.

A list of reference parameters used in the initial calibration simulations are given in
Table 4.2. The maximum specific growth rate of heterotrophic and autotrophic
biomasses have been increased during the calibration process in order to adjust the
removal rates of influent substrate and to accelerate the nitrification process in the
aeration tank. Values of model coefficients that are defined after the calibration and

values of fraction coefficients after the calibration can be seen in Table 4.3 and Table
4.4, respectively.

61



Table 4.2

: Reference coefficients of calibration.

Parameter Unit Definition This Study Type Reference
Maximum Specific ASM1-(Henze
MimaxH d? Growth Rate of 35 Kinetic etal., 1987)
Heterotrophic Biomass
Maximum Specific ASM1-(Henze
Mimaxa d* Growth Rate of 0.6 Kinetic etal., 1987)
Autotrophic Biomass
Endogenous Decay ASM1-(Henze
by dt Coefficient for 0.24 Kinetic etal., 1987)
Heterotrophic Biomass
Endogenous Decay ASM1-(Henze
ba d? Coefficient for 0.06 Kinetic etal., 1987)
Autotrophic Biomass
Correction Factor for ASM1-(Henze
Ngrowth - Mmaxh Under Anoxic 0.8 Kinetic etal., 1987)
Conditions
Correction Factor for by s
N E under Anoxic Conditions 10 Kingll i
Oxygen Half-Saturation ASM1-(Henze
Kon g Oy/m?® Coefficient for 0.5 Kinetic etal., 1987)
Heterotrophic Biomass
Oxygen Half-Saturation ASM1-(Henze
Koa g O,/m? Coefficient for 05 Kinetic etal., 1987)
Autotrophic Biomass
Oxygen Half-Saturation ASM1-(Henze
Ks g COD/m® Coefficient for the 20 Kinetic etal., 1987)
Carbon Source
Maximum Specific L (Orhon et al.,
-1
ns d Hydrolyze Rate of Sy 30 Kinetic 1998)
» Maximum Specific L (Orhon et al.,
k ! 1.2 K
™ d Hydrolyze Rate of Xs 0 inetic 1998)
Hydrolyze Half-
; L h I
Kxs g Su/g cell COD Saturation Constant for 0.20 Kinetic (Orhon etal,
1998)
Sh
Hydrolyze Half-
; L h I
Kxx g Xs/g cell COD Saturation Constant for 0.55 Kinetic (Orhon etal,
1998)
Xs
Half-Saturation Constant _— ASM1-(Henze
_ 3
Kno g NO;s-N/m for NOs-N 0.50 Kinetic etal., 1987)
NH,4-N Half-Saturation .
Kntn g NH,-N/m? Constant for 0.1 Kinetic ASM3-(Gujer et
- al., 1999)
Heterotrophic Biomass
NH,-N Half-Saturation
Knma g NH4-N/m?3 Constant for Autotrophic 0.1 Kinetic ASM1-(Henze
. et al., 1987)
Biomass
Heterotrophic Yield . . ASM1-(Henze
Yu cell COD/COD Coefficient 0.67 Stoichiometric etal., 1987)
Yield Coefficient of the . . ASM3-(Gujer et
Yo cell COD/COD Denitrifiers 0.54 Stoichiometric al., 1999)
Ya cell COD/g NH4-N Autotrophic Yield 024 Stoichiometric ASM1-(Henze

COoD

Coefficient

et al., 1987)
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Table 4.2 (continued): Reference coefficients of calibration.

This
Parameter Unit Definition Type Reference
Study
Particulate Inert
fex Matter Fraction of 0.2 Stoichiometric (Orhon et al., 1998)
Biomass
Soluble Inert Matter . .
fes Fraction of Biomass 0.05 Stoichiometric (Orhon et al., 1998)
N/a cell Nitrogen Content of
ixg 9 CgD the Active Sludge 0.086 Stoichiometric ASM1-(Henze et al., 1987)
Fraction
Nitrogen Content of
ixp gN/g COD the Endogenous 0.06 Stoichiometric ASM1-(Henze et al., 1987)
Sludge Fraction
Table 4.3 : Calibrated coefficients.
. Predefined This
Parameter Unit Type Reference
Value Study
—_— ASM1-(Henze
-1
Mmaxt d 35 4.0 Kinetic etal., 1987)
—_— ASM1-(Henze
-1
Himaxa d 06 10 Kinetic etal., 1987)
A ASM1-(Henze
-1
Knx d 1.2 2.0 Kinetic etal., 1987)
A ASM1-(Henze
-1
ba d 0.06 0.06 Kinetic etal., 1987)
Ndecay 1.0 0.9 Kinetic -
.. ASM1-(Henze
3
Kon g O,/m 0.5 0.1 Kinetic etal., 1987)
A ASM1-(Henze
3
Koa g Oz/m 0.5 0.05 Kinetic etal, 1987)
_— ASM1-(Henze
3
Ks g COD/m 20 10 Kinetic etal., 1987)
_— ASM1-(Henze
3
Kno g COD/m 0.50 1.0 Kinetic etal, 1987)
" L (Orhon et al.,
Kns d 3.0 31 Kinetic 1998)
g Xs/g cell L (Orhon et al,.
Kxx COoD 0.55 0.02 Kinetic 1998)
4 L (Orhon et al,.
Knx d 1.2 2.0 Kinetic 1998)
L ASM3-(Gujer
_ 3
KNhA g NH4-N/m 0.1 1.0 Kinetic etal., 1999)

Correction Factor for Endogenous Decay Coefficient for Heterotrophic Biomass under

Anoxic Conditions have been decreased from 1.0 to 0.9 for the same purpose. It was

observed that the hydrolization rates were not high enough, specifically for the

biomasses to utilize the slowly biodegradable COD and therefore Maximum Specific

Hydrolyze Rate of the slowly biodegradable COD was increased from 1.2 to 2.0 in the

calibration process.
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Table 4.4 : Calibrated fraction coefficients.

. . . This Orhon et al., Jarvis et al.,
Fraction Definition Predefined Value Study ( 1998) ( 2014)
fss Ss/Ct 0.13 0.03 0.09 0.13
fsn SH/Ct 0.14 0.06 0.215 0.14
fxs Xs/Ct 0.55 0.84 0.555 0.55
fxi Xi/Cr 0.10 0.05 0.10 0.13
fsi Si/Cr 0.4 0.01 0.04 0.05
fxp Xp/Cr 0.04 0 - -
fxn Xu/Cr 0.10 0.01 - -
fxa XalCt 0 0 - -
fxnp Xnp / Cnp 0.8 0.8 - -
fsno Snp / Cnp 0.2 0.2 - -

4.2 Validation of the Simulation Model

Validation of the software has been achieved by comparing the simulation outputs with

analysis results corresponding to the last 143 days of data set acquired from the WRRF.

It can be seen from Figure 4.8 that simulation matches the water resource recovery

facility data in regard to total COD concentrations.

mg/I

Total COD

—Simulation_COD

Day

WRRF_COD

Figure 4.8 : Comparison of total COD results from analysis and simulation for

validation.

The results comparison of simulation outputs and analysis values for nitrate nitrogen

concentrations in the effluent wastewater is shown in Figure 4.9. It can be seen that

overall, simulation outputs do not match the analysis results.
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The nitrate nitrogen concentrations differ depending on the dissolved oxygen
concentration maintaining in the aerobic reactor and the utilization rate of the dissolved
oxygen concentration by the autotrophic biomass concentration. Therefore, the
decrease in the nitrate nitrogen concentration after day 300 can be considered as a
result of the autotrophic biomass concentration decline.

Nitrate Nitrogen
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Figure 4.9 : Comparison of nitrate nitrogen results from analysis and simulation
for validation.

It can be seen from Figure 4.10 that in overall simulation effluent wastewater outputs
match with the analysis results in regard to TKN concentrations. In Figure 4.11 on the
other hand, it can be observed that the precision of total nitrogen concentrations of

simulation decreases drastically after day 300, as a result of the difference occured in
the nitrate nitrogen concentrations.
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Figure 4.10 : Comparison of TKN results from analysis and simulation for
validation.
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Figure 4.11 : Comparison of TN results from analysis and simulation for
validation.
The results comparison of simulation outputs and analysis values for total BOD
concentrations in the effluent wastewater is shown below in Figure 4.12 where it can
be seen that overall simulation outputs match the analysis results.
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Figure 4.12 : Comparison of total BOD results from analysis and simulation for
validation.

The comparison of ammonia nitrogen concentration outputs from the simulation and
the analysis can be seen above in Figure 4.13. Simulation outputs for ammonia
nitrogen are above the analysis results until day 340 where possibly due to a marginal

increase in the influent of WWTP, analysis results surpass the simulation outputs.
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Particulate COD concentrations are depicted in Figure 4.14. It can be observed that
simulation outputs are mostly below the analysis results.
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Figure 4.13 : Comparison of ammonia nitrogen results from analysis and
simulation for validation.
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Figure 4.14 : Comparison of pCOD results from analysis and simulation for
validation.

4.3 Statistical Evaluation of Simulation Outputs

In order to evaluate the precision of model outputs statistically, Root Mean Square
Error (RMSE) and Janus coefficient methods have been selected. Calculation of Root
Mean Square Error (RMSE) value and Janus coefficient can be seen below in Equation

4.6 and 4.7. The RMSE values and Janus coefficients found can be seen in Table 4.5.
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It should be noted that the precision of the model increases as the RMSE value of a
particular parameter decreases. Janus coefficient on the other hand, demonstrates the
validity of process model. The more the Janus coefficient of a parameter approaches
to 1, the more closer the error ranges of validation and calibration for the parameter

are.

n

1
RMSE = £Z(ymeas,i_3/(ti))2 (46)

=1

1 Nyal 2
n z (ymeas,i - y(ti))
]2 — val i=1 (4 7)
1 Ncal 2 :
(ymeas,i - y(ti))

Near i=1

As it can be seen in Table 4.5, each Root Mean Square Error (RMSE) value computed
with the calibrated coefficients of parameters decrease in the validation process. The
most precise predictions in the calibration were achieved for the NH4-N and the NO3-
N parameters with Root Mean Square Error values of 1,73 and 2,01, respectively. In
the validation phase on the other hand, the most precise predictions were achieved for
the NH4-N and the TKN parameters with Root Mean Square Error values of 0,65 and
0,78, respectively.

It was observed that the least precise predictions were achieved for the COD and
pCOD parameters on both of the calibration and validation processes with Root Mean
Square Error values of 14,41 and 14,14, respectively for the calibration and 5,82 and
7,93, respectively for the validation processes. The parameters possesing the Janus
Coefficient values closest to 1, were calculated as NO3-N and TN with Janus
Coefficient values of 0,75 and 0,73, respectively. On the other hand, parameters having
the most distant values to 1, were computed as NH4-N and COD with Janus

Coefficient values of 0,38 and 0,40, respectively.
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Table 4.5 : RMSE and Janus coefficients of model parameters.

Parameter (Ca?it)/lrit?on) RMSE (Validation) Coi?fnil;?ent
COD 14,41 5,82 0,40
TN 3,16 1,59 0,73
TKN 2,52 0,78 0,50
NHa 1,73 0,65 0,38
NOs 2,01 151 0,75
pCOD 14,14 7,93 0,56
BOD 5,72 2,76 0,48

4.4  Comparison of Simulation Outputs with AQUASIM

The output data of aerobic and anoxic compartment parameters are taken from the
software for a comparison with the results of same model configuration created in the
AQUASIM software. Each mass balance equation, biochemical and operational
process as well as the kinetic, stoichiometric and operational parameter are identical
with the software created for this thesis study. Simulations were run with the input data
of an existing WRRF. Graphical visualizations for comparison of some of the crucial
parameters can be seen in the following pages. The comparison of heterotrophic
biomass concentrations in the aerobic reactor of the configuration from thesis and
AQUASIM are shown above in Figure 4.15 where the heterotrophic biomass

concentrations computed with thesis model match with AQUASIM results.
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Figure 4.15 : Comparison of heterotrophic biomass concentration results in the
aerobic reactor of Aquasim and the developed software in this study.
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The outputs of autotrophic biomass concentrations from AQUASIM and thesis model
match each other as it can be seen in Figure 4.16.
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Figure 4.16 : Comparison of autotrophic biomass concentration results in the
aerobic reactor of Aquasim and the developed software in this study.

The results comparison of thesis simulation outputs and AQUASIM outputs for
dissolved oxygen concentration is shown below in Figure 4.17 where it can be seen

that thesis dissolved oxygen concentration outputs match with AQUASIM outputs.
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Figure 4.17 : Comparison of dissolved oxygen concentration results in the
aerobic reactor of Aquasim and the developed software in this study.

It can be seen below from Figure 4.18 that in overall, simulation aerobic reactor

parameter outputs match with the AQUASIM simulation results in regard to nitrate

nitrogen concentrations.
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Figure 4.18 : Comparison of nitrate nitrogen concentration results in the aerobic
reactor of Aquasim and the developed software in this study.

The results comparison of thesis simulation outputs and AQUASIM output values for
rapidly hydrolyzable COD concentrations in the aerobic reactor is shown in Figure

4.19 where it can be seen that overall thesis simulation outputs match the AQUASIM
results.
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Figure 4.19 : Comparison of rapidly hydrolyzable COD concentration results in
the aerobic reactor of Aquasim and the developed software in this study.

It can be seen from Figure 4.20 that in overall thesis simulation ammonia nitrogen

concentrations match with the AQUASIM ammonia nitrogen concentration results.
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Figure 4.20 : Comparison of ammonia nitrogen concentration results in the
aerobic reactor of Aquasim and the developed software in this study.

The comparison of heterotrophic biomass concentrations in the anoxic reactor of the
configuration from thesis and AQUASIM are shown below in Figure 4.21 where the
heterotrophic biomass concentrations computed within the thesis model demonstrate
similar characteristics with AQUASIM results.
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Figure 4.21 : Comparison of heterotrophic biomass concentration results in the
anoxic reactor of Aquasim and the developed software in this study.

The comparison of autotrophic biomass concentrations in the anoxic reactor of the

configuration from thesis and AQUASIM are shown below in Figure 4.22.
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Figure 4.22 : Comparison of autotrophic biomass concentration results in
anoxic reactor of Aquasim and the developed software in this study.

The results of dissolved oxygen concentrations in the anoxic reactor from the thesis
simulation and AQUASIM can be seen below in Figure 4.23. Dissolved oxygen

concentrations of thesis model show similar characteristics with AQUASIM results.
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Figure 4.23 : Comparison of dissolved oxygen concentration results in the
anoxic reactor of Aquasim and the developed software in this study.

Similar to the dissolved oxygen concentrations nitrate nitrogen concentration results

taken from the thesis simulation and AQUASIM perform similar characteristics as it
can be seen in Figure 4.24.
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Figure 4.24 : Comparison of nitrate nitrogen concentration results in the anoxic
reactor of Aquasim and the developed software in this study.

The results of rapidly hydrolyzable COD concentrations in the anoxic reactor from the
thesis simulation and AQUASIM can be seen below in Figure 4.25. Rapidly
hydrolyzable COD concentrations of thesis model show similar characteristics with
AQUASIM results.
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Figure 4.25 : Comparison of rapidly hydrolyzable COD concentration results in
the anoxic reactor of Aquasim and the developed software in this study.

Lastly, the ammonia nitrogen concentrations from the anoxic reactor of thesis and
AQUASIM simulations are shown above in Figure 4.26. It can be seen from the figure
that ammonia nitrogen concentrations of AQUASIM simulation matches the results

acquired from the developed software in this study.
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Figure 4.26 : Comparison of ammonia nitrogen concentration results in the
anoxic reactor of Aquasim and the developed software in this study.
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5. CONCLUSIONS AND RECOMMENDATIONS

An open-source software able to perform simulations of water resource recovery
facilities with Modified Ludzack-Ettinger configuration has been developed within the
scope of this study. Python programming language has been chosen for the
development of the software due to its easy to learn syntax and its open-source libraries
that contain powerful packages such as NumPy, SciPy, PySide2, Matplotlib and

Pandas.

The data handling of inputs and outputs have been achieved with the help of useful
built-in functions of NumPy and Pandas, whereas the graphical user interface of the
software have been created with PySide2. SciPy.integrate’s solve ivp function has
been used for performing computations of ordinary differential equations with the
backward differentiation formula (BDF) method which is a multi-step variable-order
implicit method used in solving stiff problems ("Scipy.integrate.solve_ivp — SciPy
v1.7.1 Manual", 2021). Lastly for the development phase, figure canvas class of
Matplotlib package has been integrated to the interface for visualizing the results of

performed simulations.

A biochemical process model, consisting of 10 processes and 2 operational parameters
defined for 15 state variables, have been created for the specific configuration that
includes hydrolization processes of rapidly hydrolyzable COD, slowly hydrolyzable
COD, soluble organic nitrogen and particulate organic nitrogen along with the growth

and decay processes of heterotrophic and autotrophic biomasses.

Activated Sludge Model No. 1 (ASM1) has been taken as a base model for the creation
of software model meanwhile endogenous respiration process definitions for two
different heterotrophic organism species were adopted from the Activated Sludge
Model No. 3 (ASM3).
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Modifications have been made to the hybrid process model as the ammonification of
soluble organic nitrogen process from Activated Sludge Model No. 1 and the storage
mechanism of Activated Sludge Model No. 3 were removed from the process model
in this thesis study. Once the process model was created, mass balance equations of

each state variable were implemented in the software.

Configuration reactors were considered as Continuously Stirred Tank Reactors
(CSTR) and therefore were assumed as ideal reactors. The reactant concentrations
were considered to be distributed homogenously through the reactors meaning that the
reactant concentrations within the reactor are assumed to be equal to the effluent

concentrations of the reactors.

Rate of accumulation in the reactors were computed for each state variable for defining
the mass balance equations of the specific configuration. Coefficients and
stoichiometric parameters defined on process model matrix were multiplied by the
process rates of each component for calculating the rate of accumulation in the
reactors. Operational processes like constant feed of dissolved oxygen and sludge
disposal process for the particulate matter that are going to be wasted were included in
the matrix. Computation of sludge disposal was achieved by a sludge retention time
input parameter and correction factors for the process rates of denitrifiers were also
included to kinetic parameters alongside the coefficients of heterotrophic and
autotrophic growth and decay processes. Lastly, hydrolysis rates and coefficients were

appended to the model.

Calibration and validation of the process model have been achieved by using the data
set of an existing WRRF. First 220 days of the data set of 363 days were used for the
calibration and last 143 days were used for the validation of the parameter coefficients.
Calibration has been achieved by performing simulations with one parameter value
changed each step. Overall, it was observed that first 150 days of the data set possessed
a more scattered data pattern when compared to the data intensity after day 150. The
hydrolization rate of the slowly biodegradable COD was observed unsufficient and

therefore the hydrolization coefficient was increased.

Another change was the increase in maximum specific growth rates for heterotrophic
and autotrophic biomasses due to the unsufficient substrate removal and nitrification

rates observed during the simulations.
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Root Mean Square Error (RMSE) and Janus Coefficient methods have been selected
for evaluating the precision of model simulation outputs. The most precise predictions
in the calibration were achieved for the NH4-N and the NO3-N parameters with Root
Mean Square Error values of 1,73 and 2,01, respectively while in the validation phase,
the most precise predictions were achieved for the NH4-N and the TKN parameters
with Root Mean Square Error values of 0,65 and 0,78, respectively.

The least precise predictions were computed for the COD and pCOD parameters on
both of the calibration and validation processes with Root Mean Square Error values
of 14,41 and 14,14, respectively for the calibration and 5,82 and 7,93, respectively for

the validation processes.

The parameters possesing the Janus Coefficient values closest to 1, were calculated as
NO3-N and TN with Janus Coefficient values of 0,75 and 0,73, respectively while
parameters having the most distant values to 1, were computed as NH4-N and COD
with Janus Coefficient values of 0,38 and 0,40, respectively.

The verification of the developed software was achieved by implementing the
Modified-Ludzack Ettinger model in AQUASIM, an acknowledged simulation
software used in environmental science, and comparing the results obtained from
AQUASIM and the developed software created in this thesis study. Several
simulations were done using the same operational parameters, Kinetic and
stoichiometric coefficients in each software while changing the parameters and

coefficients each time a simulation was performed.

Similarly, simulation outputs of each software were compared with simulations having
different step sizes like 107, 102 and 10°. On all of the simulations mentioned, it was
seen that the outputs of the developed software matched the outputs of AQUASIM

software.

For further development of the software, options for choosing different carbon and

nitrogen removal configurations should be implemented.

A Dbetter but more complicated modification would be to enable the users to define
their own configurations by defining reactor and pipeline classes possessing divergent
features with the help object oriented programming. Implementation of Enhanced
Biological Phosphorus Removal (EBPR) configurations with effluent wastewater

characteristics fit for reuse should be accomplished.
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Another important modification would be to update the software with a proper settling
model rather than using a settling efficiency coefficient for sludge recycle and effluent
wastewater calculations. Additional tools for model calibration, energy consumption
and cost efficiency calculations and CO2 generation calculations for sustainability

assesment can be integrated into the software.

Lastly, functions that enable the users to save the existing options and adjustments
must be implemented into the software and different scenarios for real case

optimization studies should be applied.

In conclusion, the developed software within the scope of this thesis study will be a
useful tool to predict the performances of nitrogen removal process schemes for

different water quality and treatment requirements.

Considering a decent automation integration is achieved to the software, simpler
softwares created with more user friendly graphical user interfaces will end up
increasing the control of facility operators over the operation of the systems. The need
for specific case studies on the modeled configuration will reduce with the efficient
use of the software and younger generations of environmental engineers will be
provided a better mean of comprehension for the operational, kinetic and
stoichiometric parameters and their impacts on the processes.
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APPENDIX

APPENDIX Al : Software executive file named Simulator.exe
APPENDIX A2 : Influent and effluent data of WRRF
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This appendix has been supplied electronically.
APPENDIX A2

This appendix has been supplied electronically.
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