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ABSTRACT 

DEVELOPMENT AND TESTING OF A GRAPHICAL SIMULATOR FOR 

WASTEWATER TREATMENT PLANT DESIGN AND ANALYSIS 

KUŞ, Bayram Arda 

Ph.D. in Electrical and Electronics Engineering 

Supervisor: Assoc. Prof. Dr. Tolgay KARA 

September 2020  

90 pages 

In this study, a computer based graphical interface is developed to improve wastewater 

treatment systems. Depending on the desired input-output relationship of the system, 

the simulator is run to show the possible results for each step of the processes of a 

wastewater treatment system. In order to describe the treatment performance on the 

wastewater, each subsystem responses, which are predefined and mathematically 

modeled, are observable. It is possible to observe the system behavior on maximum 

and minimum values of physical, biological and chemical wastewater components. 

The subsystems are constructed elastically; the simulator allows adding different 

mathematical responses to the subsystems on different chemical and physical 

components. The organic-inorganic and chemical-physical responses of the system are 

simulated distinctly. The wastewater treatment characteristics for different 

components of any type are planned, observed and optimized. All relevant variables 

such as depth of pools, flow speed and sewage characteristics can be changed on the 

simulator. Whale Optimization Algorithm (WOA) is used to achieve the desired 

optimized solutions. The simulator is run for the Gaziantep Oğuzeli WWTP 

conditions. The results of whole simulator are concluded with both economic and 

environmental trajectories depending on the desired outputs and the control 

mechanisms of the system. Moreover a Unified Tank Model (UTM) for the aeration 

and sedimentation phases is proposed and investigated as part of this study.  

Environmental aspects are taken in to account for all steps of this study. 

Key Words: Wastewater, Wastewater Treatment, Mathematical Modeling, 

denenmememes1Simulation, Control. 



 

ÖZET 

ATIKSU ARITMA TESİSİ TASARIMI VE ANALİZİ İÇİN GRAFİKSEL 
SİMÜLATÖR GELİŞTİRİLMESİ VE TEST EDİLMESİ 

KUŞ, Bayram Arda 

Doktora Tezi, Elektrik Elektronik Mühendisliği 
Danışman: Doç. Dr. Tolgay KARA 

Eylül 2020 

90 sayfa 

Bu çalışmada atıksu arıtma sistemlerinin iyileştirilmesi için bilgisayar tabanlı bir 

grafik arayüz geliştirilmiştir. Sistemin istenen girdi-çıktı ilişkisine bağlı olarak, 

simülatör, bir atık su arıtma sisteminin işlemlerinin her bir aşaması için olası sonuçları 

göstermek üzere çalıştırılır. Atık su arıtma performansını tanımlamak için, önceden 

tanımlanmış ve matematiksel olarak modellenen her bir alt sistemin davranışı 

gözlemlenebilir. Sistem davranışını, fiziksel, biyolojik ve kimyasal atık su 

bileşenlerinin maksimum ve minimum değerlerinde gözlemlemek mümkündür. Alt 

sistemler elastik olarak inşa edilmiştir; simülatör, farklı kimyasal ve fiziksel bileşenler 

üzerindeki alt sistemlere farklı matematiksel yanıtlar eklemeyi sağlar. Sistemin 

organik-inorganik ve kimyasal-fiziksel tepkileri belirgin bir şekilde simüle edilmiştir. 

Herhangi bir tipteki farklı bileşenler için atıksu arıtma özellikleri planlanmış ve 

optimize edilmiştir. Simülatör üzerinde değişiklik yapmak için havuz derinliği, akış 

hızı ve atıksu özellikleri. ile ilgili tüm değişkenler mevcuttur. Optimize edilmiş 

çözümlere ulaşmak için Balina Optimizasyon Algoritması (WOA) kullanılmıştır. 

Simülatör, Gaziantep, Oğuzeli AAT koşulları ile yürütülmüştür. Bütün bir simülatörün 

sonuçları istenen çıktılara ve sistemin kontrol mekanizmalarına bağlı olarak hem 

ekonomik hem de çevresel yörüngelerle sonuçlandırılmıştır. Ayrıca, bu çalışmanın bir 

parçası olarak havalandırma ve sedimantasyon aşamaları için Birleşik Tank Modeli 

(UTM) önerilmiş ve araştırılmıştır. Bu çalışmanın tüm aşamalarında çevresel kaygılar 

dikkate alınmıştır. 

Anahtar Kelimeler:  Atıksu, Atıksu Arıtımı, Matematiksel Modelleme, Simulasyon, 
asasdasf fdgffgf fg fg  Kontrol. 
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CHAPTER I 

 

INTRODUCTION 

 

1.1 General 

Life begins with water. Clean water is the most essential material for human beings to 

survive, although the source of clean water is very limited compared with the increase of 

population worldwide. To prevent ecological collapse, humanity has to ask the question 

at every step on their expenditures “How much is enough?". It does not mean "more" is 

always "better" [1]. 

Over-consumption behavior is not an indicator of development at both country and 

individual level. Furthermore, the unplanned and excessive investments cause 

deterioration on both ecology and economy [2]. On the one hand, the poorest populations 

in the world such as Afghanistan, Bangladesh, Brazil, Colombia, Equatorial Guinea, 

Gambia, Haiti, India, Palestine (Gaze Strip), Yemen and Syria are trying to survive. These 

countries suffer from inadequate water and sanitation investments and cannot access 

water for different reasons. On the other hand, the rest of the world drink more mineral 

water than tap water or they transport drinking water across the ocean [3]. 

Like drinking water, it is also important that wastewater is discharged into nature under 

certain conditions. Polluted environment and affected organisms can also affect human 

life dependent on the food chain like other organisms and this can have very serious 

consequences [4]. 

An energy analyst in International Energy Association (IEA), Molly Walton published a 

news article with the title of "Commentary: The energy sector should care about 

wastewater" on 19 November 2018. It is highlighted that the energy consumption of the 

collection and treatment of wastewater is 4% of total global electricity consumption for 

today and energy consumption of wastewater treatment (WWT) will reach 680 TWh by 

the year 2030 [5]. 
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In the light of the environmental laws and environmental awareness of the populations in 

recent years, there are lots of researches and investigations focused on waste water 

treatment projects to prevent disasters for all living organisms on the receiving 

environment such as stream, river, lake, sea [6]. However; for all these kinds of 

investigations, the equilibrium between "water treated well-enough" and "energy-labor-

money consumption" has to be observed [7]. 

1.2 Motivation of Study 

Wastewater treatment is a very complex and detailed process. Various mathematical 

models have been developed in order to clearly express the process [8]. Processes may 

vary according to geographical structure, climate, flow rate and wastewater 

characteristics. In a full scale WWT process operation, mathematical relations between 

the chemical, physical and biological processes are not easy to model [9]. Obtaining a 

mathematical model which is exactly "real” is not possible. However "close to real" is 

sufficient for engineers (Figure1.1). 

    

Figure 1.1 A butterfly in reality and a model 

The mathematical models which take into account all the physical, chemical and 

biological factors provide a better understanding of any Wastewater Treatment Plant 

(WWTP) design [10]. Interdisciplinary studies are carried out for the treatment of 

wastewater and its removal without damaging the nature. The main target of the design 

and implementation of WWTP is reduction of biological phosphorus, organic carbon 

substances and biological nitrogen. The design and implementation procedures consist of 

several subsystems to achieve biological phosphorus, organic carbon substances and 

biological nitrogen removal [11]. 
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A WWTP is a combination of complicated processes and it requires execution of several 

steps for efficacy of WWT including establishment, operation and maintenance. Existing 

studies focus more on decentralized systems in order to decrease the initial cost despite 

the fact that decentralized plants may have drawbacks regarding both operation and 

maintenance steps in WWTP. For efficient operation and maintenance, qualified labor 

and proper control systems are needed [8]. There has to be an equilibrium between 

operation and energy consumption, as well as safety and environmental concerns. 

1.3 Objectives of Study 

In this study, a computer based graphical interface is developed to observe the influent 

effluent relations for each subsystem in a WWTP, the designed simulator has also become 

a useful tool for designing new wastewater treatment systems or improve the existing 

systems or improving the existing systems. Depending on the desired input-output 

relation of each subsystem of the plant, simulator runs and shows the possible results of 

each step and process. In order to visually follow the wastewater treatment performance, 

each subsystem output is graphically observable. 

A graphical simulator for pre-design studies to describe the capacity and possible 

performance of the plant is essential to decrease research and development costs. Energy 

consumption of a plant, carbon emissions, the quality of the treated water and other 

outputs are used to optimize the design and implementation of wastewater treatment 

based on all parameters which have a role in the system. For the actual implementation, 

the most inexpensive and efficient scenario will be created and treatment performance of 

the system will be clarified with the aid of this study. 

This thesis is focused to overcome the equilibrium problem on the "well-enough treated 

water" and "energy-labor consumption". Relation between the variables and algorithmic 

solutions, symbolized by elastic blocks on the simulator of WWT system take into 

account all variables on a plant via the simulator. 

The activated sludge mainly consists of a mixture of wastewater and bacteria population, 

which is kept moving in water by stirring or aeration [12]. Aeration process is the biggest 

cause of energy consumption, which constitutes approximately 60% of the total 

consumed energy in a WWTP [13]. The role of aeration is important for two aspects. 

First, oxygen is a main component for bacteria and other types of microorganisms to live, 
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grow, and multiply. Second, it supports mixing sludge with the sewage where air is 

bubbled into the aeration tanks through wastewater that contains dissolved organic 

substances [14], [15]. The living bacteria consume the dissolved organic materials, which 

are the pollutants in the waste [6,8,9]. During nitrification, the amount of DO (Dissolved 

Oxygen) concentration plays a crucial role for the reduction of nitrate (SNO3) and 

ammonium, ammonia nitrogen (SNH) concentrations which are more difficult to keep 

below the legally determined limits [18]. For that reason, DO control and optimization 

has been a target of a various researches recently [19]–[21]. The aim of the secondary 

clarifier is to obtain the purified water (effluent) from the activated sludge through 

sedimentation. The secondary clarifier and the aeration tank together can be considered 

as a single process from a process control viewpoint [22]. 

To predict the real behavior of activated sludge process, biological mathematical 

modeling studies were initialized with Activated Sludge Model 1 (ASM1) [23], in which 

nitrification, denitrification and carbon oxidation are considered. ASM1 is a model that 

describes the relation between 13 components in the mixed liquor which are based on: 

particulate and soluble substrate. In the second model, ASM2 [24], the solution of 

biological and chemical phosphorus removal are considered. These models are based on 

Chemical Oxygen Demand (COD) is used to identify organic pollution [25]. ASM2d [26] 

is an extended model which considers the nitrification capacity of phosphorus 

accumulating organisms. For ASM3, another essential parameter is also considered, 

which is the total organic carbon [10], [27]. International Water Association (IWA) 

summarized the most popular and exact mathematical definitions of biological processes 

at composed models as ASM1, ASM2, ASM2d, ASM3 [28]. In all of these models, 

Biological Oxygen Demand (BOD) and COD are the most widely used parameters for 

characterizing the organic carbon content in wastewater. 

Computer-aided design has become part of optimization activities [29]–[31], and 

computer simulations offer a faster and more efficient way to design WWT processes 

[32] with extensive mathematical models expressing the processes running in the 

background [33]–[36]. In this thesis, a mathematical model of unified tank in both 

aeration and sedimentation process is offered and simulated to investigate the 

performance of the system [37]. Additionally, in order to improve the performance of an 
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automated unified tank plant, we need to find the optimized parameters in the control 

loop. 

There are many optimization techniques including the metaheuristic approaches that have 

been widely used recently, many of which have been inspired by biological systems and 

animals behavior [38]. The spiral path inspired by the motion of feeding humpback 

whales is called the bubble-net feeding maneuver and it was first mathematically 

modelled with the purpose of obtaining optimization solutions [39], [40]. The resulting 

optimization algorithm is named as Whale Optimization Algorithm (WOA) [41]–[44], 

which is one of the recently developed heuristic optimization methods in use [45]. The 

WOA method is used in this study to obtain minimized cost for production or maximized 

efficiency of a unified tank model in aeration system for WWTPs. 

1.4 Organization of Thesis 

The rest of the paper is organized as follows:  

In Section 2, the literature review is presented. Historical development of WWT and 

WWTP is demonstrated. Recent situation of WWTP reactor technologies is described. 

Control and simulation studies on WWTPs are demonstrated. The brief information about 

the WWTPs is also presented on physical, chemical, biological aspects in this section.  

In Section 3, defining the bases of optimization the specific optimization steps of WWTP 

are described and considered with existing WWTP components and the receiving 

medium. WOA approach is discussed and improvements in aeration and sedimentation 

are explained for both existing system and UTM concept. 

In Section 4, mathematical modelling and modelling strategy is defined and grey box 

approach is explained. The basic equilibriums for the sub-models are clarified. The 

aeration and sedimentation tanks in classical approach are described. As a constructive 

proposal, the Unified Tank Model (UTM) design and modeling with the improvements 

of proposed physical model structure, both aeration and sedimentation process is 

clarified. 

In Section 5, each subsystem is associated with mathematical expressions presented in 

section 4. In addition, the relationships of these subsystems with each other are explained. 

Simulator main algorithm is expressed, design steps are presented. The computer based 

sub-models are demonstrated. 
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In Section 6, the Oğuzeli WWTP and influent-effluent characteristics are introduced. 

Simulation results are given and performances presented in graphical form are discussed 

for each sub-model. As a case study, simulation tests on existing plant and alternatively 

modelled UTM design are compared.  

Finally, conclusive remarks and recommendations for future studies are presented in 

Section 7. 
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CHAPTER II 

 

LITERATURE REVIEW 

 

2.1 Historical Development of WWT and WWTP 

People designed and constructed sewers in order to live in a clean environment. Sewers 

are installed to carry the waste water to the nearest discharging point. Connecting home 

toilets or bathrooms to the cesspools was another solution for sanitation. Greeks have 

improved another way to get rid of human waste, they had public toilets and baths. 

These waste water sources are connected to the collection centers located outside of 

the city. 

The history of sewers has started in Mesopotamian Empire for the storm water 

drainage (3500 to 2500 BC) [46]. Unfortunately, these collection centers were often 

overly fertile agricultural areas [46]. In the archaeological studies, four different 

drainage systems have been found at King Minos’ Royal Palace at Knosses (Crete). 

From 2000 BC, many of the drains of this system are still in use today. At 800 BC 

Cloaca Maxima, centralized sewer system, was built in Rome [46], [47]. 

When the population exceeds the self-recovery limits of nature, population has faced 

another problem; sanitation. Both solid and liquid disposals were thrown out from 

windows or carried to the rural areas [48]. The streets were periodically washed. Basic 

principle of the ancient Cloaca Maxima system was carrying this waste surface water 

to the river. The carried water were proportionally clear [13], However this partial 

cleaning did not prevent the spread of epidemic diseases such as black plague [14]. In 

1596, for Queen Elizabeth, two water closets were built by Sir John Harington [49]. 

The technical approach to the problem can be expressed as basic modern control 

principles. This useful invention was not commonly used until 1800, because it was 

not still usual to connect the toilet pipes to the central constructions [50]. 

A basic treatment technology was deployed at Craigentinny Meadows in Edinburgh in 

1829 [51]. However activated sludge model of WWT based on empirical experience 
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was discovered by George W. Fuller [52] in 1914, shown in Figure 2.1. On the other 

hand, the date of this discovery is not certain and varies according to the organizations. 

For IWA and the Kalyuzhnyi S. V. it is 1914 and 1913 respectively, referring to the 

Ardern and Lockett studies [53],[54]. For Jeanette Brown, former president of the 

Water Environment Association, the discovery was based on Clark and Gage studies 

reported in 1913 [52]. 

The first dynamic model for the activated sludge system was developed from the 

models discussed in the 1960s for bioreactors [8], [55] (Figure 2.1). The model of 

activated sludge process proposal studies were unified in 1974 [56]. Different types of 

reactors such as; Complete Mix Reactor, Batch Reactor, Suspended Reactor, Plug 

Flow Reactor, the Moving Bed Biofilm Reactor (MBBR) and Membrane Bioreactor 

(MBR) are used in secondary treatment of WWT process [57]–[60]. MBR technology 

is an essential recent wastewater treatment technology for operating cost assessment, 

micro pollutant removal, and sustainability  [61], [62]. System details for MBR on 

both aspects of efficiency and the operational cost were demonstrated [63]. The 

mathematical modelling studies on MBR technologies demonstrate the advantages and 

stability of operation [64], [65]. 

 

Figure 2.1 A general view of WWTP 

The fill and draw system in the aeration process of a WWTP, called Sequential Batch 

Reactor (SBR), was first designed and used at Corpus Christi, Texas in 1969 for large-

scale industrial WWT [25], [66], [67] (Figure 2.2). With the improvements in 
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computers and electronically controlled valves, SBR has been dramatically improved 

and widely used in the biological treatment of industrial and domestic wastewater 

containing organic compounds in recent decades [46], [49], [67]. SBR plants which 

are properly controlled have many advantages making them a competitive alternative 

to classical activated sludge systems [52], [68], [69]. The SBR process saves more than 

60% of the operating costs compared with a conventional activated sludge process, 

with the capacity to treat a similar amount of wastewater in a cycle [67]. 

 

Figure 2.2 A general view of SBR type WWTP 

2.2 Development of WWTP Control and Simulations 

Over the last 50 years, from 1970’s, the development on control structures have rapidly 

developed [46]. The solutions improved in 1970s on the WWTP still solve the main 

process control problems [70]. At the end of 1970s, electrically controlled equipment 

such as valves were introduced along with electronic computers in industry. 

In late 1980s, personal computers (PCs) started to be used commonly. The concept of 

industrial computers evolved to more visualized types. This improvement led the 

researchers to develop more visualized computer models based on mathematical 

principles of the treatment processes [71]. The most popular type of treatment system, 

activated sludge process is the main content of this models; in these years the anaerobic 
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baffled reactor for WWT has been just developed [72]. Since the early 1980s, the 

baffled reactor for WWT has some additional advantages over well-designed systems 

such as the up flow anaerobic sludge blanket and the anaerobic filter.  

During this tenure, depending on heightened environmental concerns, the other 

wastewater research categories such as; Physical, Biological and Chemical have been 

revised using mathematical approaches. Computer based mathematical modeling 

approaches make systems more efficient and realistic and thus decrease the operating 

cost on treatment systems for both domestic and industrial WWT [72], [73]. 

The last generation of the waste water treatment system researches is simulations. 

Models of the treatments are re-created in simulations in order to observe the operation 

of the system in electronic medium. The most prominent simulation studies are of the 

last two decades is International Association on Water Pollution Research and 

Control’s (IAWPRC) model based on COD  [74]. 

 

Figure 2.3 A schematic presentation of a system on GPS-X [36] 

These simulations are essential to observe the theoretical system behavior [46]. 

Weather conditions and other outside factors, such as dry, stormy and rainy weather 
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conditions, affect the treatment process [11],[75],[76]. These variables and 

disturbances are also taken into account in such updated studies, predictive control 

concept [77]–[79]. Sewer systems, WWTPs and receiving waters are also 

mathematically modeled and available on recent simulators [11], [80]. Because of the 

elasticity and ease of use, computer  is frequently used for both simulators and 

mathematical modeling on the WWTPs and other related sub-systems [11], [27], [73], 

[77], [81]–[85]. 

STOAT is a PC based modeling software which simulates dynamically the 

performance of WWTPs. The tools of the software enables simulating individual 

treatment steps for optimizing the process, influent characteristics, treatment capacity 

or operating conditions on different process (Figure 2.4-2.5). Various components of 

treatment process are modeled such as; primary tanks, sedimentation tanks, oxidation 

pool, etc [86]. 

 

Figure 2.4 A schematic presentation of a system on BioWin [87] 
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Figure 2.5 A graphical presentation of a system on BioWin [87] 

WEST is a platform for dynamic modeling and simulation of water quality systems. 

The concept of this software also includes rivers sewers and urban catchments in 

addition to WWTP. There are blocks in internal library to control system. WEST 

includes an important development that allows for integration of Supervisory Control 

and Data Acquisition (SCADA) to WWTP. "Decision support system" is an essential 

feature to assist the operator in plant management. WEST is a completely open 

modeling environment for the implementation of customized models through a model 

editor and block editor. With such subsystems which are useful to optimization, the 

optimization tool enables flexible and open model structure. The optimization toolbox 

is useful to performance evaluation and cost minimization [88]. 

WEST is a pioneer to combining fast integration to the existing systems and allows 

linking the software with SCADA systems. Input and output control is interactively 

available to visualize simulation outputs (Figure 2.6 and 2.7). 
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Figure 2.6 A schematic presentation of a system on WEST[34] 

 

Figure 2.7 Graphical presentations of ammonia, nitrate and total P changes during the 

wwwwwwlprocess 

Figure 2.7 shows the sample visuals of WEST. The change of ammonia, nitrate and 

total P is observable during all of the process steps. The continuous signal which is 

provided by this experimental work can be compared with the exact field values on 

measurement points as a discrete value [89]. The mathematical approach is to obtain 

the error function for an optimal operation [88]. 

As a result, Graphical Simulators for WWTP include several aspects of both 

environmental and efficiency concerns [81]. These usually contain extended database 

and libraries which are used to define the process models of WWTP. The distinctly 
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performed simulations for each component (block - process) of a plant are available to 

check the utility of any proposed treatment system [90]. Appropriate elastic process 

unit blocks are composed for the configuration of the system. The model parameters 

which run in the system can be updated via pop-up windows [11]. There are several 

software packages used for both static and dynamic conditions, such as; ATV-DVWK-

A 131E, GPS-X, Aqua Designer, ARA-BER, DENICOMP, Denika / Denika plus, 

Denni, AQUASIM, Arasim, ASIM, DENISIM, EFOR ApS, SASSPRO [10] [91]. 

Commercial and academic studies on SIMBA, GPS-X, WEST, STOAT and SUMO 

are more stable and realistic for WWTP. 

Based on literature review, the mathematical approach has guided to develop a new 

Graphical Simulator for WWTP Design. computer applications are available to solve 

the problem during the design and operation procedures [92]. 

2.3 Brief Information of Process  

The process of WWT starts with collecting domestic and industrial wastewater. 

Although industrial wastewater flow rate is small for rural areas, compared with 

domestic wastewater; pollutants in industrial wastewater contain more hazardous and 

complex components [97], [98]. Usually this is an undesirable situation which will 

have negative effects on urban WWTPs [95]. In order to operate a treatment plant 

efficiently, the measurements on the water clearly obtained. Domestic and industrial 

components of wastewater, various chemicals and the desired output to the receiving 

environment are seriously analyzed [27]. 

The WWT process is summarized in four main categories; Physical, Chemical, 

Biological and Advanced Biological Treatment. After these processes, sludge 

dewatering is another step which is not directly related with water treatment. All the 

usages and purposes of these stages are examined, respectively, as shown in Figure 2.8 

below. 
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Figure 2.8 Schematic presentation of the WWT plant 

2.3.1 Physical Treatment 

Physical treatment of water, floatable solids of various sizes, includes operations to 

remove organic and inorganic dissolved substances [96]. Physical treatment units are 

screening, mixing and flocculation, grit removal, and primary sedimentation [97]–

[99]. 

  

Figure 2.9 Electro mechanic screening system of WWT plant 

The main function of primary sedimentation tank is to filter organic particulate matter 

so it does not pass to the aeration tank. The settled particles are gathered and brought 

to treat the sludge. Settling capacity depends on the tank hold time which is calculated 

by both empirical and deterministic methods. The empirical methods monitor the 

settling output by means of a practical relationship between the concentration of inflow 

and the time of retention, to be calculated from observations. The actual physical 

process of sedimentation is mathematically described in Chapter IV. Deterministic 
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approaches detail the process of physical settlement similar to the secondary 

sedimentation tank. 

Different approaches are available depending on the degree of modelling of the flow 

and transport process. Continuously stirred reactor tank (CSTR) models (Figure2.10) 

use basic equations for the mass balance [100][101]. The liquid in the tanks is 

continuously mixed during the aerobic and anaerobic phases in order to prevent 

undesirable sedimentation. The hydrodynamic impact on collection tanks are clearly 

expressed via mathematical formulations. The mathematical formulations of the flow 

and transport cycle are used by hydrodynamic models which are demonstrated in 

Chapter IV [102].  

Primary treatment is a part of physical treatment which means the domestic wastewater 

treatment involves physical or chemical primary processes. At this stage, the 

sedimentation of suspended solids which contains measured organic matter called as 

BOD5. BOD5 is used to define biochemical oxygen demand which is reduced by at 

least 20%. In the same stage, total suspended solids (TSS) is also reduced by at least 

50% [99], [103], [104]. 

There are several treatment options for wastewater which can be classified into groups 

of processes. The classifications of these groups are based on their functions and 

complexity. Preliminary treatment dealing with debris and solid material which are 

simple processes. Preliminary treatment is intended to eliminate certain components 

which are easily separable. Typically this is achieved by inspection by bar screens and 

removal of the grit. This removal is necessary to improve the efficacy of whole 

subsequent treatment processes and equipment. 

Primary Treatment is focused to removal of settlement solids. Settling of the solid 

material in wastewater reduces large amounts of the polluting charge. It can reduce 

BOD by as much as 40%. Screening, grit chamber and primary sedimentation tanks 

are some components of primary treatment [7]. 

2.3.2 Chemical Treatment 

Dissolved or suspending water while changing the physical state of a substance applied 

to the purification process to ensure the deposition. The chemical treatment, chemicals 

suitable pH value of the wastewater (coagulants, polyelectrolyte and so on.) Adding 



17 

 

the result of the desired substance precipitated is separated by precipitation from water 

slurry [105]–[107]. 

Requirements such as the elimination of heavy metals and phosphorus, are given for 

chemical treatment of suspended solids, COD, BOD. Chemical treatment systems can 

be constructed  in concrete and steel [73]. 

2.3.3 Biological Treatment 

Change and conversion is a part of nature. For biological treatment process, pollutants 

in the wastewater are transformed to water and carbon dioxide by living organisms, 

which involves 85% water. The conversion to the carbon dioxide of dissolved organic 

contaminants in the wastewater produces treated water. During the sedimentation 

process microorganisms sink to the bottom layers from surface layers. [108]–[110].  

All biological processes performed in the aeration and secondary sedimentation tank 

are called as secondary treatment. By the secondary treatment, the measured organic 

matter, called as BOD5, is decreased between 70 to 90%. Similarly COD is reduced at 

least 75% via secondary treatment.  

Depending on the influent characteristics, TSS increases from 60% to 90%. Aeration 

(Figure 2.10-2.11) and sedimentation tanks (Figure 2.12) are main units for providing 

conditions for growth of heterotrophic organisms which degrade organic materials in 

water. For secondary treatment, other process units which are commonly used are: 

trickling filters, stabilization ponds and anaerobic reactors [104].  
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Figure 2.10 A general view of oxidation ditch 

   

Figure 2.11 Fuchs type aeration 
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Figure 2.12 Secondary sedimentation tank 

The secondary sedimentation tank and the aeration tank (Figure 2.13) are known as 

one process group. The secondary clarifier's main function is to split the activated 

sludge from the filtered water produced during sedimentation. Like the primary 

clarifier the activated sludge consists mainly of flocks of mud. Sludge is thickened and 

then redirected partially to the drainage tank. 

 

Figure 2.13 Schematic diagram of activated sludge treatment process [10] 

The secondary sedimentation is essential to provide desired effluent characteristics. At 

the end of the sedimentation process retention time must be able to be calculated based 

on desired effluent concentrations. 
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There is a ratio between influent and effluent flow rate. In case of excessive influent 

flow rate, the treatment process must continue via increased effluent flow rate. There 

are some multidimensional models which take into account several equations on mass, 

energy, effluent water quality, etc. However, empirical models generally based on 

operational experience without exact calculations on the sedimentation process are 

considered with one dimensional models. 

Although the CSTR is a useful assumption to restrict sedimentation in retention time 

interval, the tank shape and dimensions are also required for detailed calculations on 

both sedimentation and aeration tanks. Moreover, settling speed and sinking behavior 

which are other functions related with aeration are essential to determine retention 

time. For such cases, neither the multidimensional models nor the empirical models 

are not adequate for real implementation. This is an optimization problem mentioned 

in Section 4.4, discussed in UTM concept. 

The Taka´cs et al model. (1991) solves the calibration problem for special cases using 

a double-exponential settling function with four parameters. Since it is not easy to 

measure extensive values on the plant, another two component (sludge index and 

concentration of solids in the effluent) model from Otterpohl & Freund (1992) is 

developed [101]. In Section 4.4.1, two more models (Bürger-Diehl and Godunov flux 

model) are mathematically described and used for the problem formulations. 

2.4.4 Advanced WWT 

Advanced WWT, aiming to achieve higher quality treated water for specific uses (such 

as irrigation) requires removing the nitrogen and phosphorus in the wastewater at a 

higher rate [107]. 

For this purpose, there are ammonium ions contained in the wastewater prior to nitrite 

nitrogen in the nitrification stage by means of bacteria and then converted to nitrate. 

Then water is removed as nitrogen gas under anoxic conditions in the de-nitrification 

step [102], [110]. 

Chemical and biological methods to eliminate the phosphorus compounds are used 

separately or together. Biological methods with phosphorus treatment is achieved by 

taking phosphate by microorganisms during biological treatment [49], [111], [82], 

[112]. 
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As a summary, the modern WWTPs are complex systems involving different 

disciplines such as physics, chemistry, biology, computer sciences and control. 

Controlling the equipment in external disturbances [49], [82], [90] needs several 

feedback loops [70], [85], [113]. The daily and seasonal fluctuations on the water 

characteristic which involve many physical, chemical and biological parameters [11] 

require control via dynamic equipment and computers [49]. The dynamic equipment 

and computer aided control systems like SCADA are widely used for efficient 

operations in WWTPs. 

2.4.5 Disinfection and Release 

A final stage in treatment includes the consistency of the effluent until it is discharged 

into the receiving area. Nitrogen (N) and Phosphorous (P) removal is usually applied 

to the secondary treatment within the cycle. Nutrient removal is accomplished using 

either chemical or biological processes.  

Specific efficiencies in removals are above 80%. Other tertiary treatments such as sand 

filtration and disinfection always end the process and are also referred to as effluent 

polishing [104]. 
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CHAPTER III 

 

OPTIMIZATION 

 

A graphical simulator for pre-design studies to describe the capacity of the plant, 

systems is essential to decrease investigation and operation costs. In each process, the 

block performance depending on the related wastewater characteristics is observable. 

Energy consumption of a plant, carbon emissions, the quality of treated water and other 

outputs (as shown in Figure 3.1) are optimized based on all parameters which have a 

role in a treatment system [78]. 

 Typical operation 

Optimization controlled operation 

 

Figure 3.1 Typical-optimization controlled operation comparison 

For designing a new system, the simulations of the project for different points such as; 

metal filter, sand filter, precipitation pool etc. are observed before installation. For real 

implementation, the most economical and optimized scenarios are obtained with the 

help of this study. 

The following optimization process steps were used for each case study: 
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The system boundaries and the related interfaces which are outside of the system are 

defined.  

Inputs are defined: controlled variables (also known as degrees of freedom) and 

disturbances. The controlled variables in a drainage system are typically correlated 

with the pipe sizes, slope, depth of cover, volume of storage etc. One of a drainage 

system's primary disturbances is precipitation. 

Time scale is defined: The time is highly dependent upon the configuration of the 

system. The time of concentration is important in a drainage design for selecting the 

precipitation event used to evaluate the alternative solutions. The time scale may be in 

the order of hours. However, if there is also interest in reducing the impacts of pollution 

in the receiving system, the time scale may be increased to the order of days or even 

weeks.  

The status of the system is defined: Defines the variables of the machine state, which 

in turn specifies the output variables to be optimized. Within a drainage system, the 

state variables are correlated with water quantities (e.g. flows, flood volumes) and/or 

water quality parameters (e.g. organic matter, suspended solids).  

Decision variables (degrees of freedom) are defined: Defines variables for the decision 

(degrees of freedom). These are design variables or set points for controls.  We have 

to have an effect on goals. Degrees of freedom (n) describe the decision variables in 

n-dimensional space. 

Cost functions are defined: Cost functions must be capable of reflecting the 

consequences of various changes in decision variables. Principally, defining an 

observable predictor is initially aimed. The indicator may be the modelling software 

state variables (e.g. flood volume) or may be estimated as a function of the decision 

variables (e.g. pipe network cost).there are three types of performance indicators: 

water quantity, water quality and cost. There are two types of cost metrics; 

investigation and the operating cost. Typically the cost of the investment is not part of 

the modeling but an alternative solution such as UTM [37] may be proposed depending 

on the existing operation conditions. The operational costs are based on electricity (for 

water pumping and recycling and compressing air), chemical additives and labor. Total 

Efficiency Block (Figure 5.8) presents a result on operation costs for both existing 

system and optimum design. 
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Constraints are defined: Describing the limits to present a feasible solution. For 

optimization procedures, the constraints can be classified in two main categories: 

1) System constraints: ratios of mass and energy, flow levels and 

concentrations etc. 

2) Restrictions on the equipment: volumes, maximum and minimum flow 

rates, some equipment may only be on-off.  

Apart from these two constraints; the software and modelling limits are considered as 

restrictions on process and equipment. 

Essentially, optimization is everywhere, from computer design to economics and from 

holiday planning to internet search engines. Money, resources and time are constantly 

limited, the optimal use of these available resources is crucial. [114] Real-world 

optimization problems are highly nonlinear and multimodal. Generally, finding an 

optimal solution or even sub-optimal solutions is not an easy task under various 

complex constraints and different objectives which are conflicting.  

There are many optimization algorithms that, depending on the objective and the 

characteristics, can be categorized in many ways.  

The algorithm decides targeted functions which involve the parameters that control the 

criteria on: population size, number of generations, probability of mating, probability 

of mutation and stopping criteria etc. Initial population selection depends the 

optimization sub-system process to obtain the best solution for the systems. 

3.1 Whale Optimization Algorithm 

Meta-heuristic optimization algorithms such as WOA, Particle Swarm Optimization 

(PSO) or Genetic Algorithm (GA) which are influenced by nature have some 

advantages; they are based on simple concepts and easy to implement, gradient 

information is not required, local optima can be neglected [38], [115], [116]. 

Moreover, the solutions of the problems for different disciplines become simpler. 

Significant optimization has been achieved with the particle swarm optimization 

technique used for the anaerobic digestion, which is a complex model [117]. 

Whale Optimization Algorithm was proposed by Seyedali Mirjalili and Andrew Lewi 

[40] in 2016 for several optimization problems [41]–[44]. In this study, it is aimed to 

increase the efficiency of wastewater treatment plants aeration system with WOA. 
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This study is focused on the benchmark system developed for the process of biological 

reactions and solid–liquid separation that occur periodically. The process is optimized 

by WOA which is inspired by bubble-net feeding behavior, [39], [40] the hunting 

behavior of whales as they hunt for the nutrients close to the surface creating 

distinctive bubbles along an Archimedean path as shown in Figure 3.2 

 

Figure 3.2 Whales’ bubble-net feeding behavior 

Bubble-net feeding behavior is simulated as a spiral movement of the whales around 

their prey [43]. WOA algorithm presents best candidate solution which is close to the 

optimum. There are two phases in this algorithm; prey and encircling [42]. This 

behavior is represented by the following equations. Whales moves around the prey as 

[40]:  

 Xw⃗⃗ ⃗⃗  ⃗(t + 1) = D⃗⃗ ebl cos(2πl) + Xp⃗⃗ ⃗⃗  (3.1) 

where D⃗⃗  =|Xp⃗⃗ ⃗⃗ (t) − Xw⃗⃗ ⃗⃗  ⃗(t)| is the distance between a whale and prey  Xw⃗⃗ ⃗⃗  ⃗(t) and Xp⃗⃗ ⃗⃗ (t) 
respectively. The whales update their positions based on the best location named as 

encircling behavior as follows: 
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 D⃗⃗  =|C⃗ • Xp⃗⃗ ⃗⃗ (t) − Xw⃗⃗ ⃗⃗  ⃗(t)| (3.2) 

 Xw⃗⃗ ⃗⃗  ⃗(t + 1) = Xp⃗⃗ ⃗⃗ (t) − A⃗⃗  •  D⃗⃗  (3.3) 

where A and C are coefficient vectors that are computed as; 

 C⃗ =2r  (3.4) 

 A⃗⃗ =2α⃗⃗   • r − α⃗⃗  (3.5) 

The probability assumption is 50% between the movement around the prey in 

shrinking circles or position updating randomly which is modelled as; 

 Xw(t + 1) = {  D⃗⃗  ebl cos(2πl) + Xp⃗⃗ ⃗⃗ (t)Xp⃗⃗ ⃗⃗ (t) − A⃗⃗  • D⃗⃗                  if pr ≥ 0,5 if pr < 0,5 

(3.6) 

Note that   " • "   represents the dot product operator of two vectors in (3.2-3.6).
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CHAPTER IV 

 

MATHEMATICAL MODELING  

 

Human beings have developed many innovations that make life easier with inspiration 

from nature. Although mathematics is an important way to understand the nature; 

mathematical definition of many complex systems is still not fully understood. In such 

cases, the "grey and black box model" is used to obtain the most realistic models. The 

grey and black box model concept is used when the mathematical expression of the 

system cannot be clearly revealed. Black box model is useful to obtain a solution which 

is an under operating conditions system [118] (Figure 4.1). 

 

Figure 4.1 Grey box modeling 

Mathematical model is used to represent how a real system works. Models are very 

simple or very complex depending on both the system mechanism and system 

requirements [84]. For any process, first it’s needed to define the functional 

specifications and the objectives of the process (purpose, accuracy, boundaries, time 

scale etc.). Defining the process is important part of the modeling in order to 

understand what is needed and how much accuracy is enough [85]. 

After clarification of the functional specifications and the objectives of the process, 

the model type should be defined. (Mechanistic vs Black-Box (I/O or Autoregressive 

Moving Average eXogenous (ARMAX)), deterministic vs stochastic, continuous vs 

discrete, distributed vs lumped, time domain vs frequency domain) [119]. As a next 

step, depending on the model type, the model is developed, scaled (e.g. for dissolved 
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oxygen dynamics seconds scaled, for biomass growth days and weeks scaled.) [75]. 

The model is developed, verified and calibrated until reaching the desired accuracy 

(Figure 4.2). 

 

Figure 4.2 Modeling strategy algorithm [120] 

4.1 Biomass and Substrate Equilibrium 

WWTPs are fundamentally hydraulic systems. The main governing equation for any 

hydraulic system is the volume balance equation, which is formulated in terms of the 

difference between the charge and the discharge as shown in Figure 4.3. 

 

Figure 4.3 WWT flow diagram 

The activated sludge models that focus on food-microorganism ratio is given in (4.1) 

[10], [16] ; 
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FM = QSin − QSoutXV  (4.1) 

The activated-sludge process is aimed at removing substances that have a demand for 

oxygen from the system. The metabolic reactions of synthesis-respiration and 

nitrification are performed by the microorganisms [17], [100].  

The activated sludge model is focused on biomass concentration and growth rate of 

the microbes [16]. The schematic flow diagrams in Figure 4.4 show mass-balance 

equations. All designs of biological treatment reactors are based on biomass-substrate 

equilibrium [10]. As part of the whole concept, two state variable system is defined 

below. 

 

Figure 4.4 Schematic diagram of activated sludge treatment process with model 

nomenclature with wasting from the sludge return line [10] dXdt = μ(S)X − bX (4.2) 

dSdt = −1Yμ(S)X (4.3) 



30 

 

μ(S) = μ̂SKs + S (4.4) 

where S is the substrate and X is the biomass, which are both assumed to be 

measurable. The system which involves 4 parameters (Ks, μ, b,Y) is globally 

identifiable. 

Let X0=X(0); S0= S(0) 

X′(0) = μ̂SKs + SX0 − bX0 = X1 (4.5) 

S′(0) = −1Y μ̂S0Ks + S0 X0 = S1 (4.6) 

μ = μ̂S0Ks + S0 (4.7) 

X1 = (μ − b)X0 (4.8) 

S1 = − μYX0 (4.9) 

 

Take the first-order Taylor series expansion of Eq. (4.2) and (4.3) at time t=0 

X′′(0) = (μ − b)X1 + μKsX0S1(Ks + S0)S0 = X2 (4.10) 

S′′(0) = −μY (X1 + μKsX0S1(Ks + S0)S0) = S2 (4.11) 

Solve (4.8), (4.9), (4.10) and (4.11) for Ks, μ, b, Y. 

Ks = S2S02X0 − S1S02X1S12X0 − S2S0X0 + S1S0X1 (4.12) 

μ = X2X0S1 − X12S1S2X02−S1X1X0  (4.13) 

μ̂ = (X2X0S1 − X12S1)(Ks + S0)S2S0X02−S1S0X1X0  (4.14) 



31 

 

b = S1X2 − S2X1S2X0 − S1X1 (4.15) 

Y = X12 − X1X0S2X0 − S1X1 (4.16) 

According to the mathematical approach, the parameters are identifiable. In case of 

any noise-corrupted measurements, the parameters are not uniquely identifiable. 

 

4.2 Modeling of a Single Substrate System 

For any hydraulic system, the volume is equal to the difference between the charge 

(accumulation) and the discharge (reaction), presented in Figure 4.3. 

Biomass (XH): 

𝚀XH,in − 𝚀XH,out = d(VXH)dt − rHV (4.17) 

dXHdt = μ̂ ( SSKs + SS) XH − XHӨ  (4.18) 

rXH = μ̂( SSKs + SS)XH (4.19) 

XH,in = 0 (4.20) 

CSTR---------> XH,out = XH  

 

Substrate (Ss): 

𝚀SS,in − 𝚀SS,out = d(VSS)dt − rSV (4.21) 

dSsdt = 1Ө ((SS,in − SS)XH − 1YH μ̂( SSKs + SS))XH (4.22) 

rSs = − 1YH μ̂( SSKs + SS)XH (4.23) 

CSTR--------->SS,out = SS 
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Table 4.1 Two-State / One Process model in Petersen matrix format [49] 

PROCESS 

COMPONENTS 
PROCESS RATE 

KINETICS 
Substrate Biomass 

Aerobic 

heterotrophic 

growth 

− 1YH 1 μ̂ ( SSKs + SS) XH 

4.3 Activated Sludge Model 

IAWPRC initiated a mathematical modeling study on activated sludge process in 1982 

[8]. The Activated Sludge Model No. 1 (ASM1) was introduced in 1987 as IAWQ 

Model no. 1 (ASM1). IAWQ Task Group on Activated Sludge Modeling defined a 

simple model consisting of 8 processes, 13 state variables or components and 19 

parameters [23] (Table 4.2).  
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Table 4.2 Process variables and parameters in ASM1 [49] 

 

The model was enhanced as ASM1, ASM2 and ASM3 several times to address specific 

shortcomings [23]. Models are concerned with carbon oxidation, nitrification and 

denitrification. ASM2 also contributes to the solution of biological and chemical 

phosphorus removal. The models are based on COD units (use COD to identify organic 
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pollution). For characterizing the organic carbon content in wastewater, the parameters 

BOD and COD are widely used. For ASM3, another essential parameter is TOC [10]. 

 COD = SS + αhXS (4.24) 

Shown in Eq. (4.24) αh is a conversion factor that is required because the units of 

soluble substrate (SS) differ from that of biodegradable particulate substrate (XS) 

Mathematical models are used to represent mechanisms depending on the system 

requirements [84]. For example to obtain higher quality treated water (such as for use 

in irrigation) the nitrogen and phosphorus in the wastewater must be removed at a 

higher rate [107]. The ammonium ions exist in the wastewater turns nitrite nitrogen in 

the nitrification stage via bacteria and then finally converted to nitrate. Then water is 

removed as nitrogen gas under anoxic conditions in the de-nitrification step [102], 

[110]. 

Chemical and biological methods to eliminate the phosphorus compounds are used 

separately or together. Biological methods with phosphorus treatment involve 

removing phosphate by microorganisms during biological treatment [49], [111]. The 

correlations between the 8 processes, 13 state variables and 19 parameters of ASM 

(Table 4.2) is schematized in Figure 4.5. 
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Figure 4.5 ASM1 model structure 

By this research, the sub-systems of a plant are modeled as simple as possible to obtain 

fast solutions on a well-established, efficient and elastically adaptable plant simulator. 

The distinctly performed simulations for each component (block - process) of a plant 

are available to check the utility of any proposed treatment system [90]. The biological 

treatment involves carbonaceous and nitrogenous components. These components are 

presented in Figure 4.6 and 4.7 [52]. 

4.3.1 Carbonaceous Components 

In the ASM, the zones for carbon degradation and anoxic zones and nitrification are 

distinguished strictly. The assumption for aerobic zones due to aeration system is that 

supply of dissolved oxygen is sufficient for aerobic zones due to aeration installations. 

In the corresponding process equations non-linear monod-terms are replaced by 

constant factors that can be used for calibration. It is difficult to establish model 

parameters since certain parameters are not measurable in realistic operation. [101]. 
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Recent IWA models comprising ASM1, ASM2 and ASM3 have proven to be 

outstanding instruments for modeling processes of carbon oxidation, nitrification, 

denitrification and biological phosphorus removal. [121]. 

However, the effect of long-term environmental factors such as temperature on the 

removal of organic carbon and nitrogen has so far received relatively little attention 

[14] and thus a full-scale WWTP should be elaborated in more detail. Temperature 

and other disturbances for the processes of nitrification, endogenous degradation, 

hydrolysis and ammonification are taken into account. [49][122]. 

 

Figure 4.6 Carbonaceous components 

4.3.2 Nitrogenous Components 

In WWTPs, biological processes of nitrification and denitrification shown in Figure 

4.7 are used for removing nitrogen compounds. The efficiency parameters determined 

via biological processes of nitrogen removal are starting from BOD5 to Total Kjeldahl 

Nitrogen (TKN), temperature and pH. 
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Figure 4.7 Nitrogenous components 

For the aerobic growth of heterotrophs; compared to traditional sludge flocs, aerobic 

granules have more compact structure, better settling capacity and greater biomass 

retention. Studies show that it is possible to use aerobic granules to treat high-strength 

waste water, at the same time extract organic matter, nitrogen and phosphorus [123]. 

Both the substrate (SS) and soluble oxygen (SO) may effect the growth process and 

removal of COD change Both the substrate (SS) and oxygen (SO) may affect the growth 

process and the change in COD [124]. 

Process rate of aerobic growth of heterotrophs is defined as: 

 μ̂H ( SSKs + SS)( SOKO,H + SO)XB,H (4.25) 

For anoxic growth of heterotrophs; Anaerobic (Anoxic) treatment of wastewater is 

conducted in an atmosphere without molecular oxygen by anaerobic microorganisms 

processing organic and inorganic substances. During this biological cycle, micro-

organisms known as acid builders transform organic compounds into organic acids. 

Methane-forming organisms then convert the organic acids to methane and CO2 gases 

[125]. 
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Process rate of anoxic growth of heterotrophs is equal to: 

 μ̂H ( SSKs + SS)( KO,HKO,H + SO)( SNOKNO + SNO) ηgXB,H (4.26) 

For aerobic growth of autotrophs; recently, the aerobic digestion of activated sludge 

has been utilized in some WWTPs as an alternative to the more traditional anaerobic 

digestion. There are many advantages associated with aerobic digestion such as high 

efficiency (i.e. a complete depletion of solids, no pungent gases, rapid 

biodegradability, wide ranging with many applications , a lower capital investment 

and fewer operational problems [55]. In addition, aerobic digestion has impact 

resistance and strong adaptability. For instance, a short detention time of about 15 days 

at a temperature of 20 degrees centigrade is usually sufficient to produce sludge that 

can be easily dewatered, whereas anaerobic digestion needs a detention time of  22 

days at a temperature of 15 to 45 degrees centigrade [126]–[128]. 

For aerobic growth of autotrophs process rate is: 

 μ̂𝐀 ( S𝐍𝐇K𝐍𝐇 + S𝐍𝐇)( SOKO,𝐀 + SO)XB,𝐀 (4.27) 

For the decay of heterotrophs; in ASM1, the standard activated sludge WWT processes 

(e.g. hydrolysis, growth and degradation of organisms, etc.) have been developed as 

the most frequently used models [129]. 

For the decay of heterotrophs the process rate condition below: 

 bHXB,H (4.28) 

The decay rate of the autotrophs for nitrogen and phosphorus. The combination 

physical-chemical method is reliable [130] and modeled in same way as decay of 

heterotrophs. 

Similar to heterotrophs process rate, the decay rate of the autotrophs is defined as: 

 bAXB,A (4.29) 

For ammonification of soluble organic nitrogen, as defined in ASM1, the influential 

total nitrogen TKN consists of NH4-N (S𝐍𝐇) ammonia nitrogen, soluble organic 

nitrogen (SND)  and particulate nitrogen (X𝐍𝐃). 
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It is possible to formulate the transformations between influential nitrogen components 

as follows. SO, appropriate calculations for the determination of nitrogen fractions can 

be made using the average monthly nitrogen data given in Figure 2.11 (The process 

kinetics was adopted from original ASM1 model [122]) [128]. 

Ammonification of soluble organic nitrogen process rate: 

 kaSNDXB,H (4.30) 

There are three biochemical processes (hydrolysis of entrapped organics, aerobic 

growth of heterotrophs and aerobic decay of heterotrophs) that are described in ASM1 

concept [124]. Hydrolysis of entrapped organics is considered in (Figure 4.5) 

For the hydrolysis of entrapped organic nitrogen defined process rate in ASM is below: 

 

kh ( XsXB,HKx + ( XsXB,H)) {( SOKO,A + SO)
+ ηh ( KO,HKO,H + SO) ( SNOKNO + SNO)} XB,H 

(4.31) 

Another was that as the amount of trapped substrate became high in proportion to the 

biomass, the rate tended to saturate. Finally, by analogy with the use of readily 

biodegradable substrate, it was reasoned that the rate would depend on the present 

electron acceptor concentration.  

Since under anaerobic conditions little was known about "hydrolysis" except for the 

minimal decay knowledge provided earlier, it was agreed to conclude that in the 

absence of both oxygen and nitrate, the rate goes to zero. Obviously, on this topic, 

further experimental work is needed.  

Organic nitrogen was expected to be distributed evenly across the slowly 

biodegradable substrate, so that the rate of hydrolysis of trapped organic nitrogen was 

actually taken to be equal to the rate of hydrolysis of the slowly biodegradable 

substrate. [128]. Biodegradable organic particulate nitrogen is broken down to soluble 

organic nitrogen at a rate specified by the hydrolysis reaction shown in Figure 4.5 for 

trapped organics.  

Process rate of hydrolysis of entrapped organic nitrogen is defined as: 
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 ρ7 XNDXS  (4.32) 

where 

 

ρ7 = kh ( XsXB,HKx + ( XsXB,H)){( SOKO,𝐀 + SO)
+ ηh ( KO,HKO,𝐇 + SO) ( SNOKNO + SNO)} XB,𝐇 

(4.33) 

4.4 Sedimentation Tank and Aeration System Models 

4.4.1 Sedimentation Tank Model 

The finite element methods are widely used to solve governing equations of 

sedimentation by dividing the sedimentation tank to several layers as shown in Figure 

10 [49]. The dispersion and compressions have been considered by Bürger-Diehl 

sedimentation model [131], [132]. The Godunov flux model focuses on the 

concentrations of layers between layer j and layer j + 1 [133]. 

 Gj = Gj(Cj, Cj+1) ≔ { minCj≤C≤Cj+1 fbk(C)    if Cj ≤ Cj+1maxCj+1≤C≤Cj fbk(C)    if Cj > Cj+1 (4.34) 

The method can evaluate the unknowns, if the Vesilind velocity function is used 

because fbk has precisely one local maximum at Ĉ. These layers can be used to 

calculate the effluent and underflow concentrations [134]. Therefore, sedimentation is 

not realized for the underflow layer. The effluent and underflow concentrations are 

shown in Figure 4.10. 

The concentration is modelled by Burger model as the following: 

 σe(C) = {0                                 for C < Ccα ln (1 + C − Ccβ )    for C ≥ Cc (4.35) 

This model is improved with the stress function proposed by De Clercq [135]. 
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 dcomp(C)= {0                               
ρsαv0e-rvC

g(ρs-ρf)(β+C-Cc)
 

for 0≤C<Cc 

for  C≥Cc 

(4.36) 

The effective depth of the sedimentation tank is shown in Figure 4.8. For defining the 

effective depth, WOA is used. The objective space is shown in Figure 4.9.  

 

Figure 4.8 Optimal location of diffusers in three dimensional view (left), in side view 

gfgfgfgfgff(right) 

 

Figure 4.9 WOA objective space  

The model proposed by Kynch [136] describes the nonlinear behavior of the sludge 

concentration at C(z, t), at depth z from the feed level and at time t as, 
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∂C∂t = − ∂∂zF(C, z, t) ∂∂z ({γ(z)dcomp(C) + ddisp(z, Qf(t))} ∂C∂z)+ Qf(t)Cf(t)A δ(z) 

(4.37) 

 
Figure 4.10 Layer discretization [134] F(C, z, t) is the convective flux function which represents the hindered settling flux 

with bulk flows. This can be determined by Godunov’s flux for numerical 

approximation, in which dcomp(C) and ddisp(z, Qf(t)) are the compression and 

dispersion terms. 
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 ddisp(z, Qf)= { α1Qf exp ( z2 (α2Qf)2⁄
1- |z| (α2Qf)⁄ )           

   0                                                  

 

for|z|<α2Qf 

for |z|>α2Qf 

(4.38) 

It is assumed that ddisp, the dispersion coefficient, is a dependent function on two 

factors, the volumetric feed flow and inlet region where mixing occurs. The Return 

Activated Sludge (RAS) and velocity of the sedimentation in 30 minutes is obtained 

by [137]–[139] 

 SSV30 = VoSS in 30 minutes,mlSample Volume,ml × 100 mllitre  (4.39) 

 SVI = SSV30 (ml/lt)MLSS (ml/lt) × 1000 mgg  (4.40) 

 r = QrQ = [ 100MLSS(%) × SVI(ml/g) − 1]−1
 (4.41) 

 r = QrQ = [ MLSS(mg/l)106SVI − MLSS(mg/l)] (4.42) 

 

4.4.2 Aeration System 

The greatest energy consumption takes place in the aeration systems internally, which 

changes between 53% and 68% of a WWT plant, depending on the process [140].  

Modified analytic expression of the dissolved salts in wastewater including the 

composition and concentration can be defined as: 

 Cs = C0. exp∑(KiCi)−1n
i=0  (4.43) 

Taking into account the nonlinear dependence of water density on temperature [14]: 

 ph=d.g.h=(-0.006Θ2+ 0.0365Θ + 999.91).g.h (4.44) 
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                           CS= C(rO2 ,pa,Θ,K,ci,h) =   
0.668rO2 .(pa+(-0.006Θ2+0.0365Θ+999.91).g.h.10-3)

exp( ∑ Kici+0.0219Θ)  

(4.45) 

The dynamic model of dissolved oxygen in the conventional aeration tank is described 

by the nonlinear differential equation below [141]: 

 
ΔSo(t)

Δt =kLa (Qair(t)) (Sosat-So(t))-
So(t)

Ko+So(t) ×Rr(t) (4.46) 

where Sosat = 8.637 gO2/m3  denotes dissolved oxygen saturation concentration, and Ko = 0.2 g/m3 is the Monod’s constant. kLa(Qair) function describes the oxygen 

transfer and depends on the aeration system and sludge conditions. This function is 

presented with different model approaches[18] including the linear model [33]: 

 kLa(Qair) = α. Qair(t) (4.47) 

where α = 0.208 1/m3. The performance function J is defined as 

 J = ∑{So(k + ik) Sref (k + ik)}2
Hp
i=1 + ∑Pc (k + ik)

Hp
i=1  (4.48) 

where the first term on the right hand side of (4.47) is the tracking error, and the second 

term defines the control cost on a prediction horizon Hp. The equivalent weights in the 

control cost are  used to achieve a desired compromise between the tracking error, the 

intensity of switching the blowers, and the cost of the energy used for pumping air 

[142]. The studies on the electrical analogy which pay effort to represent the system 

in electrical terms as presented by Piotrowski and Krawczyk [7] can be used to create 

an electrical network for modeling the aeration system [15], [142], [143], the result of 

which is depicted in Figure 4.11. 
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Figure 4.11 Electrical analogy of the aeration system model simulation setup [143] 

4.7 UTM Concept 

In order to simplify the complex and detailed process of WWT, the diagram of a typical 

WWTP is shown in Figure 2.6. The process of secondary treatment is the main focus 

of the current research, which includes the aeration process as shown in the figure. 

In this study, a UTM for the aeration and sedimentation processes is proposed. The 

aim is to unify the tanks used for two processes distinctly in a single tank, which has 

a similar structure to a conventional sedimentation tank. The algorithm for the 

conventional SBR follows several steps that are performed in a tank respectively as 

shown in Fig 4.12. This sequence is continuously conserved in UTM. 
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Figure 4.12 Sequencing batch reactor operation system adapted to UTM 

The conventional system consists of two interconnected water tanks, two submersible 

pumps and blower pumps. Since the amount of RAS remains constant in UTM, the 

effect of pumps used for sludge return can be neglected in the model. Influent water 

characteristics are the inputs while the treated water overflow from the conic tank and 

waste sludge produced after the process are the outputs. Treated water is discharged 

via several level taps. Discharging cycle starts after sufficient amount of sedimentation 

is obtained. The system structure of the UTM is shown in Figure 4.13. 

DETAILED 

SUBMODELS 

CYCLE 
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Figure 4.13 Unified tank model 

The Unified Tank Model, unlike the conventional systems, involves a conical tank 

configuration used for both aeration and sedimentation processes. Along with the 

physical charging and discharging; aerobic, anaerobic and sedimentation phases are 

alternatively modeled in UTM, which is used for modeling the activated sludge 

process in a unified tank that includes both biological reactions and solid–liquid 

separation periodically. Beside the advantages of SBR such as flexibility of operation, 

low cost and small footprint technology [144], the UTM offers a sequence of 

successive phases that can be adapted to the existing plants with low-cost 

modifications. This provides the required combination for the growth conditions in 

removing contaminants with different types of microorganisms from wastewater. 

In this study, an optimized aeration system model in the form of UTM is proposed that 

helps to obtain a more homogeneous and efficient aeration solution based on DO 

optimization for the UTM obtained via WOA. The mathematical model of the 

conventional structure with two separate tanks is presented. The UTM mathematical 

model is derived according to the existing studies on conventional WWTPs. The 
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dynamic model is adapted to the UTM and numerical simulations are presented. The 

functional specifications and the objectives of the process (purpose, accuracy, 

boundaries, time scale, etc.) have been clarified. For physical charging and discharging 

durations of the unified tank volume, some deterministic models have been used 

including finite element approaches for settling process. The aeration system has been 

modelled with electrical analogy to obtain a more realistic model. For biological 

processes, the experimental researches and models have also been presented [37]. 

4.7.1 Mathematical Model of Unified Tank Volume 

The tank models and mass conservation  principle for different shapes are introduced 

and clearly summarized by Yetilmezsoy [145]. The total mass in a controlled volume 

(CV) in a period of Δt is; 

 Total mass of influent − Total mass effluent = Net change of mass  

 ∑ min
* −∑ mout

* =
dmCV

dt  =
dmeff  −  dminf

dt  (4.49) 

As velocity coefficient (CV ) depends on energy losses between charging and 

discharging points and the contraction coefficient (Cc); discharge coefficient (Cd) is 

calculated as [146]; 

 Cd=CvCc (4.50) 

The flow rate output from the Calculated Volume (CV) can be described as; 

 Qout=(CV vo)(CcA0)=[Cv√2gz] [Cc (π
d0

2

4 )] = Cd√2gz(π
d0

2

4 ) (4.51) 

 −(Qout)=
d(VCV)

dt → − [Cd√2gz (π
d0

2

4 )] (4.52) 

 =
QCVdt

dt =
[vA(z)]dt

dt  (4.53) 

 −[Cd√2gz (π
d0

2

4 ) ]=
[vA(z)]dt

dt  (4.54) 
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 = [(dz
dt) A(z)] dt

dt =
dzA(z)

dt  (4.55) 

 −(dz
dt) A(z)=[Cd√2gz(π d0

2 4)]→ ∫ dt
T

0
⁄  (4.56) 

 
= − ∫ A(z)dz

Cd√2gz(π d0
2 4)⁄hf

hi

 (4.57) 

where the mathematical model of conic tank shown in Figure 4.13. is modeled in the 

following [145]. Cross-sectional area of the UTM depends on the wastewater height z 

and the radius R(z) of the UTM. Therefore the cross-sectional area A(z) of the UTM 

is defined as a function of z (m2) as follows: 

 

A(z) = π. [(R12 + R22 − 2R1R2hi2 ) z2 + (2R1R2 − 2R22hi ) z
+ (R22)] (4.58) 

 A(z) = π[(β2)z2 + (β1)z + (β0)] (4.59) 

Substituting (4.56) into (4.58), 

 ∫ dt = −∫ [π(β2)z2 + (β1)z + (β0)]dzCd√2gz(πd02/4)hfhi
T

0  (4.60) 

 = πCd√2g(πd02/4) (4.61) 

Using (4.58-4.61), the discharge time T (calculated discharge time (s)) for the UTM is 

obtained from the equations below: 

 ∫ dt = −Cd ∫ β2z2 + β1z + β0√zhfhi
T

0 dz (4.62) 

 = Cd ∫ (β2z3/2 + β1z1/2 + β0z−1/2)dzhihf  (4.63) 
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T = Cd [(β2 25 hi52 + β1 23 hi32 + β02hi12)− (β2 25 hf5/2 + β1 23 hf3/2 + β02hf1/2)] (4.64) 

 T = ( πCd√2g(πd02/4)) |(λ1) − (λ2)| (4.65) 

The discharge coefficient (Cd) for the UTM is obtained from (4.64) with respect to |(λ1) − (λ2)| and Texp (experimental discharge time (s)) as:  

 Cd = Texp(λ1 − λ2) = πCd√2g(π. d02/4) (4.66) 

 = 2√2(λ1 − λ2)Texp ( 1d0)2 (1g)0.5
 (4.67) 

The wall steep angle is another design parameter that affects aeration and oxygen 

solubility. The wall steep angle (Wa) is calculated based on basic geometric 

calculations as; 

 Wa = tan−1 ( hi(R1 − R2)) (4.68) 

To reach an empirical benchmark between the classical oxidation and the UTM 

aeration system depicted in Figure 4.14, it is assumed that the liquid density, volume 

in tanks and the number of diffusers are equal for both cases. The model is simulated 

with finite element methodology. 
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Figure 4.14 UTM aeration system in top view (left) and three dimensional view (right) 

The WOA is applied to find optimal location of the diffusers in tank, which improves 

the aeration performance of the systems [147]. Constraints are effective diffuser radius 

(Dr), pressure tolerance of diffusers for efficient performance (Pn%), pool dimensions 

(L1, L2), water depth (Wd) and  number of diffusers (Nd), as shown in Figure 4.14. 

 

 

Figure 4.15 Conventional aeration (left) and proposed optimal solution (right) 

As shown in Fig. 4.15, the location of diffusers in x-y plane are not homogeneously 

distributed. In limited pressure tolerance, a series of ghost diffusers are created and 

crossed with a genetic algorithm to obtain the nearest position of diffusers in x-y plane.  
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CHAPTER V 

 

SIMULATOR DESIGN 

5.1 Methodology 

In addition to the forecast and long-short time planning facilities; operation, research 

and development, performance assessment steps are simulated in a user friendly 

simulator interface. The simulator proposes operational and constructive 

modifications. The outputs of the series of simulations are available to use in a new 

plant design.  

The simulator proposes operational and constructive modifications. The outputs of the 

series of simulations are available to use in a new plant design. Design, construction 

and operational optimization solutions are obtained as follows,  

 Design parameters are created for the use of similar characteristics WWTP. 

 Constructive proposals are essential to define what type of constructive 

revisions are needed.  

 Operational Solutions are useful to the configuration of equipment which in 

use. 

The main system algorithm is shown in Figure 5.1 
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Figure 5.1 Main system algorithm 

Based on literature review, the mathematical approach is guided to develop a 

Graphical Simulator for WWTP Design. Computer  applications are available to solve 

the problem during the design procedure [92]. 

As a result, Graphical Simulator for WWTP including both environmental and 

efficiency concerns are solved by this study with several aspects [81]. The distinctly 

performed simulations for each component (block - process) of a plant are available to 

check the utility of any proposed treatment system [90]. 

5.2 Computer Application 

Mathematical modelling is an important preliminary step for implementing the WWT 

processes guiding systems. Measurement accuracy as well as the testing of the control 

algorithms and check of the performances have to be evaluated for determination of 

the linearized structure of the model used in designing the control algorithm. 
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Mathematical modelling remains the most efficient research method, even though it 

sometimes leads to abstract models that only approximately describe the structure of 

these processes. The input-state output models developed in this study are the most 

widely used in the simulation technique and in biological process control, as they are 

directly compatible with the efficient simulation languages, amongst which computer 

environment holds the most significant position. 

The excess of activated sludge wasted continuously from the secondary settler 

underflow at a constant rate is modelled. The schematizations of the elastic blocks of 

treatment plant simulator sub-models are presented in Figures 5.2-5.8. 
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Figure 5.2 General Schematization of the WWTP graphical simulator 
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As a part of primary treatment; screening and grit chamber are simulated in the block 

shown in Figure 5.3. In order to avoid damage to the pumps and to avoid their 

accumulation in sludge digesters, grit chambers are basins to extract the inorganic 

particles. In literature, deterministic methods are commonly used for the design of grit 

chamber which take into account; settling velocity, surface overflow rate, detention 

period, bottom scour and flow through velocity, velocity of control devices, number 

of units, dimensions of each unit, loss of head [139].  

In this study, a black box model is proposed for the grid chamber simulation by just 

measuring the flowrate and velocity. The flow rate and the velocity differences 

between the input and output gives an approximation for the water characteristics. The 

model block named as screening system is shown in Figure 5.3. 

  

Figure 5.3 Schematization of the WWTP model of screening block 

Physical durations of charging and discharging for both conical and rectangular shaped 

tank forms are  simulated and presented Figure 5.4. The durations are essential 

parameters for the UTM concept as mentioned in previous sections. The cycle of the 

treatment and the capacity of the system are characterized by the comprehension of 

these parameters. The volume calculations and charging and discharging durations 
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depending on the volume calculations for the conical tank are presented in section 4.7, 

UTM concept. The model of charging and discharging block shown in Figure 5.4 uses 

this mathematical background. 

 

Figure 5.4 Schematization of the WWTP model charging and discharging block 

Activated Sludge Model process rates has an important role in defining the RAS 

amount, aeration, anaerobic and aerobic durations. Simulations performed under the 

pump block, aeration blocks and retention time block are shown in Figure 5.5, Figure 

5.6, Figure 5.7 and Figure 5.8 based on ASM. 

 

Figure 5.5 Schematization of the WWTP model pump block 
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Aeration system (RAS) is simulated in this block for both Conventional system 

(Aeration Block) and UTM Aeration Block-2 of a WWTP. Finite elements methods 

are used to define aeration system in UTM model Figure 5.6. 

 

Figure 5.6 Schematization of the WWTP model aeration block 

 

Figure 5.7 Schematization of the WWTP model for aeration system block 
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Figure 5.8 Schematization of the WWTP model retention time block  

A consistent starting point minimizes the effect on the generated dynamic performance 

of starting conditions. For steady state conditions, the initial conditions are described 

as the state of the variables. Therefore, the first step in the simulation process is to 

simulate the steady state of the system under analysis using constant flow and 

composition effect.  

By simulating 100 days using a constant influent, the steady state is established. For 

this reason, dry weather data is used. Figure 5.9 shows the efficiency block which is 

used to obtain a comprehensive efficiency assessment. 
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Figure 5.9 Schematization of the WWTP model total efficiency block 

As performed in such cases, a mixed identification of the parameters are made, namely 

a model structure is set up out of the partial knowledge of the process and the 

parameters of the model are experimentally determined as shown in Figure 4.5.  

Within such an approach, the analytical identification provides information prior to the 

experimental identification procedure by means of which the parameters are estimated. 

This modelling manner is realistic and blends the physical comprehension of the 

process with the experimental determination of certain parameters. Figure 5.1 presents 

the general computer model corresponding to the classified equations in the previous 

sections. 
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CHAPTER VI 

 

CASE STUDY: GAZİANTEP OĞUZELİ WWTP 

 

Computer simulations of UTM have been applied to the Oğuzeli WWTP in Gaziantep 

province of Turkey. These results are used for validation and comparison purposes in 

this study. 

6.1 Plant Characteristics 

Oğuzeli WWTP is located at Gaziantep province in Turkey, projected for 40,000 

people with a treatment capacity of 8000 m3/day [148]. The annual rates in the year 

of 2019 for influent and effluent flows are depicted in Figure 6.1-a. Annual distribution 

of influent-effluent characteristics are shown in graphics of Figure 6.1.  

Due to seasonal variations in weather conditions, some fluctuations can be observed 

as shown in Figure 6.2, which indicates DO concentrations in oxidation pool during a 

typical winter day (December 1st), and a typical summer day (1st of July). 
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Figure 6.1 Annual influent-effluent characteristics of Oğuzeli WWTP a) influent-

kkkskdkgkleffluent flow rate, b) influent-effluent BOD, c) influent-effluent COD, 

kkkskdkgkld) influent-effluent pH, e) influent-effluent water temperature, f) Annual 

kkkskdkgklDO concentration 

(a) 
(b) 

(c) (d) 

(e) (f) 
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Figure 6.2 Dissolved oxygen characteristics on a winter day (December 1st, left), 

kkkskdkgkland a summer day (July 1st, right) 

6.2 Simulation Test Results 

Numerical simulations are implemented on a daily scale for short-term tests and annual 

scale for long-term tests. The accuracy of the system and the worst case scenario are 

observed in daily simulations, while it is possible to observe long-term conditions with 

annual simulations. The results are compared with the data resulting from one-year 

observations of Oğuzeli WWTP measurements. The daily behavior of DO within the 

UTM structure, which has a vital role for bacterial life, is simulated first.  

6.2.1 Simulation Tests on Existing Plant 

The numerical data set of Oğuzeli WWTP influent-effluent characteristics is shown 

in Table 6.1 
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Table 6.1 Influent-effluent water characteristics of Oğuzeli WWTP 

 

 

 

Inf. Avg. 

Flow 

(𝒎𝟑/day) 

Eff. Avg. 

Flow 

(𝒎𝟑/day) 

Inf. 

pH 

Eff. 

pH 

Inf. 

Temp 

(˚C) 

Eff. 

Temp 

(˚C) 

Inf. 

COD 

(mg/L) 

Eff. 

COD 

(mg/L) 

Inf. 

BOD 

(mg/L) 

Eff. 

BOD 

(mg/L) 

DO 

(mg/L) 

Jan 6124 6011 7.65 7.5 15 15.1 296.7 40.85 107.52 18.8 1.56 

Feb 5937 5895 7.92 7.93 14.9 13.9 297.6 69.6 112 21.6 1.48 

Mar 7283 7547 8.03 7.93 15.1 13.3 316.8 28.8 96.53 11.2 1.95 

Apr 7728 4257 6.74 6.6 13.4 11.9 362.3 38.5 107.2 6.3 1.92 

May 7031 6403 6.64 6.61 14.3 13.1 211.2 48 100.7 18 2.08 

June 9524 8213 6.7 6.71 17.3 17.5 201.5 40.7 91 13.6 1.79 

July 9335 8153 5.13 4.64 18.1 17.3 384 41.6 126.3 13 1.92 

Aug 9337 8131 6.79 6.81 20.7 17.9 282.2 46 104.2 13.7 2.03 

Sep 9135 8356 7.03 6.94 18.6 17.5 322.4 48.6 121.2 18.6 1.97 

Oct 8891 8723 6.88 6.79 16.7 16.4 304.5 44.8 116.1 16.4 1.83 

Nov 8954 8741 6.83 6.8 15.9 15.8 280.6 41.5 109.2 13.4 1.94 

Dec 9067 8467 7.13 7.05 15.5 15.4 294.2 38.7 94.6 13.1 2.13 

Ave

rage 
8195 7408 6.95 6.85 16.3 15.4 296.16 43.9 107.2 14.8 1.88 

 

Figure 6.3 shows grid system time-scaled in seconds for two different day cycles on 

December 1st and July 1st and annual behavior of the system as a part of physical 

treatment. The nonlinear model is simulated to obtain optimal bar thickness and bar 

intervals in Oğuzeli WWTP.  

The experimental results are acquired from the measurements of the nonlinear process 

of Oğuzeli WWTP. With the purpose of validating the process model used in 

simulations, system output data obtained from nonlinear model and nonlinear plant 

output measurements are compared. Figures 6.4 and 6.5 show the performance of the 

optimized (WOA) grid system based on the appropriate bar thickness and bar spacing 

permitted in the literature in Oğuzeli, for the critical two days selected between 1st of 

December and 1st of July and annually. 
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Figure 6.3 Grid simulations for on a winter day (December 1st, left), and a summer 

kkkskdklkday (July 1st, right) 

 

Figure 6.4 Annual existing (left) and optimized (right) grid simulations  

 

Figure 6.5 Winter day (December 1st) optimized grid simulations  



66 

 

Figures 6.6 and 6.7 provide a comparison of the DO concentration on both traditional 

method and optimized solution, where the effects are time-scaled in hours on 

December 1st and July 1st for two separate day cycles. The nonlinear model is 

simulated with Oğuzeli WWTP to achieve optimum concentration of DO for 

corresponding parameters. 

 

Figure 6.6 DO simulations on a winter day (December 1st, left), and a summer day 

kkkskdkgkl(July 1st, right) 

 

Figure 6.7 DO optimized simulations on a winter day (December 1st, left), and a 

kkkskdkgklsummer day (July 1st, right) 

 

6.2.2 Simulation Tests on Proposed UTM Design 

Figure 6.7 shows the comparison of the DO concentration on both conventional system 

and proposed UTM, where the results are time-scaled in seconds for two different day 

cycles on December 1st and July 1st. The nonlinear model is simulated to obtain 
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optimal DO concentration for equivalent UTM parameters with Oğuzeli WWTP. The 

experimental results are acquired from the measurements of the nonlinear process of 

Oğuzeli WWTP. With the purpose of validating the process model used in simulations, 

system output data obtained from nonlinear model and nonlinear plant output 

measurements are compared. In Figure 6.8, for the selected critical two days of 

December 1st and July 1st, the optimal solution shows the cycle performance in 

Oğuzeli WWTP.  

There are 500 iterations performed for each cycle depending on the influent and 

effluent water characteristics which drives blower frequency. In nonlinear model of 

UTM, water characteristics cause changes on anaerobic and aerobic durations. The 

best solution around the set point of 2 mg O2/l is taken into consideration for these 

procedures. As shown in Figure 6.8, DO concentration reaches the peak value of just 

over 2 mg O2/l for both critical days of summer and winter to perform aerobic phases 

properly, providing sufficient oxidation duration for living bacteria. After a while the 

anaerobic phase starts for sedimentation and retention. At the end of the period, 

durations and the upper and lower limits are redefined with 500 iterations for the next 

cycle involving aerobic and anaerobic phases to obtain a new optimal solution. 

 

Figure 6.8 Dissolved oxygen simulation in UTM on a winter day (December 1st, 

kkkskdkgklleft), and a summer day (July 1st, right) 
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Figure 6.9 Optimized aeration system behavior in UTM on a winter day (December 

kkkskdkgkl1st, left), and a summer day (July 1st, right)  

The comparison of the theoretical behaviors of the UTM with the conventional 

solution without optimization presented in Figure 6.9 and whale optimized solution in 

Figure 6.8 shows that the curve of DO concentration varies significantly. The variable 

frequency controlled blower units control this optimized behavior. Moreover, one can 

observe in the latter figure that the relatively long aeration phases are shifted towards 

the right. This provides another optimal solution which is for realizing enough aeration 

duration for relatively long intervals. 

Figure 6.8 and 6.9 depict the variation of DO concentrations for the critical two days 

of with respect to time t. However, the amount of oxygen in the tank is fluctuated along 

the anaerobic and aerobic time intervals as we have observed and simulated for the 

one year period. Similar to the whale feeding behavior, which is based on preying in 

shrinking circles and according position updates the optimization of UTM has been 

focused on two aspects of aeration duration, and reaching to the desired value that is 2 

mg O2/l. In order to indicate and assess the performance of the UTM for both aspects 

of aeration duration and DO tracking error in optimized and conventional designs, the 

Root Mean Square Error (RMSE) index given by the following is used, 

RMSE=√∑(observed value - desired value)2/ (number of samples) (6.1) 

The designed UTM performance and effect of optimization are presented in terms of 

RMSE index values as summarized in Table 6.4. 
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Table 6.2 RMSE values for conventional and optimal UTM designs 

Parameters 
RMSE values 

Improvement in RMSE 
conventional optimal 

t 0.138 0.068 51% 

DO 0.236 0.049 79% 

 

As the calculated RMSE index values in Table 6.2 clearly indicate, the time duration 

of aeration and accuracy of DO variation in the proposed UTM design with WOA 

optimization are significantly improved. The results for, optimal WOA solution, show 

good tracking performance with good duration of aeration time in following the 

desired DO value with good accuracy. 

6.3 Summary and Discussions 

Screening, DO, Aeration system (Blowers and diffusers are included), secondary 

sedimentation tracking errors in optimized and actual designs,  and the designed 

simulator performance and effect of optimization are presented in terms of RMSE 

index values as summarized in Table 6.3-6.4 for the Gaziantep Oğuzeli WWTP. 
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Table 6.3 RMSE values for simulator and optimal operation conditions in a summer 

wwwwwwday 

Parameters 
RMSE values 

Improvement in RMSE 
actual optimal 

Screening 0.157 0.081 51% 

DO 0.253 0.192 75% 

Aeration System 0.125 0.081 64% 

Secondary 

Sedimentation  
0.068 0.053 77% 

 

Table 6.4 RMSE values for simulator and optimal operation conditions in a winter day 

Parameters 
RMSE values 

Improvement in RMSE 
actual optimal 

Screening 0.057 0.051 89% 

DO 0.291 0.192 65% 

Aeration System 0.156 0.085 54% 

Secondary 

Sedimentation 
0.048 0.040 83% 

 

 



71 

 

CHAPTER VII 

 

CONCLUSION 

 

In this thesis, a simulator for WWTP is designed. The simulator has some advantages 

especially solving optimization problems. Moreover, a novel design for aeration-

sedimentation processes in WWTPs is proposed and investigated as a constructive 

approach. The UTM design for both aeration and sedimentation phases is obtained 

through optimization, as an alternative for the conventional approach where two 

separate tanks are used for aeration and sedimentation processes. In this design, the 

aeration tank is embedded within the main tank with an Archimedean spiral geometry. 

An optimization problem is defined to find optimal locations of the diffusers in the 

UTM using WOA method. Optimal design of the proposed UTM for aeration-

sedimentation processes is tested via computer simulations to reveal efficacy of the 

method. Simulation results of a whole system and UTM reveal significant 

improvement in the operational performance of the WWT system. In order to prove 

practical value of proposed methods, the WWTP simulator and optimal UTM design 

obtained through WOA is also tested on the Oğuzeli WWTP as a case study. 

Simulation results are compared with real data collected from field measurements in a 

one-year period.  The results show the superiority of the proposed optimal designs 

compared to the existing models and reveal practical value of the study. As a 

consequence it is concluded that proposed optimal design of the single-tank structure 

can be a valuable alternative for modeling, investigation, design and implementation 

of aeration-sedimentation processes in WWT.  

In addition to the forecast and long-short time planning facilities; operation, research 

and development, performance assessment steps are simulated in a user friendly 

interface. 
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7.1 Recommendations for Future Work 

Further justification of the method that has been investigated in this research is 

possible through laboratory-scale experiments and real-time applications on WWT 

systems, which are planned as future studies. 

Different optimization algorithms can be adapted to designed the simulator with 

comparison studies. It is also possible to use different programming languages for the 

simulator. 

Using different performance indices which also are consider ‘’time’’, conventional 

PID or more advanced control methods (adaptive, robust) can be designed and 

developed. This simulator can be used for the control of WWTP in closed loop 

approach. The simulator can be tested under the closed loop control conditions. 

Independently from all the system parameters, system identification method can be 

used as black box modelling and simulation approach.
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