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ABSTRACT 

 

 

Current wastewater industry is facing challenges concerning energy consumption due to 

the increase in water resource stress, stringent regulations concerning treated effluent 

water. Climate changes was also one of the reasons for developing and adopting 

innovative technology to save energy, improve its efficiency, and seek alternative sources. 

Thus, energy self-efficient technologies were brought up to reduce energy consumption 

and lower operational costs. The innovative technology configuration is stated as A-B 

process which captures COD in the A- stage to be used anaerobically afterwards for 

energy purposes and the B- stage handles nutrients autotrophically via PN/A or 

denitrifying NO2 using denitrifiers. This thesis deals with high-rate SBR process. A pilot-

scale (2.73 L) has been operated to capture COD as a pre-treatment to be fed in the future 

for cold anammox. It is a lab-scale pilot present in ñEnvironmental Engineering labò of 

Politecnico Di Milano that was employed to treat first synthetic municipal WW and then 

real municipal WW from Peschiera Borromeo WWTP at a 2-day SRT controlled by 

discharging MLSS for 3 mins at the end of each aerobic phase. The pilot has operated at 

an average temperature of 23°C and HRT of 6 hrs. Aeration strategies were divided into 

two phases: continuous and intermittent aeration. The continuous aeration was adopted 

while using synthetic WW for 36 days -DO of 4 mgO2/L- resulting in COD and 

ammonium-nitrogen removal efficiencies of 84 % and 98 % (nitrification process) 

respectively and using real municipal WW from day 37 to day 45 with DO of 3.7 mgO2/L 

resulted in COD and ammonium-nitrogen removal efficiency of 77 % and 70.5 % 

respectively. However, testing for NO3-N in the treated effluent was of great importance 

because NOB suppresses the work of Anammox bacteria in the upcoming treatment, thus, 

after reaching the result that ammonium-nitrogen is being oxidized to nitrate and not 

partial nitrification, DO was dropped to 0.7 mgO2/L starting from the 11th of July and 

extending to 45 days (excluding August). The drop in DO resulted in a slight drop in the 

COD removal efficiency (71 %) but a significant drop in ammonium-nitrogen removal 

reaching 36 %. 



VI 

SUMMARY 
 

L'attuale industria delle acque reflue si trova ad affrontare sfide relative al consumo di 

energia dovute all'aumento dello stress delle risorse idriche e alle severe normative in 

materia di acque reflue trattate. I cambiamenti climatici sono stati anche uno dei motivi per 

lo sviluppo e l'adozione di tecnologie innovative per risparmiare energia, migliorare la sua 

efficienza e cercare fonti alternative. Pertanto, le tecnologie di autoefficienza energetica sono 

state introdotte per ridurre il consumo di energia e ridurre i costi operativi. L'innovativa 

configurazione della tecnologia è indicata come processo A-B che cattura il COD nello 

stadio A da utilizzare anaerobicamente in seguito per scopi energetici e lo stadio B gestisce 

i nutrienti in modo autotrofico tramite PN / A o NO2 denitrificante usando i denitrificatori. 

Questa tesi riguarda il processo SBR ad alto tasso. È stata utilizzata una scala pilota (2,73 L) 

per acquisire COD come pre-trattamento da alimentare in futuro per anammox freddo. E 'un 

pilota su scala di laboratorio presente nel "Laboratorio di ingegneria ambientale" del 

Politecnico di Milano che è stato impiegato per trattare la prima WW sintetica e poi la vera 

WW municipale dal WWTP di Peschiera Borromeo a un SRT di 2 giorni controllato 

scaricando MLSS per 3 minuti a la fine di ciascuna fase aerobica. Il pilota ha operato ad una 

temperatura media di 23 ° C e HRT di 6 ore. Le strategie di aerazione sono state divise in 

due fasi: aerazione continua e intermittente. L'aerazione continua è stata adottata durante 

l'utilizzo di WW sintetico per 36 giorni -DO di 4 mgO2 / L- ottenendo efficienze di 

rimozione di COD e di azoto-ammoniaca rispettivamente dell'84% e del 98% (processo di 

nitrificazione)  e utilizzando il WW vero e proprio dal giorno 37 al giorno 45 con DO di 3,7 

mgO2 / L hanno portato all'efficienza di rimozione di COD e di azoto-ammoniaca 

rispettivamente del 77% e 70,5%. Tuttavia, il test per NOB negli effluenti trattati è stato di 

grande importanza perché NOB sopprime il lavoro dei batteri Anammox nel trattamento 

imminente, quindi, dopo aver raggiunto il risultato che l'azoto-ammonio viene ossidato in 

nitrato e la nitrificazione non parziale, DO è stato lasciato cadere in 0,7 mgO2 / L a partire 

dall'11 luglio e che si estende a 45 giorni (escluso agosto). Il calo di DO ha comportato una 
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leggera diminuzione dell'efficienza di rimozione COD (71%), ma un calo significativo 

dell'eliminazione dell'ammonio-azoto che raggiunge il 36%. 
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INTRODUCTION 

Overview 

Globally, wastewater treatment plants were designed and implemented to secure an adequate 

treated wastewater discharge into receiving water bodies to avoid health problems, diseases, 

and destruction of aquatic life and ecosystem (Enger et. al, 2000). Although most WWTP 

were designed in a way to satisfy certain effluent quality requirements, however, still most 

of them do not consider energy requirements (Rojas & Zhelev, 2012). Therefore, this area is 

put under improvement because sustainability covers both water and energy and considers 

carbon emission (Panepinto et. al, 2016 & Scott , et al., 2011). Also, the topic has become 

of more interest due to the fact that water resource stress is increasing which in return is 

leading to an increase in energy usage for water Treatment, transportation, and supply 

(Lazarova et. al, 2012 & Englehardt et al., 2016). In addition, saving energy, enhancing its 

efficiency, and seeking alternative energy sources has become an important aspect due to 

the increasing concerns about climate changes (Friedrich et. al, 2009 & Dincer, 2002). It is 

known nowadays, that coventional activated sludge (CAS) process is receiving critiques 

since 25 ï 40 % of its operating costs are due to high energy demand (Panepinto et. al, 2016). 

Consequently, energy consumption causes greenhouse gas emissions resulting in global 

concern (Ashrafi et. al, 2014, Shahabadi et. al, 2009, Pan et. al, 2011, & Shahabadi et. al, 

2010). Thus, energy self -sufficient WWTPs are developed to save energy by reducing 

energy consumption, lower operational costs, and achieve carbon neutrality (Wett et. al, 

2007, Nowak et. al, 2011, Jenicek et. al, 2012, & Jenicek et. al, 2013). 

The fact that wastewater is a resource of water, energy, nutrients, and other components ï 

not waste- was elaborated by climate change and resource recover (Larsen, 2011, McCarty 

et. al, 2011, & Van Loosdrecht & Brdjanovic, 2014); thus, potential energy is the main 

constitution of the wastewater and comes in organic matter form. 

Therefore, in order to maximize energy recovery by anaerobically digesting the concentrated 

sludge to further valorize it into methane-rich biogas, the organic matter present in the 
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wastewater should be concentrated by physical, chemical, or biological treatment (Versprille 

et. al, 1984). Thus, pre-treating a raw wastewater as a first step has an advantageous aspect. 

Also, the process relies on converting half of the ammonium to nitrite under limiting DO 

which acts as a substrate for Anammox. Then, the treated effluent from organic matter 

consists of nitrogen and can be treated autotrophically via combined partial 

nitrification/anammox (PN/A). This leads to significant savings concerning the aeration 

costs, sludge production and external organic carbon source. This process comprising 2 

stages: COD capture and handling of nutrients, called A-B process. Versprille et. al, (1984) 

& Salome (1990) stated that the advantages of an A-B process with respect to 1-stage 

activated sludge (CAS) are: small footprint, low energy requirements, increased biogas 

production by sludge digestion, and increased stability of nitrification process while dealing 

with fluctuations in organic composition, pH, and toxic components. 

High-rate activated sludge is one of the promising technologies that operates at short HRT 

and SRT arousing fast biomass growth for carbon capture and as well some nutrients from 

WW (Gray, 1990). Its objective is to transfer most of the organics into biomass using short 

SRT instead of oxidizing them. This process maximizes the conversion of soluble and 

particulate organics into biomass. This biomass can be digested under aerobic which 

produces biogas to generate energy. Also, one of its advantages is that it reduces aeration 

requirements and thus lowers energy consumption. In such high-rate system, new processes 

were developed to further achieve N removal such as Anammox (Strous et. al, 1997). 
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Scope and Objective 

The aim of this project is to study an innovative technology -to pre-treat real municipal 

wastewater- for achieving high standard of wastewater treatment by increasing the COD 

capture and being viable to be fed in the future to a continuous pilot scale cold anammox 

reactor to be placed at Peschiera Borromeo WWTP. This technology comprises a lab-scale 

high-rate SBR which incorporates the equalization, aeration, and clarification in one single 

reactor and uses cyclic timing and operating conditions for treating synthetic municipal and 

real municipal wastewater. 

The selection of process fell not only on the biological treatment operation but specifically 

on SBR (sequencing batch reactor) which is known for its flexibility and control sequence 

and small footprint but also for its high sophistication level. 

  

Organization of the Chapters 
 

 

Figure 1: Organization of the thesis elaboration 
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Chapter 2 provides a comprehensive literature review concerning A-B process for COD 

capture and nutrient handling. This chapter stresses on the different processes used in A-

stage and on the B-stage. 

Chapter 3 also provides a comprehensive review based on the SBR, its advantages and 

disadvantages, and its design criteria. Also, a couple of studies were presented while using 

SBR with different operating conditions and feeding solution source. In addition to that, the 

studies included also different SRT ranging between high and low while concentrating on 

the removal efficiencies.  

Chapter 4 aimed on characterizing the synthetic municipal wastewater and real municipal 

wastewater fed to the SBR associated with the COD, total nitrogen, ammonium-nitrogen, 

and NOx tests done also on the treated effluent discharged out of the SBR, as well as, the 

TSS, VSS, and SVI are mentioned in this chapter. The SBR setup was developed and the 

feeding of inoculant into the SBR. 

Chapter 5 provides the results obtained based on the operational strategies and SBR-setup 

that were developed in the preceding chapter. The results are graphically illustrated with the 

elaboration following each graph.   

Chapter 6 summarized the major findings obtained in this study and the future perspective 

concerning this thesis.  
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2. A-B PROCESS  

2.1 Definition  

A-B process is the abbreviation of adsorption/bio-oxidation process. It consists of two-stage 

system used for the treatment of municipal wastewater. It operates without a primary clarifier 

preceding it and with a separate settling tanks for each step. In the A-stage, influent organic 

matter is mainly removed by flocculation and sorption to sludge. This removal is due to high 

loading rates and low sludge age. 80 % of the influent organic matter can be removed in the 

A-stage. (Boehnke et. al, 1997) 

The B-stage (bio-oxidation stage) is a low-load activated sludge process 

where biodegradation of the remaining organic material takes place. The B-stage is designed 

for nitrogen and phosphorus removal by using an alternate aerobic, anoxic and anaerobic 

phase in the reactor. 

2.2 Introduction 
 

For 100 of years, a conventional activated sludge process has been used and operated for 

domestic production wastewater treatment. However, its high energy consumption with low 

energy efficiency is imposing a serious impact and challenge on the current wastewater 

industry worldwide.  

For instance, Juong water reclamation plant of Singapore and Gaobeidian wastewater 

treatment plant of China achieved energy efficiency (energy produced per energy consumed) 

of 35 % and 31 % respectively (Zhou et. al, 2013). While USA reported an annual electric 

energy consumption of 3 % for wastewater treatment plants (US- EPA, 2006). In addition to 

that, an increase in-plant energy consumption is expected since more stringent standard and 

regulations are being imposed on the effluent due to serious health concerns on public health 

and environmental protection. Along with all of that mentioned above, a substantial fossil 

fuel consumption used for electric energy to operate the Wastewater treatment plant is linked 

https://en.wikipedia.org/wiki/Biodegradation
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to the global climate change where 114 million metric tons of CO2 in china is generated and 

emitted annually from electric energy for driving WWTP operation (Hao et. al, 2015).  

Therefore, a global effort for substantial improvement of the overall process was adopted. 

This effort was depicted by imposing an innovative process configuration ï A-B process- 

consisting of 2 consecutive stages: A- stage described to capture organic matter in domestic 

WW for direct anaerobic digestion, prior to biological treatment of nutrients in a separate 

process. As it was mentioned previously, A-B process concept was adopted for maximal 

recovery of chemical energy from domestic wastewater instead of transforming it to carbon 

dioxide while using substantial amount of electric energy. 

 

 

Figure 2: General configuration of A-B process (Wan et. al, 2016) 

 

 

 

In this section the A-B process will be introduced discussing the 2 stages of it separately. 2.3 

COD Capture presents A- stage (pre-treatment stage) which will be divided into three different 
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treatments (CEPT, HRAS, and anaerobic process) which can capture at least 60 % of total 

COD. While section 2.4 Nitrogen Removal Technologies will introduce the B-stage for nutrient 

removal.
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2.3 COD Capture 

2.3.1 Chemical Enhanced Primary Treatment (CEPT) 

 

CEPT is a physical-chemical treatment of wastewater. Chemical coagulants are added into 

wastewater to improve the TSS removal. Through CEPT, full-scale studies found that TSS 

and total COD can be removed up to 80 % and 60 % respectively (Harleman & Morrissey, 

1992, Wang et. al, 2009, Harleman & Murcott, 1999, & Parker et. al, 2001). Also, the 

quantity of the sludge produced by CEPT increased by 45 %, compared to conventional 

primary settling, where 33 % of it is due to enhanced solids captured (Harleman & 

Morrissey, 1992). It is important to point out that the effluent from CEPT still contains high 

concentration of soluble COD since it is ineffective in soluble COD removal (Rossle & 

Pretorius, 2001). If CEPT is to be served in A- stage, a cost-benefit analysis should be 

considered since there is additional cost associated with coagulant usage of 0.1 ú/m3 

(equivalent to 4×10-4 ú/g COD) (Diamantis et al., 2013) 

 

2.3.2 High Rate Activated Sludge 
 

HRAS has the capability to capture particulate, colloidal and dissolved organic matters 

targeting improvement of the primary sludge production. In an aerated reactor, the influent 

wastewater is mixed with the activated sludge. COD, especially particulate COD, is captured 

through aerobic biomass growth, bio-flocculation, biosorption, etc. HRAS has a high 

capacity of capturing COD at short SRT and HRT where 55-65 % of organic matter could 

be retained in HRAS at SRT= 0.5 days (Wett et. al, 2007). Moreover, nitrification at short 

SRT (<3 days) should not be significant. However, the critical issue of the HRAS is the 

difficulty in balancing the wasted sludge and recycled sludge flows. This leads to the 

instability of the whole system on the long run since less sludge will be available for COD 

capture and more sludge will be harvested for anaerobic digestion (Xu, et al., 2015). 
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2.3.3 Anaerobic Process 
 

Concerning anaerobic process, less sludge production and the bio-methane generation 

caused this process to be energy efficient and economically feasible. Studies showed that 

65-90% of COD in real municipal wastewater could be removed anaerobically while having 

sludge production 3 to 20 times lower than that produced in the CAS process. UASB system 

can remove 45-75 % of total COD at HRT 5-19 hrs. while lab-scale UASB reactor achieved 

60-90 % of total COD removal (Seghezzo et. al, 1998 & Foresti, 2002). Also, 88 % of total 

COD was removed by AFBR (Kim et al., 2010). However, the disadvantage of the system 

is that substantial amount of methane gas was found to be dissolved in the effluent in 

anaerobic treatment of municipal wastewater. This is due to high methane solubility in water 

(18.6 g/m3 at 30°C) (Yamamoto et. al, 1976), and the process is not efficient at low-medium 

temperature (~ 25ºC). Thus, without proper recovery of methane a difficulty will be imposed 

for the wide application of anaerobic processes for treating municipal wastewater (Liu et. al, 

2013). 

 

Table 1: Summary of advantages and disadvantages of CEPT, HRAS, and anaerobic treatment for COD capture 
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2.4 Nitrogen Removal Technologies 

2.4.1 Introduction 
 

Due to Nitrogenôs adverse environmental impacts, it has to be removed from Municipal WW 

before discharging the effluent into a water body to prevent the risk of eutrophication 

(Galooway, et al., 2003). The conventional way of removing nitrogen from the wastewater 

is achieved in two subsequent steps: by aerobically oxidizing ammonium into nitrite and 

nitrate via autotrophic nitrification and then denitrification carried out by denitrifiers 

reducing nitrate into dinitrogen gas (Figure 3). 

                Nitrification:        NH4
+ + 2O2 => NO3- + H2O + 2H+ + energy 

Denitrification: 4NO3
- + 5 CH2O + 4H+ => 2N2 + 5CO2 + 7H2O + energy 

 

 

Figure 3: Nitrification-Denitrification Process 
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 Although this conventional route results in a highly reliable nitrogen removal, however, it 

is highly demanding in energy and cost terms. The utilization of aeration, the requirement 

for biodegradable COD for denitrification (typically methanol), and relevant sludge amount 

are the limits. Besides, its production of significant amounts of greenhouse gases (CO2, N2O, 

and ozone depleting NO) (Hu, et al., 2013).  

All the mentioned treatments used in A-stage remove at least 60% of total COD in domestic 

wastewater leading to lower concentration of COD entering B-stage (Wan et. al, 2016). If 

denitrification and nitrification is to be considered as B-stage, according to the denitrification 

stoichiometry, about 2.86 gCOD is required for completely denitrifying one gram of NO3
ī-

N. Thus, this suggests that considering nitrification and denitrification process is not possible 

due to the insufficient soluble COD fed to B-stage after applying A-stage. Therefore, only 

two processes will be discussed: shortcut nitrification-denitrification and partial nitrification 

combined with anammox processes. 

 

2.4.2 Anammox Process 
 

Anammox or anaerobic ammonium oxidation (Figure 4) is a microbial process of the nitrogen 

cycle which takes place in many natural environments. It is considered the most promising 

alternate for biological nitrogen removal in MWW applications (van Loosdrecht & 

Brdianovic, 2014). In general, the process consists of two mechanisms and 6 components 

which play an important role in this whole Anammox process. The first mechanism 

comprises the conversion of ammonium and hydroxylamine using a membrane-bound 

enzyme complex to hydrazine, and the second mechanism involves the oxidation of 

hydrazine to dinitrogen gas in the periplasm, and the produced electrons are transferred via 

an electron transport chain to nitrite reducing enzyme in the cytoplasm. Nitrite is reduced to 

hydroxylamine at the same place, cytoplasmic site, in which the same enzyme complex 

responsible for hydrazine oxidation takes place. Thus, controlling NOB accumulation and 

its washout is essential to allow nitrite accumulation.  
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Figure 4: ANAMMOX nitrogen cycle (Data from (Sandip, 2017); Scheme: own elaboration)) 

 

 

In this process, oxygen demand is greatly reduced since only half of the ammonium needs 

to be oxidized to nitrite and not a full conversion into nitrate.  

Anammox based technology is already commercially available for concentrated industrial 

WW or anaerobic digestion supernatant, and is intensively investigated to study its 

application in the mainstream WW line. 

Several literature reviews have operated cold Anammox like Hu, et al., (2013) and Gilbert, 

et al., (2014) while having a lower municipal wastewater temperature (10 to 15°C) and a 

relatively low ammonium concentration. The critical aspect of the temperature on 

ANAMMOX bacteria and AOB may cause lower specific activities and growth rates (Dosta 

et. al, 2008 & Isaka et. al, 2008). In addition to the critical condition of the temperature, 

mainstream application has several challenges: variable nitrogen loads, low nitrogen 

concentrations, low temperature, and long-term stability of the process. When nitrite was 

dosed, Anammox bacteria was able to grow at low temperatures (10-15 °C) while applied 

on MWW. 
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In general, if an efficient anammox process is applied, a cost reduction of up to 60 %, a lower 

CO2 emission, 100 % reduction in organic carbon source demand and lower or no N2O 

production (global warming potential of 310) are achieved (Siegrist et. al, 2008, van Dongen 

et. al, 2001, & Kartal et. al, 2010). In addition to that, 90% less sludge is produced in 

anammox process as compared to conventional Nitrification and denitrification process 

resulting in lower sludge treatment cost. 

Despite of the advantageous side of the anammox process application, there is also 

disadvantageous side. It is difficult to grow enough sludge for a wastewater treatment reactor 

since the doubling time is slow (10 days to 2 weeks). Also, in case of loss of sludge by 

accident, the recovery time is longer than the conventional nitrogen removal application.
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2.4.3 Nitritationation - Denitritation Process 
 

It is a biological process that is introduced to reduce COD requirements and aeration costs 

along with nitrogen removal. Nitritation/denitritation is a short cut in the nitrogen cycle 

(Figure 5) where nitrite is an intermediate compound in both nitrification and denitrification- 

processes. It is a process that consists of two types of bacteria: the first stage of nitrification 

is taken care by the ammonia oxidizing bacteria (AOB) while the second consists of Nitrite-

oxidizing bacteria (NOB) that oxidizes nitrite to nitrate. In this process, nitrite accumulation 

is required, thus, it is essential to prevent the further oxidation of nitrite to nitrate.  Thus, to 

jump nitrate production, a bypass is performed where a partial nitrification and 

denitrification of nitrite is performed. This process saves up to 25 % of the oxygen demand, 

40 % of the carbon source, and 30% of sludge production (Gustavsson, 2010). Also, it helps 

in the reduction of CO2 emissions by 20 % if compared to a conventional 

nitrification/denitrification process (Gustavsson, 2010). 

 

 

Figure 5: Nitritation- Denitritation process (Data from Gustavsson (2010), Scheme: own elaboration) 
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In order to perform a stable nitritation and be able to control ammonia to nitrite and nitrite 

to nitrate conversion, a couple of parameters should be taken into consideration: 

¶ Temperature and SRT: high temperature (30-40°C) and low SRT are two factors that 

achieve the washing out of NOBs from the system. High temperatures resulting in a 

successful NOB suppression was related to higher maximum specific growth rate of 

AOB over NOB. 

¶ DO: it is another parameter that affects the growth of NOB.  Picioreanu et. Al (1997) 

reported that the half-saturation coefficients of AOB is 0.2-0.4 mg/L and NOB is 1.2-

1.5 mg/L. This means that AOB are less susceptible to low DO as the NOB leading 

to the conclusion that low DO supresses the growth of NOB. 

¶ FA and FNA: these factors are considered inhibitors. FNA has the potential to inhibit 

AOB and NOB using different concentrations, but FA affects mostly the growth of 

NOB (Jubany et. al, 2009)
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3. SBR 

3.1 Introduction 
 

 

The sequencing batch reactor (SBR), also known as a fill and draw activated sludge type 

reactor for wastewater treatment, works as a single batch reactor. Wastewater is added to the 

pilot and treated to remove undesirable components and to discharge the treated wastewater.  

For municipal and industrial wastewater, SBR systems are being used successfully; for 

treatment applications having either one of the two categories of flow conditions: low or 

intermittent (EPA, 1999). Although several fill-and-draw systems were working during the 

period extending between 1914 and 1920, the SBR was interestingly brought back during 

the late 1950s and the early 1960s with the growth of an advanced new equipment and 

technology (EPA, 1999). The allowance and ability of SBRs to compete with the 

conventional activated sludge came after several improvements of this pilot which are the 

aeration device and the control part. 

The unit processes of the SBR and the conventional activated sludge are identical; 

nevertheless, there is a significant difference between the two technologies. Using an SBR, 

the equalization, biological treatment, and the clarification operate sequentially in a single 

reactor (Metcalf & Eddy, Treatment, Disposal and Reuse, 1991). While in a conventional 

activated sludge, these unit processes are achieved simultaneously in separate tanks (Metcalf 

& Eddy, Treatment, Disposal and Reuse, 1991). 

Even though in most conventional activated sludge WWTPs primary clarifiers are used prior 

to the biological treatment, the usage of SBR does not usually require in some cases a 

primary clarifier for municipal wastewater before the SBR. In case the TSS or BOD are 

greater than 400 to 500 mg/L, the SBR manufacturer might suggest a primary clarifier prior 

to the SBR for municipal and industrial wastewater (EPA, 1999). 
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By using SBR, depending on the operating approaches, good and efficient BOD and nutrient 

removal can be accomplished where BOD removal is up to 85 to 95% (EPA, 1999). While 

the effluent from the SBR, ensured by SBR manufacturers that provide a process, is usually 

tested to be less than: 10mg/L BOD, 10 mg/L TSS, 5-8 mg/L TN, 1-2 mg/L TP (EPA, 1999). 
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3.2 SBR Technology Description 
 

 

 

 

Figure 6: SBR operational steps 

 

 

The SBR, which is based on a fill-and-draw principle, is made of a tank, mixing apparatus, 

a decanter, aeration system, and a central feature mainly consisting of a control system, an 

automatic switch, and valves that sequentially organizes the timing of the different steps and 

operation. 

The SBR operates by an influent wastewater entering a tank being partially filled with 

biomass. This biomass gets accustomed to the constituents of the influent wastewater being 

treated after several cycles. Once the pilot is filled to the desired volume, the SBR acts like 

a conventional activated sludge but without the continuous addition of influent wastewater 

where it is stopped by an automatic timed control. During the biological reaction, mixing 

and aeration is turned on and is stopped after the reaction is complete leading to the settling 

phase- where the biomass is settled down. Following this step, the treated supernatant is 
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discharged from the system. During the cycle time, biomass is wasted resulting in the 

constancy of mass ratio of influent substrate to biomass, from cycle to cycle. 

The Operational steps of an SBR which consists of 5 basic steps: idle, fill, react, settle, and 

draw- can change according to different operational applications- are discussed in the 

following part. 

 

Fill Step 

The wastewater is added to the reactor which already contains biomass inside it. The influent 

wastewater might be either raw or primary effluent (Singh & Srivastava, 2011). When 

considering the fill step two criteria should bear in mind: the period of the fill step and the 

treatment objective. The length of the fill step mainly depends on the number of SBRs 

present, volume of the SBRs, and the flow conditions.  According to the operating strategies 

and treatment objectives, all or one of the variable fill steps are used: static fill, mixed fill, 

and aerated fill.  

The static fill was included to explain the step in which no aeration and no mixing is included 

during the period where the influent wastewater is being fed to the system. This results in a 

low energy demand and high substrate (food) concentration and in a high F:M creating an 

atmosphere advantageous to floc formation instead of filamentous organisms subsequently 

causing a good settlement of the biomass during the settling phase (EPA, 1999). This step is 

used as a start-up phase of a facility and for low flow periods in order to save energy. 

In the course of the mixed fill, where aeration remains turned off while the mixing is active, 

organics are degraded biologically by using the residual oxygen or alternate electron 

acceptor known as nitrate-nitrogen. The mixing action while adding the influent WW, 

considered as anoxic condition, allows the proper blending of biomass and influent 

wastewater. This action is favorable for denitrification process, in which nitrate-nitrogen is 

transformed biologically into nitrogen gas by the microorganisms.  
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Aerated fill  is characterized by providing aeration and mixing to the content of the reactor 

while adding the influent WW. This type of fill is used mainly to begin the aerobic reaction, 

that is completed afterwards in the React step. The aerated fill step allows the presence of 

low substrate concentration. This is of great importance in case the constituents of the 

wastewater at high concentrations are toxic (Singh & Srivastava, 2011). 

 

React Step 

During the React Step, the biomass feeds on the substrate using different environmental 

conditions (aerobic, anaerobic, and anoxic) which depends on the wastewater treatment. In 

case, the aerated fill mode is used prior to React step, the aerobic reaction is initialized in 

the Fill step and completed in the React step. As well as, nitrification can be attained where 

ammonium converts to nitrite-nitrogen and consequently to nitrate-nitrogen. On the other 

hand, mixed react mode can be used to enforce anoxic condition that is favorable for 

denitrification. In addition to that, mixed reaction can achieve phosphorus removal. 

 

Settle Step 

The settling phase, that comes directly after the React step, is characterized by leaving the 

biomass to settle down with the absence of mixing and aeration to prevent the wastage of 

any biomass and to result in a clearer supernatant. Also, solid separation is achieved under 

specific conditions (i.e. no inflow and no outflow) in the tank. Under this specific condition 

of settling, the volume might be more than 10 times of a secondary clarifier used for 

conventional continuous flow activated sludge (Al -Rekabi et. al, 2007). In some cases, 

gentle mixing during the initial steps of settling phase may cause a more concentrated settled 

biomass and subsequently a clearer effluent.  To prevent the solids blanket from floating, the 

length of settle step normally lasts between 0.5 and 1.5 hours. 
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Draw Step 

During the decant phase, treated effluent is drawn out of the reactor. The supernatant is 

removed using either floating or fixed decanters. The floating decanter is much more 

advantageous than the fixed decanter since first it is flexible upon the variation of the fill-

and-draw volume and its orifice is slightly attained below the water surface to ensure no TSS 

are withdrawn along with the removal of the supernatant. However, in case the settle phase 

has been extended, then the fixed decanter- a pipe fixed at some fixed level with the flow 

controlled by an automatic valve or a pump- is utilized. The phenomena of extending the 

settling phase time minimizes the presence of floating solids over the fixed decanter. The 

type of decanters show that the fixed decanter does not ensure an operating flexibility as the 

floating decanter. However, they are less expensive than the floating decanters and can be 

designed in a special way to provide the availability of lowering or raising the decanter level. 

 

 

Idle 

The Idle phase occurs between the withdrawal and the fill phase. This timing of this phase 

is influent flow rate and operating strategy dependent.  Also, during this phase, biomass 

wasting is achieved from the bottom of the SBR basin. 
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3.3 Applicability 
 

The SBR technology is encouraged to treat low wastewater flows which is typically 219 L/s 

(5 MGD) or less. Thus, most of the plants were designed at wastewater flow rates lower than 

22 L/s (0.5 MGD) (Deeney et. al, 1991). However, the need for greater treatment efficiencies 

due to stringent effluent limits has resulted the adoption of SBR technology in installations 

as large as 660 L/s (15 MGD).  

 

3.3 Advantages and Disadvantages 
 

3.3.1 Advantages 
 

1. SBR offers flexibility in treating variable wastewater (load and composition) by 

adjusting the cycle, duration, of each phase, or by using different mixing/aeration 

criteria during each cycle. 

2. Its flexibility allows the control of filamentous bacteria through feast/famine cycles. 

This can be achieved by static fill which imposes high substrate concentration and 

by react phase that can extend the starvation phase allowing the enrichment of floc-

forming bacteria and growth of exopolymers. 

3. The capability of completely degrading the contaminants makes the SBR a reliable 

treatment system for hazardous compounds (Kolb & Wilderer, 1997). 

4. According to the influent load, the capability to regulate the energy input and the 

fraction of volume used results in a drop of the operational costs. Besides, less 

footprint is required (Metcalf & Eddy, Treatment, Disposal and Reuse, 1991) 

(Nowak & Lindtner, 2004). 

5. The solids in the effluent discharged from the SBR remains low in concentration due 

to the minimal eddy currents and turbulence present during the settle phase. 

6.  Sludge thickening can be achieved by extending settle phase, thus, decreasing the 

water content of the sludge wasted. 
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7. The sludge adaptation to varying oxygen and substrate concentrations allows the 

sludge to maintain good performance under shock loads (Torrijos et. al, 2001 & 

Battistoni et. al, 2003). 

 

3.3.2 Disadvantages 
 

1. Compared to conventional activated sludge, the need for higher level of 

sophistication is crucial, especially when talking about larger systems of timing units 

and controls. 

2. Higher level of maintenance (compared to conventional systems) along with 

sophisticated controls, automated switches, and automated valves. 

3.  The probable discharge of floating or settled biosolids during the decant phase. 

4. According to the condition of the aeration system used by the manufacturer, possible 

plugging of aeration devices during selected operating cycles.  

5. Possible requirement for equalization basin usage after the SBR relying on the 

downstream processes. 
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3.4 Design Criteria 
 

 

To design an SBR plant, the basis of the pilot studies results should be relied on. Studies 

should usually be practiced on bench or pilot scale, if industrial wastewater facility is to be 

considered. However, if municipal wastewater is to be considered, the requirement of 

implementing studies is not obligatory; nevertheless, it should be well-thought-out since the 

potential cost savings in both capital investment and operating expenses can be of great 

significance ( Wilderer, et al., 2001). For both application- municipal or industrial- mass 

balance should be considered in order to result in an optimal preliminary design of SBR 

plants. As such, several treatment plant simulators can be used including IWAQ Activated 

Sludge Models (Henze et. al, 2000). 

Considering the presence of many different types of fill-and-draw reactors, designing is very 

expanded and thus difficult to be presented in a general principle. Therefore, the guideline 

of German Waste and Wastewater Association is presented in here to introduce detail of 

SBR design, that is ATV-M210 (Teichgraber & Schrett, 2001). The following steps are 

summarized below: 

1. Defining input data: inflow under dry weather and peak flow conditions; loads, time 

variations. 

2. Definition of process configuration: plant with or without influent holding tank and 

filling strategy; that is, continuous or intermittent. 

3.  Determination of key design parameters (SRT, volume exchange ratio, F:M ratio, 

HRT, and MLSS) and the number of cycles per day, duration of a cycle, sequence of 

phases (fill, react, sedimentation, decanting, and excess sludge removal), and start 

and stop of single actions. 

4. Determination of hydraulic dimensioning: number of SBRs, reactor average volume, 

and detention time, and pre-storage and post-storage tanks. 

5. Determination of machine dimensions: aerators, pumps, and mixers. 
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6. Verification: nitrogen mass balance. As well as, if necessary, dynamic simulation 

and pilot tests are performed. 

One of the most important design parameters of an SBR is the sludge retention time (SRT) 

which is mandatory for defining the biological process and achieving treatment goals. The 

necessary sludge age considers the daily BOD or COD load, the suspended solids load, the 

temperature and the aims of treatment (carbon removal, nitrification, denitrification, 

phosphorus removal, and simultaneous sludge stabilization) (Teichgraber & Schrett, 2001). 

The construction of SBR tanks in either concrete or steel and in any shape or depth. 

Basically, deep tanks are of great favor due to the enhancement of oxygen and achievement 

of high volumetric exchange rates. However, some decanter mechanisms can limit tank 

depth because of a limited range of travel and can limit tank shape of a length/width ratio is 

required ( Wilderer, et al., 2001). 

In comparison to the continuous flow systems, the SBR doesnôt require a continuous 

aeration, however, an intermittent and regular programming of the on and off switches are 

needed; thus, the blowers, pumps, and diffusers must bear the operational conditions. 

Aeration systems are classified as 5 groups: fine bubble aeration, coarse bubble aeration, 

surface aeration, submersible aerators, and jet aeration systems. In the case of having a large 

unit of SBR, the aeration equipment is designed where several smaller blowers are 

preferable. Also, the preference falls on fine-bubble membrane diffusers than coarse-air 

bubbles since the same amount of air introduced into several fine bubbles transfer more 

oxygen to the water since it has more surface area in contact with water than the coarse ones. 

Aside from the design of blowers, the depth of aerators also plays a part in oxygen transfer. 

Another factor of the design criteria is mixing system which is essential to blend both the 

wastewater constituents and biomass evenly throughout the reactor. This is important to 

efficiently transfer mass from the bulk liquid state to activated bio-flocs, and to avoid flocs 

from the act of coagulating and remaining in suspension. Mixers are of different types: 

horizontal mixers fixed in position, vertical mixers fixed in position, floating mixers, pumps 

and intermittently operated aerators. Upon the configuration and size of SBR, fluctuating 
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water levels, the aeration approach, and number and types of mixer will be applied (Wilderer, 

et al., 2001). 

 Another, component to be taken into consideration in the design criteria is the decanting 

system in which not more than one third of the volume in the basin should be withdrawn to 

prevent the possibility of disturbing the sludge blanket. The critical issue of decanting more 

than one third is the possibility of discharging solids into the effluent. The type of decanters 

includes two: floating and fixed. The advantageous side of applying a floating decanter is 

that the orifice is slightly below the water surface; thus, this allows the minimal removal of 

solids in the effluent discharged in the decant step. In addition to that, the floating decanters 

allows a flexible operation concerning fill-and-draw volumes. On the other hand, fixed 

decanters are positioned on the side of the basin where in case of extending the period time 

of the settlement phase, the chances of having floating solids in the reactor above the fixed 

decanter is minimized. The advantageous side of the fixed decanters is that it is less 

expensive and lowering or raising the level of the decanter can be considered. 
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Design sample 

Experimental Quality parameters 

Parameter                                                                    Units Value 

Qin L/d   10.08 

VSSin mg/L     69 

TSSin mg/L     89 

tCODin mg/L 148 

XMLTSS mg/L 1242 

Vaverage L 2.733 

VT L 3.5 

T ºC 23 

 

Parameter 

Parameter Units value comment 

Kinetic data 

Y g VSS/g bCOD 0.45 (Metcalf & Eddy, Wastewater 

engineering: Treatment and Reuse, 

2003) 

Kd gVSS/gVSS.d πȢρςὫȾὫȢὨ (Metcalf & Eddy, Wastewater 

engineering: Treatment and Reuse, 

2003) 

Kinetic Constant for nitrifying bacteria 

YN gVSS/gNOx 0.15 (Metcalf & Eddy, Wastewater 

engineering: Treatment and Reuse, 

2003) 

Assumptions 

rbCOD unitless 0.3 bCOD  
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S~S-So g/m3 142 S:bCOD 

bCOD/BOD unitless 1.6 (Metcalf & Eddy, Wastewater 

engineering: Treatment and Reuse, 

2003) 

BOD/COD unitless 0.6  

fd unitless 0.15  

 

Time of each step Definition Unit  Value 

Tf feeding min 11 

TA Aerobic and mixing min 80 

TI surplus sludge 

discharge 

min 3 

Ts settling min 68 

TE Effluent treated 

discharge 

min 18 

Tc Total time min 180 

 

1) Determine SBR operating Cycle 

Number of cycles/d =
Ⱦ

Ⱦ
 = 8 cycles 

Fill volume/cycle = 
Ȣ  Ⱦ

 Ⱦ
= 1.26 L/fill=0.00126 m3/fill  

2) Determine overall hydraulic retention time (HRT) and tank volume 

HRT= 
Ȣ  Ⱦ

Ȣ  Ⱦ
ψ Ὤὶί 

3) Determine nbVSS concentration (non-biodegradable suspended solids) 

Assume BOD/COD =0.6  

BOD=0.6×148= 89 g/m3  
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bCOD (biodegradable COD) = 1.6(BOD)= 1.6 × 89 = 142 g/m3  

rbCOD (readily biodegradble COD) = 0.3 bCOD (biodegradable COD) = 0.3× 142 

=43 g/m3  

bpCOD/pCOD= biodegradable particulate COD/ particulate COD= ρȢφ

πȢχψ 

nbVSS= ρ πȢχψ φω ρυ ὫȾά  

 

iTSS=TSSo-VSSo= 89-69=20 g/m3  

where, 

iTSS: inert TSS 

TSSo: total TSS in the influent 

VSSo: total VSS in the influent 

 

4) Determine the SRT 

ὠ ὢὓὒὝὛὛὖὼȟὝὛὛὛὙὝ

ὗὣὛ ὛέὛὙὝ

ρ ὑὨ ὛὙὝ πȢψυ

ὪὨ ὑὨ ὗὣὛ Ὓέ ὛὙὝ

ρ ὑὨ ὛὙὝ πȢψυ

ὗὔὕὼὣὔὛὙὝ

ρ ὦὲὛὙὝ πȢψυ
ὗὲὦὠὛὛὛὙὝὗὝὛὛέὠὛὛπὛὙὝ 

(V)(XMLTSS)=3.5× 1242 =4.35 g 

By trial and error , SRT is calculated to be 5 days 

Where, 

Q: flow rate =0.01008 m3 

Kd(23ºC): decay coefficient =1.04(T-20)ºC×0.12 g/g.d=0.134 g/g.d 

Aerobic: 

bn(23ºC): decay rate of nitrifiers =0.17 g/g.d ×(1.029)(23-20)ºC=0.185 g/g.d 
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Anoxic: 

bn(23ºC): decay rate of nitrifiers =0.07 g/g.d ×(1.029)(23-20)ºC=0.076 g/g.d 

Average: 

bn(23ºC)= 0.185g/g.d (TA/TC) + 0.076 g/g.d (1- TA/TC)= 0.12 

TA/TC =0.44 

      nbVSS (non-biodegradable volatile suspended solids)= ρυ ὫȾά  

 

5) Determine MLVSS concentration 

a) By substituting SRT=5 days in the following equation: 

ὠὝὢὓὒὠὛὛὖὼȟὝὛὛὛὙὝ

ὗὣὛ ὛέὛὙὝ

ρ ὑὨ ὛὙὝ πȢψυ

ὪὨ ὑὨ ὗὣὛ Ὓέ ὛὙὝ

ρ ὑὨ ὛὙὝ πȢψυ

ὗὔὕὼὣὔὛὙὝ

ρ ὦὲὛὙὝ πȢψυ
ὗὲὦὠὛὛὛὙὝ

ὗὝὛὛέὠὛὛπὛὙὝ 

 

(VT)(XMLVSS)=4.18 m3.g/m3=0.0035 XMLTSS 

XMLVSS=957 g/m3  

b) Determine the fraction of MLVSS 

XMLVSS/XMLSS= 0.77 

6) Determine the decant pumping rate: 

Decant volume= fill volume 

Vf=1.26 L 

Decant time=18 mins 

Pumping rate= 0.00126/18mins=7×10-5 m3/mins 

7) Determine the total oxygen required/tank 

    Px,bio= =0.447 g/d 
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   NOx= TKNo-Ne-0.12Px,bio/Q 

   NOX= 22.64 g/m3 -8.26-0.12*0.447/0.01008=9 g/m3 

 

Ro= Q(So-S)-1.42 Px,bio+4.57Q(NOx)=0.01008×142-

1.42×0.447+4.57×0.01008×9=1.17 g/d 

Number of cycles/d=8 

Oxygen required per cycle=1.17/8=0.146 gO2/cycle 

Aeration time/cycle= 80 mins 

Average oxygen transfer rate= 0.146/80mins/cycle= 0.11 gO2/hr  

8) Determine the sludge production 

Px,TSS=(V)(MLSS)/SRT=(0.0035×1242)/5=0.87 g/d 

 

In recent years, the selective usage of SBR has boosted and has been considered as an 

effective technology for wastewater treatment due to its setup simplicity and ease of 

operation. Below are several researches elaborated, shedding the light on using SBR but with 

influents coming from different sources, operating conditions (SRT, HRT, F:M, and aeration 

strategies, and cyclic timing), along with the highlight of SBR usage as a pretreatment for 

Anammox. However, a couple researches are summarized in a Table 6 especially the ones 

considering a high-rate SBR treating either synthetic or municipal WW. 

Jungles et al. (2014) worked on evaluating the performance of a pilot granular aerobic SBR 

by imposing variable loading rates and relatively high temperatures, carbon and nitrogen 

removal efficiencies were measured. The operating conditions used for the work done by 

Jungles et. al (2014) are the exact ones used  for the work done in this thesis. However, the 

only difference other than the timing of each step-cycle (Table 3) was the usage of a granular 

aerobic sludge instead of floccular, as well as the constituents and concentration of the 



32 
 

synthetic wastewater (Table 2). The time of each cycle was 3 hour-cycle, HRT was 

maintained at 0.25 days (6 hours), temperature fluctuated between 16-27°C, and the pH was 

not controlled. The DO concentration was kept higher than 4 mgO2/L. In addition to that, 

the SRT in which the granular aerobic SBR operated at was 2-3 days- controlled by 

discharging it at the end of the aerobic phase.  

 

Table 2: Constituents of the synthetic wastewater fed (Jungles et. al, 2014) 

 

 

Table 3:operational cycle distribution (Jungles et. al, 2014) 

 

 

The COD concentrations of the feeding media (urban wastewater) was around 160 to 200 

mg COD/L; however, a synthetic media was added to reach and attain a COD concentration 

of around 600 mg COD/L since many variations occurred to the effluent due to rain which 

lowered COD < 100 mg/L affecting the granular by washing them out.  

Jungles et al.,  (2014) discusses that from day 0 to 60 of the operational time, the COD 

removal efficiency remained stable of 75 % of value. This value increased during the 

remainder of the operational time to reach a value around 90 % (Figure 7). This increase from 

75% (during the start-up) to 90 % was due to the reduction in concentration of slowly 

biodegradable or unbiodegradable organics in the feeding solution. Also, (Jungles et. al, 

(2014) cited Wang, et al. (2007) who achieved a similar COD removal efficiency under 
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similar operating conditions in an aerobic granular sludge for the treatment of a synthetic 

WW. In this work of the literature (Jungles et. al, 2014), nitrite accumulation and its greater 

value than nitrate concentration was clearly observed even though the process was operating 

at DO= 4 mg/L. However, Jungles et. al, (2014) considered that the oxygen limitation and 

control during the operating cycles is the major reason behind the nitrite accumulation where 

nitrification was observed during the start-up period having an efficiency fluctuating 

between 50 and 90% during the first 60 days of operation. However, having a DO of 4 mg/L 

is not considered a limitation according to other literature reviews that are using SBR for 

treatment of WW as it will be shown in the following paragraphs. 

 

 

Figure 7Υ ǾŀǊƛŀǘƛƻƴ ƻŦ /h5 ǊŜƳƻǾŀƭ ŜŦŦƛŎƛŜƴŎȅ όϝύΣ ŜŦŦƭǳŜƴǘ /h5 ό ύΣ ƛƴŦƭǳŜƴǘ /h5 όҤύ during the operational time 

(days) (Jungles et. al, 2014) 
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Figure 8: Influent NH4
+-N (Ҥ), effluent NH4

+-b ό֙ύΣ ŜŦŦƭǳŜƴǘ bh2
-b όɲύΣ ŜŦŦƭǳŜƴǘ bh3

τN (x) in mg/L. (Jungles et. al, 2014) 

 

 

During the tests done, 21 % of nitrogen was removed. This 21 % nitrogen removal is an 

indication of limited denitrification. The occurrence of denitrification is due to the mean 

COD/N ratio which resulted in 13.23. According to the ammonia removal, SRT of 2 to 3 

days achieved an 80% of ammonia removal. This high removal efficiency can be attributed 

to the high influent temperature which ranges between 16-27 °C. (Jungles et. al, 2014) 

Mahvi et. al, (2005) studied the efficient pollutant removal in synthetic wastewater while 

using continuous flow SBR. However, the SRT and HRT in which the SBR operated in this 

research paper ranged between 12.5 to 24 days and 12.4 to 16.7 hours respectively. Both 

operating conditions have much higher value than the SRT and HRT chosen for this thesis 

work. The synthetic feed wastewater constituted of glucose as organic carbon source and 

ammonium chloride as nitrogen source with 370 mg/L and 48mg/L concentration 

respectively. As well, it contains a combination of potassium hydrogen phosphate and 

potassium dihydrogen. The temperature ranged between 10-30 °C. The experiment was split 

into 3 runs. Runs 1 to 3 treat synthetic wastewater flow of 1 L/h-1 and operate respectively 

at 4h-cycle with HRT=20 hours, 6 h-cycle with HRT=22 hours, and at 8 h-cycle with 
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HRT=24.4 hours. The COD measured resulted in a COD removal efficiency of 95.5, 98.1, 

and 97.1 for runs 1 to 3. Thus, COD removal efficiency reached a value as high as 98.1 % 

for run 2. Concerning the TN removal efficiency, the performance of continuous flow SBR 

showed values of 80.2, 84.2 and 56 % for runs 1 to 3. Thus, showing the highest TN removal 

efficiency of 84.2 % for run 2. Regarding the TSS in the effluent discarded after the settling 

phase, the evaluation resulted in effluent TSS was 3.1, 2.9, and 6.3 mg/L in runs 1 to 3 which 

indicates a complete efficiency of the sludge settlement. 

Al -Aboodi et. al (2017) investigated the performance of Sequencing Batch Reactor for 

domestic wastewater (November 2016-end of February 2017) operating under low 

temperature in Basrah City located in the south of Iraq and comprising two different 

operational cyclic modes with Solid retention time ranging from 12 to 24 days and hydraulic 

retention time varying from 6 to 10 hours. In the first cyclic mode, the mixed liquor of raw 

domestic wastewater along with activated sludge were continuously aerated for a period of 

two hours and then one-hour mixing working as an anoxic phase, aerating again for one 

hour, settling for one hour, and discharging the treated wastewater for one hour. However, 

the second operation cyclic mode aerated the seeded inoculant along with the wastewater for 

a continuous 8 hours, one hour settling, and discharging for one hour. The first cyclic 

operational mode showed an average COD concentration reducing from 300 mg/L to 50 

mg/L, average COD removal efficiency of 83.33 %, a drop in the average ammonium 

concentration from 52 mg/L to 16 mg/L, and total nitrogen removal of 63.33 %. While the 

second cyclic mode showed a somehow similar results where the average COD 

concentration dropped from 408 mg/L to 42 mg/L resulting in an average COD removal 

efficiency of 89.71, average ammonium concentration dropped from 90 to 22 mg/L, and the 

total nitrogen removal efficiency reached 67.07 %. Also, Al -Aboodi, Ibrahim, & Abbas 

(2017) stated that the COD and TN average concentrations of effluent are not affected by 

the aeration time assigned for the two different cyclic modes and the ammonium-nitrogen 

removal efficiency decreased along with the drop-in aeration timing of the SBR. 

Under limited aeration (DO= 0.3 mg/L), the work of Fernandes et al., (2013) describe the 

performance and microbial diversity in a full-scale sequencing batch reactor operating for 
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180 days. The operation, with average 8 hours cycle duration, underwent an anoxic-aerobic 

condition with 1-hour feeding, 3 hours aeration, 3 hours settling, and 1-hour discharging. 

The removal efficiency of sCOD, NH4
+-N, TSS, VSS, and TN was 83%, 60%, 70%, 80%, 

and 50 % respectively. 

Another literature review that considered the measurement of DO was Ge et. al,  (2013) who 

studied the enable of abbatoir wastewater treatment while operating aerobic wastewater 

treatment at very short sludge ages. The SBR kept on operating for over 10 months with 3-

hour cycle having in total 8 cycles per day. During the aeration period, air was intermittently 

used to keep DO levels between 1.5 and 3 mg/L. With SRT ranging between 2-3 days and 

HRT between 0.5 to 1 day, 80 % reduction of COD and phosphorous and 55 % nitrogen 

removal were achieved.  

Mahvi et. al, (2004) carried out an experiment to determine whether continuous flow SBR 

have the capability of removing pollutants from raw domestic wastewater using pilot scale 

SBR. 3-runs were followed in this experiment where 6-hour cycle time is a fixed operating 

condition, while HRT varied according to each run. During operation, in all 3-runs, cycle 

timing was divided as follows: 50 % of cycle time was allocated to aeration phase, 25 % to 

the settling phase, and 25% to the decanting phase. This experiment resulted in BOD, COD, 

TN, TP, TSS removal efficiencies of 97.7 %, 94.9 %, 71.4 %, 55.9 %, and 99 % respectively. 

Laureni, et al. (2016) specified that a municipal wastewater from Dubendorf was pretreated 

after primary sedimentation. The SBR operated at an SRT=1 day where the removal 

efficiency of both tCOD and sCOD was >75 %. The pretreated municipal wastewater had 

the following composition: 71±19 mgCODtot/L, 47±13 mgCODsol/L, 19±6 mgNH4
+-N/L, 

and NO2 and NO3 <0.3 mgN/L. However, this article discussed in general about the the 

quality of the pre-treated water, however, it stressed more about the ANAMMOX process in 

which this pre-treated wastewater was fed to. 

Shedding the light on the air as a factor affecting the removal efficiencies, Wagner et al., 

(2015) studied the effect of particulate organic substrate on aerobic granulation and 

operating conditions of sequencing batch reactors fed by real municipal wastewater. In this 
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study, two reactors were used for the cultivation of aerobic granules in absence (R1) and 

presence (R2) of particulate substrate.  The SBR reactors (R1 and R2) were fed with 

synthetic substrates for controlled conditions, i.e stable influent composition, and were 

operated with cycles of 4 hrs. Table 4 below shows the cycle phase changes applied in R1 

and R2. 

 

Table 4: Details of the operating conditions applied in R1 (fed with soluble substrate- Ss) and in R2 (fed with a mixture 

of particulate and soluble substrate- Xs & Ss) 

 

 

The study showed average removal efficiencies for total COD, soluble COD, ammonium, 

and phosphate were 87 ± 4%, 95 ± 1%, 92 ± 10%, and 87 ± 12% for R1, and 72 ± 12%, 

86 ± 5%, 71 ± 12%, and 77 ± 11% for R2, respectively. The 2 reactors working 

simultaneously were operated with cycles of 4 h of continuous introduction of air, and 

uncontrollable solids retention time (SRT) but was calculated considering the amount of 

biomass washed-out during the supernatant removal. R2 which operated at an SRT lower 

than 4 days showed an increased SVI (sludge volume index) -describes the settling 

characteristics of sludge in the aeration tank in Activated Sludge Process- and washing out 

of sludge occurrence leading to a decrease in biomass concentration from 3.4 to less than 

1.5 gTSS /L and high TSS concentration ranging between 55 and 490 mgTSS/L. However, 

Wagner, et al., (2015) considered another phase to extend the anaerobic period while 

maintaining SRT of 4 days which resulted in lower removal efficiencies for tCOD and 

ammonium than Phase I with average values of 55 ± 19% and 13 ± 8%. On the other hand, 

https://en.wikipedia.org/wiki/Sludge
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this literature review didnôt consider the fate of NO3-N and NO2-N. As well as, the aeration 

phase period was considered but not the DO concentration in the reactor that contributed in 

the removal efficiencies.  

Another study by Cetin et. al, (2018) used a pilot-scale SBR to treat real domestic WW and 

to study the effect of high -concentration of influent suspended solids on granulation 

operated on SRT 10 days ï controlled by the influent and effluent suspended solids and 

biological growth in the reactor-during the adjustment period. The MLSS concentration 

showed a dynamic mode which means that SRT was not adjusted. 2 reactors were used for 

the experiment: R1 operated on SRT 6 ± 5.5 days and 6.5 ± 3 days for periods 200-350 days 

and 350-500 days respectively. While R2 operated at SRT of 5± 2.5 days and 15 ± 5 days. 

COD removal efficiency (89 ± 5 %) was almost the same in both reactors and NH4+-N was 

60 ± 18 % in R1 and 55 ± 22 % in R2. However, what was obvious is the negligible 

production of NOx-N which cetin et. al concluded that nitrogen removal is mainly due to 

biological growth. 

A continuous change of OLR by Val del Río, et. al, (2013) from 3 to 13 kgCOD/m3. d 

showed that COD removal efficiencies did not get affected (90%). Since Val del Río, et. al, 

(2013) studied the development and granular biomass and its stability found that the 

appearance of flocculant biomass appeared 4.5-5.0 kg CODS /m3. d which is the result of 

the change in the feeding. Also, the efficiency of organic matter removal dropped to 50% 

when SRT-2 days due to an increase in the slowly or non-biodegradable fraction of the 

organic matter. This range in SRT from 2 to 13 days promoted ammonia removal (Figure 

9). The disappearance of flocculant biomass was done by a new batch of industrial 

wastewater with OLR of 2.0 kg CODS /m3. d and with an increase in SRT to 13 days. The 

OLR increase later to 4.5-5.0 kg CODS /m3. d and reach a constant removal efficiency of 

90 %.  It was found by Val del Río, et. al, (2013) the variability of the removal efficiencies 

of total nitrogen and ammonia to be with the maximum values of 30 and 65%, respectively 

estimating the nitrogen used for growth to be 30% of the total nitrogen fed which is a 

significance that the removal of nitrogen was mainly due to biomass assimilation with 
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negligible denitrification phenomena. The SRT operated in this process fluctuation 

depending on different stages between 1- 16 days. 

 

 

 

Figure 9: NH4
+-N removed as a function of SRT (Val del Río, et. al, 2013) 

 

It was found that the ammonia removed was limited for SRT lower than 4 days (Figure 9) 

where the maximum percentage of ammonia removal reached was 65% for an NLR of 0.3 

kg NH4 + -N/m3. d.  

Hajiabadi et. al, (2009) studies 4 reactors (R1 to R4) having a varying SRT of 5,10,15, and 

20. The SRT was controlled by discharging MLSS at the end of the aeration period. The 

timing of the operation cycle was divided into 4. In this study the only operating parameter 

that was changing in the 4 reactors (Figure 7) is the SRT while keeping the others (pH, DO, 

temperature, cycle time, and influent OLR) constant. 

The reactors were fed with synthetic WW consisting of influent COD and OLR of 2200 

mg/L and 1400 mgCOD/m3d respectively. 
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Table 5: Effluent quality and bio-sludge properties of aerobic SBRs at various SRTs (Hajiabadi et. al, 2009) 

 

 

The effluent COD decreased as the SRT increased, however, there was no significant change 

of COD removal efficiency due to SRT. R1 showed the lowest (84 mg/L) effluent COD. 

 

 

Figure 10: COD removal efficiency in SBRs (Hajiabadi et. al, 2009) 
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Concerning the TSS and turbidity, it was shown that it has the highest value for lower SRTs 

(5 days) and lowest for longer SRTs (15 and 20) although it was clear that there is no clear 

relation between the effluent quality, i.e turbidity and TSS, and SRT (Hajiabadi et. al, 2009). 

In addition to that, the F/M ratio (Table 5) shows a decreasing trend with the increasing values 

of SRT.  

 

Figure 11:MLSS concentration of SBRs at different SRTs (Hajiabadi et. al, 2009) 

 

 

To achieve a high standard of WW treatment Huoqing et. al (2015) worked on a high-rate 

activated sludge for the aerobic stage and anammox process. The aim behind the project was 

to minimize energy and footprint impacts. The variation in SRT and HRT, as visualized in 

Figure 12, aimed on optimizing the performance of the SBR. Huoqing et. al (2015) has found 

that SBR achieved stable operation with 87% tCOD removal and 80% sCOD removal, also, 

in the periods 1-4 with a constant value of HRT of half a day, tCOD and sCOD removal 

performance was maintained even though the SRT varied between 2 to 4 days. Through the 

whole process treatment DO was maintained at a value 1.5-2 mgO2/L and SRT was 

controlled during decanting the effluent and by wasting sludge during the last 5 minutes of 

the aeration period. 
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Figure 12: COD removal performance in a high-rate SBR at different SRT and HRT (Huoqing et. al, 2015) 

 

 

In this study, the total Nitrogen only contains organic N and NH4+ where NOx-N is 

considered negligible. The SBR achieved 56 % of total N removal during periods 1-9 while 

NH4+-N removal efficiency was 41 % within SRT 1.7-3 days with HRT varying between 

either 0.5 or 1 day. As SRT increased in period 3 to 4 days, the effectiveness of NH4+-N 

removal dropped which Huoqing et. al (2015) stated that the extensive oxidation (50%) of 

the COD might have caused more organic N to degrade and release NH4
+-N. In peiod 7, 

NH4+-N removal was again suppressed due to varying composition of the feeding solution. 
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Figure 13:  ammonium removal with different HRT and SRT (Huoqing et. al, 2015) 

 

In several literature reviews, the accumulation of nitrite due to termination of aeration prior 

completion of ammonium oxidation was discussed. This is considered a key factor for 

achieving or sustaining nitritation, thus it would be a pretreatment to simultaneous 

anammox- denitrification process.  

After the study of partial nitritation in treating low C/N ratio of domestic wastewater Wang 

et. al (2018) achieved NAR (nitrite accumulation rate)- of 97.2 ± 4.9 %, average NH4-N and 

NO2 of 9.3 ±6.5 and 27.2 ±5.9 respectively, and COD removal efficiency of 60.4 ± 8%. This 

study is based on PN-SBR operating with different number of cycles (8 and 6) and high SRT.  

Although according to literature review the conditions in this study cannot inhibit NOB 

efficiently since factors to achieve nitritation included: real-time aeration control, FA 

inhibition, low Do, short SRT, and high temperature. However, in Wang et. al, (2018) study 

nitrite accumulation occurred due to the higher yield coefficient of AOB than the NOB.  It 

is important to highlight on the fact that there was a drop in NAR rapidly after breakdown 

of pump and the immediate usage of synthetic wastewater instead of municipal which caused 

the microorganisms not to get adapted quickly to the change; however, the NAR recovery 

has happened quickly to reach again 87.6 %. 
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 Also, Li et. al, (2011) who developed a novel technology had an aim to achieve partial 

nitrification. However, the operation took place at moderately low temperature for aeration 

cost savings and having the capacity to treat a wide range of ammonium. This study operated 

at low COD:M ratio and high SRT as the previous review (wang et. al) while using a lab-

scale intermittently aerated SBR at 20 °C with DO concentrations less than 0.2 mg/L to treat 

synthetic wastewater containing COD of 100-300 mg/L and NH4-N of 300 mg/L.  The 

aeration was controlled and terminated when on-line NH4 
+ïN reached 20 mg Lī1. The mass 

ratio of nitriteïN to the total oxidized nitrogen (180 days of the operation) was over 90% in 

the effluent which was due to several factors. The first factor was to enrich AOB and inhibit 

temporarily NOB in the start-up stage. The second factor was the well-controlled oxygen-

limited conditions in the partial nitrification stage. A mass ratio of DO: NH3ïN of less than 

5 can be used to define the oxygen-limited conditions in nitrifying reactors (Cecen & 

Gonenc, 1995)Finally, the 3rd factor is applying intermittent aeration where (Tappe , et al., 

1999)the activity of AOB-Nitrosomonas recovered earlier than that of NOB-Nitrobacter 

when the anaerobic/anoxic condition was shifted to the aerobic condition due to two factors: 

the different strategies of AOB-Nitrosomonas and NOB-Nitrobacter cultures for 

maintenance energy demand and the starvation recovery dynamics. 
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Table 6: articles stating its removal efficiencies and operating conditions 

 
Type of 

WW  

ἯCO

D 

[%]  

ἯTN 

[%]  

ἯNH4
+-N 

[%]  

HRT 

[h]  

T 

[°C] 

DO 

[mg/L]  

SRT 

[days] 

Cycle 

duration 

[hrs]  

(Jungles et. 

al, 2014) 

Urban 

WW 

75-

90 
21 80 6  

16-

27 
4 2-3 3 

(Wagner, et 

al., 2015) 

Synthetic 

municipal 

WW 

72 ± 

12 
- 71 ± 12 - - - <4 4 

(Val del Río 

et. al, 2013) 

Industr-

ial WW 
90 30 65 - 

15-

20 
4-8 1-16 3 

(Hajiabadi 

et. Al, 2009) 

Synthetic 

WW 

95 

±1.4 
- - 1.57 - - 5 23 

(Huoqing et. 

al, 2015) 

Meat 

processin

g WW 

87 56 41 12  
20-

22 
1.5-2 2-4 3 
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4. MATERIALS AND METHODS  

4.1 Introduction 
 

The main goal of this project is to pre-treat municipal wastewater using high rate sequencing 

batch reactor at a lab scale to reduce COD content in the feeding solution so that the effluent 

will be used in the future as a feed for a continuous pilot scale cold anammox reactor, to be 

placed at Peschiera Borromeo WWTP in the frame of the PerformWater2030 project.  

The experimental plan comprises two main phases, one involving a synthetic WW 

mimicking a real WW and in the second phase the real municipal WW was used.  

The overall experimental duration was of 103days.  

In view of the following Anammox treatment, operating conditions were investigated to 

maximize COD removal and to prevent the growth of NOB. 

An already existing lab-scale pilot SBR reactor was used in the experiments and therefore it 

was necessary to implement different devices and items to optimize some fundamentals 

operating conditions with however some limitations that prevented the possibility to change 

the operating conditions. 

In details: 

ü The possibilities to change influent flow rates, HRT and cycles duration was limited 

by the kind of pumps installed and software installed in the already existing control 

unit; 

ü The shutdown of electricity 

ü It was not possible to operate a higher number of steps 

This part is divided into 2 main parts: material and methods (Figure 14). The material section 

is composed of SBR LAB-scale reactor, feed solution, and coagulating reagent. While the 
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method part consists of SBR start-up, experimental cycles, aeration strategies, analyses, and 

equations.  

 

 

 

Figure 14: Methodology of the thesis 
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4.2.1 Material 

4.2.1.1 Feeding Solution 
 

 

The pilot was built to treat two types of wastewater. In the first part of the study synthetic 

wastewater, while the second part of the study dealt in the treatment of municipal wastewater 

from Peschiera Borromeo WWTP. The characteristics of the synthetic wastewater and after 

primary treatment municipal wastewater fed to the SBR pilot are shown respectively in Table 

8 and Table 9.  

 

Synthetic Municipal Wastewater  

The recipe of synthetic WW was established in order to achieve a composition very close to 

a municipal WW. COD, TKN, and COD/TKN concentration were previously calculated 

based on the amount of each component added to the mother feed and the COD and nitrogen 

load specific for each component and then confirmed by chemical analysis. A concentrated 

synthetic mother feed is prepared on fortnightly basis by mixing powder milk (15 g), full 

wheat flour (27 g), cooked egg albumin (42 g), and ammonium chloride (16 g) and then 

adding 300 mL of deionized water. The prepared mother feed is stored at 4°C. The synthetic 

municipal wastewater is prepared by diluting 8.73 g of the concentrated mix in 20 L of water 

to obtain the feed needed for 2 weeks. This feed was stored in a fridge at 4ºC. The SBR was 

fed with the prepared synthetic WW for the whole week but except for the weekends and 

regular analyses (COD, TN, and TSS) of each batch was performed to determine the 

characteristics of the feeding wastewater, and the results are summarized in Table 8.  
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Table 7: Theoretical characteristics of the feeding synthetic wastewater 

CODin [mg/L]  300 

TSSin  [mg/L]  200 

TN in [mg/L]  34 

 

 

Table 8: Average Experimental composition of feeding synthetic wastewater 

tCOD in [mg/l]  235 ± 62 

sCODin [mg/l]  161 ± 28 

TSSin [mg/l]  103 ± 47 

TN [mg/l]  41 ± 1.4 

* tCOD in [mg/l]  186 ± 20 

*tCOD/TN  4.5 ± 0.6 

*depicts the values during which the TN values are recorded. 

 

 

 

Real Municipal Wastewater 

 

Concerning the municipal WW, 70 L sample of real Municipal WW after the primary 

clarifier were collected on fortnightly basis from Peschiera Borromeo WWTP and stored in 

the fridge at 4°C to be used when a new batch is required. The SBR treated 10.08 L of WW 

every day. Table 9 summarizes the composition of the feeding wastewater and the treated 

effluent. 
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Table 9: Average composition of the feeding municipal wastewater of Peschiera Borromeo WWTP 

tCOD in [mg/l]  150 ± 50 

sCODin [mg/l]  56 ± 19 

TSSin [mg/l]  89 ± 38 

VSS in [mg/l]  69 ± 29 

TN [mg/l]  23 ± 7 

*tCOD in [mg/l]  147 ± 49 

*tCOD/TN  7 ± 3 

 

 

4.2.3.1 SBR LAB-scale Reactor 
 

A lab-scale SBR (Figure 16) having a volume of 3.5 L was working with a volume of 2.73L. 

the volume fluctuated between a maximum value while feeding of 2.8 L and a minimum 

while discharging of 1.44 L. The SBR operated with 8 cycles/day (Table 13), in a total cycle 

time of 180 minutes and each cycle consists of 5 steps:  

1) Feed from the tank (Figure 16, (1)) containing the feeding solution to the SBR using 

a peristaltic pump (Figure 16, (2)) is associated with continuous mixing using a 

mechanical mixer (Figure 16, (4)). 

2) React phase where air was pumped (Figure 16, (5)) into a pipe fixed inside the pilot 

allowing the air to diffuse from the bottom of the SBR along with the mechanical 

mixer turned on  

3) Discharge of ML to control the SRT [mixing and aeration are on] 

4)  Settling phase [aeration and mixing are turned off] 

5) Decanting where the supernatant is discharged out of the reactor and collected in a 

tank (Figure 16, (7)). 
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Figure 15: Fill and Draw Principle of an SBR 

 

 

 During the feeding and react phase, the mechanical mixer was fixed on 80 rpm for the whole 

period to ensure a well mixing and to avoid unneedy settlements. Two types of pumps were 

used in this experiment. For pumping the feed wastewater solution into the SBR an external 

pump was used (WATSON MARLOW 313S), however, for pumping air into the SBR 

another type of pump was used of FERPLAST brand in which with this pump it was not 

possible to reduce the air flow and thus, the DO. The flow of the WATSOM MARLOW 

313S was detected to be 112 mL/min while the SBR pump used for discharge was recorded 

to be 60 mL/min. The pumps were carefully calibrated every 2 weeks to ensure the proper 

feeding and discharging flow. During the aerated periods of phase I air was provided 

continuously for 36 days keeping DO level at 4 mgO2/L, however, during phase II air was 

provided intermittently using an on/off control timer to keep DO level at 0.7 mgO2/L. The 

SRT of the SBR was maintained by discharging the mixed liquor for 3 minutes at the end of 

the aerated period.  



52 
 

 

The SBR consists of 2 parts: the main part and the control unit; the main consists of the 

different parts of the SBR: 

¶ 2.73 L glass reactor closed by a flanged stainless-steel top plate with gas-tight 

openings (probes and sampling ports). 

¶ Monitoring probes for O2 and temperature 

¶ Feeding, decanting, and sampling ports 

¶ Vertical mechanical mixing with a speed of 80 rpm 

¶ 2 pumps used for influent feeding and air pumps 

 

The Control unit of the SBR allows the implement of the following functions: 

¶ To switch on/off the discharge pump 

¶ To regulate the timing of the 5 steps of each cycle  

¶ To define, record, and save the cycle phases
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Figure 16: Lab-scale sequential batch reactor (up) and the functional Scheme (down) [own elaboration] 
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4.2.3 Coagulating Agent: Ferric Chloride 

 

Ferric chloride (Figure 17) is used as a coagulating agent to form a precipitate called floc to 

easily aggregate and settle. It is a prepared from   solution of 40 % wt. Different 

concentrations shown in Table 10 were prepared by injecting the concentrated ferric chloride 

using a micropipette into a 100 mL deionized water.  

 

 

 

Figure 17:Ferric chloride as a reagent 

 

Mainly Ferric chloride was used due to 2 main purposes: its availability in the 

ñenvironmental engineering lab of Politecnico Di Milanoò and its formulation by previous 

students having a 40 % wt. 
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Table 10: concentration of Ferric Chloride 

concentration of FeCl3 

100% w/v 40% w/v 
ˉ of 

moles 

Molarity 

[M]  

0.008 0.003 0.0020 0.020 

0.012 0.005 0.0030 0.030 

0.016 0.006 0.004 0.04 

 

 

The prepared solution of ferric chloride was included into the pilot as soon as the feeding 

phase was over, and the aeration has started, thus, the coagulant has been added under 

agitation with a dosage of 16 g/L every two days. The stirring rate was fixed at 80 rpm and 

mixing continued until the first discharge of SRT was discarded. Coagulated suspensions 

could settle down during the settling phase (Figure 18: Settling phase in the SBR) of the SBR.  

 

 

Figure 18: Settling phase in the SBR 
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4.3 Methods 

4.3.1 Start-up  

 

The LAB-scale pilot was inoculated with 1.5 L of concentrated activated sludge (5.3 gTSS. 

L-1
, VSS/TSS=0.76) taken from Peschiera Borromeo WWTP. In Table 11, the main operating 

parameters of the SBR during start-up are summarized. 

 

Table 11:Operating parameters of the SBR start-up 

Parameters Range 

SBR working volume (min-max) 1.4-2.8 L 

Parameter 21 °C 

DO (aeration phase) 2.3 mgL-1 

 

 

The SBR has been managed with 8 cycles of 3 hours with initial HRT of 6 hours and SRT 

of 3.3 days. The lengths of the different cycles of the SBR start-up are tabulated in Table 12. 
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Table 12: each cycle showing the timing (minutes) of each step of the SBR start-up. The SBR operates with 8 cycles/day 

with a timing of 180 minutes each cycle. The other 4 cycles are not mentioned in this table because they are the same 

as the ones mentioned in this table. 

Phases Feeding 
Aeration + 

mixing 

Discharge 

to control 

SRT 

Settling 

phase 
Decant 

Cycle 1 11 80 1 68 20 

Cycle 2 11 80 2 68 19 

Cycle 3 11 80 2 69 18 

Cycle 4 12 80 2 66 20 

 

 

 

4.3.2 Experimental Cycles  
 

In Table 13 the number of cycles chosen along with the timing of each phase are tabulated. 

It was used for both while treating synthetic WW and municipal wastewater. 

 

Table 13: each cycle showing the timing (minutes) of each step. The SBR operates with 8 cycles/day with a timing of 

180 minutes each cycle. The other 4 cycles are not mentioned in this table because they are the same as the ones 

mentioned in this table. 

Phases Feeding Aeration + 

mixing 

Discharge 

to control 

SRT 

Settling 

phase 

Decant 

Cycle 1 11 80 3 68 18 

Cycle 2 11 80 3 68 18 

Cycle 3 11 80 3 69 17 

Cycle 4 12 80 3 66 19 
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4.3.3 Operating conditions 
 

The SBR was operated for 103 days. During this period, SRT was slightly altered to create 

different operating periods, as shown in Table 14:  Summary of the SBR operating conditions 

of this study, taking the solids concentration of the effluent into account, the real SRT of 

the SBR in some periods was slightly shorter than the target SRT.  

In the following table the real SRT and target SRT were calculated using the following 

equations: 

ὙὩὥὰ ὛὙὝ
ὠ ὓὒὝὛὛ

ὗύ ὓὒὝὛὛὗὩ ὝὛὛὩ
 

ὝὥὶὫὩὸ ὛὙὝ
ὗύ

ὠ
 

 

Where, 

V: the average volume  

MLTSS: mixed liquor total suspended solids 

Qw: flow of MLTSS discharged 

Qe: flow of the discharged treated effluent 

TSSe: total suspended solids of the effluent discharged 
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Table 14:  Summary of the SBR operating conditions of this study 

Operating 

Period 
HRT [hr]  

Target 

SRT [d] 

Real 

SRT [d] 

Cycle 

length 

[min]  

DO 

[mg/L]  

Type of 

feed 

Period 1  

(3 days) 
6 2 1.7 180 

- synthetic 

Period 2 

 (5 days) 
6 3 2.6 180 

- synthetic 

Period 3 

 (13 days) 
6 3.3 2.7 180 

3.5 synthetic 

Period 4 

(4 days) 
6 3.3 3 180 

4.7 synthetic 

Period 5 

 (8 days) 
6 2.4 2.4 180 

4.75 Synthetic/ 

Municipal 

Period 6 

(9 days) 
6 1.5 1.5 180 

2 Municipal 

Period 7  

(24 days) 
6 2 1.4 180 

0.64 Municipal 

 

 

4.3.4 Aeration Strategies 
 

The experiment was split into three phases:  

 Phase I where the air was pumped continuously along 40 % of the total time of each cycle 

(80 mins out of 180 mins). The air flow provided was of uncontrollable alternate high DO 

due to the absence of automatic air compressor resulting in a DO of 4.67 mg/L. 

Phase II: air is controlled using a squeeze off tool to manage the air pumped into the reactor 

resulting in DO of 1.42 mg/L. 
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Phase III: intermittent aeration by imposing a timer of 16 mins on/off period throughout the 

80 mins react phase resulting in a DO of 0.65 mg/L.  

In addition to the problem encountered while trying to manage the DO concentration in the 

reactor, the DO probe inside the SBR was not working properly during the first 4 months of 

the experimental work, so, the DO was measured using a portable DO probe on the MLSS 

discharged, immediately after discharge the DO of the MLSS was measured 4 days a week. 

Phase II and III were implemented during the study because despite the low SRT, complete 

oxidation of ammonium to nitrate was observed as in phase I. To overcome this situation, 

from the 11th of July to the 19th of July and from September to the end of the experimental 

work, the pilot operated with intermittent aeration, 16 minutes of aeration pulses were 

followed by 16 minutes of anoxic period (without aeration but with mixing) along the 80 

minutes of the aeration cycle. By measuring the DO concentration using the DO probe in the 

SBR each 16 minutes during the 80 minutes intermittent aeration phase, it resulted an 

average of 0.95 mg DO/L ranging between a minimum of 0.45 mgO2/L and a maximum 

value of 2.2 mgO2/L. The regulation of the air flow aeration pulses was uncontrollable due 

to the usage of a squeeze off tool (Figure 19) by accordingly tightening the pipe manually to 

control the air pumped into the SBR reactor.  

 

 

Figure 19: Squeeze off tool 
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The unmanageable aeration pulses are clearly depicted in the graph (Figure 20) below 

showing a sharp increase. The fluctuation of the DO concentration was recorded each 16 

mins when the aeration is turned on for two consecutive cycles. Recording of the DO 

concentration started slightly before the feeding phase was stopped (10.37 mins).  

Figure 20 shows that high peaks (yellow-colored dots) are due to the recording of DO after 

16 mins of aeration, and whenever there is drop (blue-colored dots) in values of DO then the 

recording occurred after 16 mins of no aeration.  

 

Figure 20:fluctuation of DO and temperature with the introduction of intermittent aeration(along on and off 

aeration) along the time (minutes) during two consecutive cycles. 
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4.3.5 Analyses  
 

The DO in the SBR was measured by using a DO portable membrane probe at the beginning 

of the tests on the discharged mixed liquor. However, afterwards the fixed DO probe in the 

SBR was calibrated and used for the measurement of dissolved oxygen. Mixed liquor 

samples were collected from SBR daily and TSS and VSS were analyzed by using 0.45 

micro glass filter (Figure 49). Chemical Analysis was performed for both the feeding 

wastewater and the treated WW being discharged from the SBR. The analysis includes COD, 

TN, NO3-N, NO2-N, and NH4-N and its procedure are illustrated using a diagram (Figure 22). 

According to the chemical characterization, chemical oxygen demand concentration, organic 

compound, and inorganic, cations and anions, such as ammonium (NH+
4), nitrate (NO3

-), 

and nitrite (NO2
-) were analyzed using LANGE kits (LCK 514, LCK 314, LCK 303, LCK 

339, LCK 342). As well as, the total nitrogen was measured using LANGE kits (LCK 338). 

The COD test was performed to measure the digestion of Organic and oxidizable inorganic 

substances in an aqueous sample that are oxidized by potassium dichromate solution. The 

100-2000 mg/L O2 range was used for the total COD test of the influent wastewater pumped 

into the pilot, while the lower range was used for the soluble COD (filtered sample) tested 

on the influent and the effluent that was being discharged from the SBR. All the samples 

tested for sCOD (influent feed or the treated WW discarded from the SBR) are filtered using 

a 0.45 um filter (cellulose acetate) (Figure 47). To avoid any error during the analyses and to 

obtain more reasonable results due to the usage of low strength wastewater, the same sample 

was filtered twice using the same filter and filter flask. The first filtered sample was used to 

rinse the Filter flask to eliminate any contamination from previous experiments done by 

other students and the second filtration was used for performing the tests. 
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Figure 23 illustrates the physical characterization used in this thesis to physically 

characterize the synthetic municipal WW, real municipal WW, and the effluent obtained 

from the SBR after treating the WW.  

TSS and VSS were analyzed based on standard method. TSS is performed in the laboratory 

using a standard filtration and drying method. The filters placed on the filter flask captures 

all the suspended solids using a pump. Liquid samples, biomass with high humidity and 

malodorous substances must be pre-treated for 30 mins under the hood to decrease the load 

of aerosols and vapors inside the stove and into the room. While, VSS is TSS that can be 

burnt under a high temperature furnace (550 °C). The amount of the TSS that is volatile is a 

measure of the fraction of the TSS that is likely associated with organic material. After 

weighing the dried filtered sample, it is placed in a muffle (Figure 46) at 550°C to ignite the 

filtered sample. 

 In addition to that, the SVI test was performed in order to evaluate the settling condition of 

the sludge and the possibility of having suspended solids in the effluent as a result of poor 

settling condition. This settling characteristic indicates the tendency of the sludge to thicken 

or to become concentrated during the sedimentation process. For the SVI an Imhoff cone is 

used for this test. The SVI is performed by using a graduated cone from 0 to 1 L. After the 

10 mins of aeration, mixed liquor was discharged from the pilot reactor and was poured 

directly into the Imhoff cone. The sludge layer is measured after 30 mins of the MLSS 

settling time. 

As it is tabulated, Table 15  and Table 13 summarize the frequency on which the tests were 

done on the synthetic feeding wastewater and the treated effluent. Regular analytical tests 

(Table 16) were performed on the influent (COD, TN, NH4-N, TSS, and VSS) and treated 

effluent (COD, TN, NH4-N, NO3-N, NO2-N, TSS, and VSS). 

 

 

 



64 
 

Table 15:  types and number of analyses done on the synthetic wastewater per each week 

 Influent  Effluent MLSS 

tCOD 4 4  

sCOD 4 4  

TSS 4 4 4 

VSS 1 1 4 

 

 

Table 16: number of tests done on after primary sedimentation municipal WW per week 

 Influent  Effluent MLSS 

SCOD 2 4  

tCOD 2   

TN 2 4  

NH4-N 2 4  

NO3-N  4  

NO2-N  4  

TSS 2 4 4 

VSS 1 1 1 

DO   4 

Temperature   4 

 

 



65 

 

 

Figure 21: SVI test using Imhoff cone 

 

 

Figure 22:Chemical analysis tests performed along with its steps 
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Figure 23: Physical analyses tests 
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4.3.6 Calculations and Formulas 

 

Ĕ In order to record the physical characterization of 4.3.5 Analyses, the following 

equations are used: 

1) SVI: is calculated using the following equation: 

 

Equation 1: ╢╥╘ 
□╛

▌

▼▄◄◄■▄▀ ▼■◊▀▌▄Ⱦ▼╪□▬■▄ ○▫■◊□▄ □╛Ⱦ╛

╢◊▼▬▄▪▀▄▀ ╢▫■░▀▼ ╒▫▪╬▄▪◄►╪◄░▫▪ □▌Ⱦ╛
 

 

 

2) TSS is a test done to measure the concentration of suspended matter contained in the 

wastewater. Not only does it contain BOD, TSS can contribute in the reduction of 

the water quality by the addition of turbidity and the reduction of aesthetics.  

            TSS is calculated by using the following equation: 

 

Equation 2:  ╣╢╢ □▌Ⱦ╛
◌▄░▌▐◄ ▫█ █░■◄▄►▀►░▄▀ ◌▄░▌▐◄ ▫█ █░■◄▄►

▼╪□▬■▄ ○▫■◊□▄
 

 

3) VSS:  is calculated using the following equation: 

 

Equation 3:  ╥╢╢ □▌Ⱦ╛
◌▄░▌▐◄ ▫█ █░■◄▄►▀►░▄▀ ►▄▼░▀◊▄◌▄░▌▐◄ ▫█ █░■◄▄► ╪█◄▄► ░▌▪░◄░▫▪

▼╪□▬■▄ ○▫■◊□▄
 

 

Ĕ The equations used to evaluate the key parameters and helped in the graphical 

representation of the results depicted in  
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Ĕ 5. RESULTS AND DISCUSSION are calculated using the listed equations below with an 

explanation of its components: 

 

4) SRT: One of the key parameters of the study was the SRT which was calculated daily 

using the following equation: 

Equation 4: SRT1=
╥ ╜╛╢╢

╠◌╜╛╢╢╠▄╧▄
 

Where, 

ü volume (V) of the aeration tank which is the average volume of the reactor is known 

[L]  

ü MLSS: mixed liquor suspended solids [mg/L] 

ü  Xe: TSS concentration [mg/L] 

ü Qw: flow of the surplus sludge [L/d]  

ü Qe: flow of the supernatant [L/d]  

 

5) OLR: organic loading rate is calculated daily using the following equation: 

Equation 5: OLR[g tCOD/L/d]=
╠░▪◄╒╞╓░▪

═○▄►╪▌▄ ○▫■◊□▄ ▫█ ►▄╪╬◄▫►
 

Where, 

ü Qin: the daily flow rate treated [L/d]  

ü tCODin: the total COD tested chemically for the influent feeding solution [mg/L] 

 

6) F:M: It was calculated daily using the following equation: 

Equation 6: F/M [g tCOD/g MLSS/d] = 
╞╛╡

╜╛╢╢
 

Where, 

ü OLR: organic loading rate [gCODt/L/d] 
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ü MLSS: mixed liquor suspended solids [mg/L]. 

 

 

7) ḳCOD represents COD removal efficiency which is calculated daily: 

Equation 7: ╒╞╓
◄╒╞╓░▪▼╒╞╓▄

◄╒╞╓░▪
 

Where, 

ü [tCOD]in: total chemical oxygen demand concentration in the influent [mg/L] 

ü [sCOD]e: soluble chemical oxygen demand concentration in the effluent [mg/L] 

8) ḳNH4-N represents ammonium-nitrogen removal efficiency is calculated daily after 

introducing the municipal WW into the pilot: 

Equation 8: ╝╗ ╝
╝╗ ╝░▪╝╗ ╝▄

╝╗ ╝░▪
 

Where, 

ü [NH4-N] in: ammonium-nitrogen concentration in the influent [mg/L] 

ü [NH4-N]e: ammonium-nitrogen concentration in the effluent [mg/L] 

 

9) TKN load and NH4-N load are calculated in the mentioned equations: 

Equation 9: TKN load [gTN/L/d] = Q × [TKN in] 

   Equation 10: NH4-N load [gN/L/d] = Q × [NH4-N] 

Where, 

ü [TKN] and [NH4-N] are the respective concentrations of soluble Total Kjeldahl 

Nitrogen [gTN/L/d] and soluble ammonium-nitrogen [gN/L/d].  

ü Q: represents the flow of the feed [L/d]  
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10) tCOD representing total chemical oxygen demand was not analyzed but calculated 

daily using Equation 11. 

 

Equation 11: ◄╒╞╓▫◊◄▄●▬▄►░□▄▪◄╪■ ▼╒╞╓▫◊◄Ȣ ╥╢╢ 

 

Where, 

Experimental sCODout is the value obtained from the experiments performed in the lab 

(4.3.5 Analyses). While, the 2nd part of tCOD representing total chemical oxygen demand 

was not analyzed but calculated daily using Equation 11. 

 

 

Equation 11 is obtained from the following biomass empirical formula: 

C5H7O2N + 5O2 5CO2 + 2H2O + NH3 

Having the molecular weight of C5H7O2N as 113 g/mol, therefore, typical ratio of bacterial 

biomass can be obtained by dividing the weight of the oxygen required by the weight of the 

biomass empirical formula ( ρȢτς άὫ ὅὕὈȾάὫ ὠὛὛ). Thus, COD/VSS = 1.42 mg 

COD/mg VSS. 

 

11) A Mass balance of nitrogen compounds was performed to check for any 

denitrification. The mass balance was expressed as load [mg/d] and was calculated 

using the following equation: 

 

Equation 12: mass balance= Q.TNin -QTNout=ȹN 

Where, 

ü TNin is the measurement of soluble total nitrogen entering the system (mg/L) 

ü TNout is the measurement of soluble total nitrogen exiting the system (mg/L) 
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ü Q is the daily flowrate (L/d) 

12) TKNin is calculated every two days by measuring the TNin(soluble): 

Equation 13 : TKNin=TNin  

Where,  

ü TNin is the soluble total nitrogen in the influent [mg/L] being NO2 and NO3 null in 

the influent. 

 

13) TKNout(soluble) concentration is calculated by: 

Equation 14: TKN= TN e - (NO3-N + NO2-N) 

 

Where, 

ü TNe: soluble total nitrogen concentration in the effluent [mg/L] 

ü NO3-N: soluble nitrate-nitrogen in the effluent [mg/L] 

ü NO2-N: soluble nitrite-nitrogen in the effluent [mg/L] 

14) NAR: represents the nitrite accumulation rate by using the following equation: 

Equation 15: NAR [%] = 
ἚἛ Ἒ

ἚἛ Ἒ  ἚἛ Ἒ
 

Where, 

 

ü NO3-N: nitrate-nitrogen in the effluent [mg/L] 

ü NO2-N: nitrite-nitrogen in the effluent [mg/L] 

 

15) Yield is represented by Y and calculated using Equation 16 

 Equation 16: Y= (
╠●╧●

╠ ╢╢▄
 ) 
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Where, 

ü QX is the flow of Surplus sludge discharged [L/d]  

ü Q is the flow of the feed [l/d]  

ü Xx is the concentration of the surplus sludge discharged [mg/L] 

ü S: is the concentration of tCODin [mg/L] 

ü Se: is the concentration of sCODout [mg/L] 

In this work also, the values of Yield (Y) calculated by Equation 16 was compared 

with Equation 17 where the SRT values calculated (Equation 4) were inserted.  

Equation 17: Y Ȣ ╢╡╣ Ȣ  

Where, 

SRT: is the sludge retention time 
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5. RESULTS AND DISCUSSION 
 

5.1 Synthetic Wastewater 
 

The SBR was fed for 27 days by synthetic wastewater starting on 5/7/2018 and operated by 

applying an HRT of 6 hours to have enough contact time of wastewater with sludge ensuring 

utilization of organic matter. The following sections will cover the operating parameters, 

Loads, characteristics of synthetic municipal WW, and parameters related to quality of 

effluent. 

 

5.2.1 Operating Parameters and Loads 
 

The method for controlling the SRT is through the adjustment of the waste activated sludge 

flow rate (Qw) based on the mixed liquor suspended solids concentration where with the 

increase of wastage flow the SRT decreases and vice versa. Therefore, it is considered that 

the SRT, controlled through sludge wasting, is the most important design and operating 

parameter which directly affects the performance of activated sludge system (Metcalf & 

Eddy, Wastewater Engineering: Treatment and Reuse, 2004). 

In Figure24 the SRT varied between a maximum value of 3.3 days and a minimum value of 

2.19. The slight variation in SRT caused an insignificant alteration of the COD removal 

efficiency (Figure27) which allows us to point out that SRT had a little effect on COD 

removal efficiency (Hajiabadi, Alavi Moghaddam, & Hashemi, 2009).  

Figure24 depicts the F:M ratio, real SRT, and the COD load in a graphical way. The 

mentioned parameters vary accordingly along the 27 operating days. The F:M ratio varied 

between a maximum and a minimum value of 0.89 and 0.3 where the SRT was 2.45 and 

2.69 respectively (Figure24). This high variability  in F:M was due to the changeability in 

the MLTSS in the system and the organics which the biomass feeds on, i.e when the a new 

batch of inoculant was introduced into the system, the MLTSS measurement on 7/5/2018 

resulted in a value of 4960 mgTSS/L while the OLR was shown to be 0.46 gCODtot/L/d 
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(Equation 5), this depicts that there is an imbalance in the system where the microorganisms 

are much higher in concentration than the organics to feed on. This signifies that starvation 

would occur due to the imbalanced ratio of F:M.  Moreover, the values of COD load varied 

between a minimum and a maximum value of 0.3 and 1.17 on 5/11/2018 and 5/23/2018 

respectively. The average value of F:M with an average SRT=2.72 days is 0.33 gCODt/d/L. 

The COD load (Equation 5) variation affected the fluctuation of the F:M where whenever 

there was a drop-in the COD load there is a consequent drop in the F:M ratio since COD 

load is the F in the F:M. For instance, on 6/5/2018 both the COD load and F:M recoded a 

value of 0.47gCODt/d/L and 0.47 respectively, however, this value decreased on 6/6/2018 

to reach a value of 0.29 gCODt/d/L and 0.29 respectively for both COD load and F:M. 

 

 

Figure24:variation of F/M ratio and the real SRT for 27 operating days 

 

 

While using synthetic WW, the treatment doesnôt include a primary clarifier; thus, the F in 

Equation 6 is based on the raw synthetic WW. If Equation 4 and Equation 6 are compared, 
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it is obvious that both rely on MLSS. And thus, by using Equation 18, this shows that there 

is an inversely related  

 

Equation 18: ╨
╕

╜
▓

╢╡╣
 

relationship formed between SRT and F:M where Y is the yield, and k represents the decay 

factor, and both are constants depending on the system used. Consequently, a higher SRT 

requires a lower F:M and vice versa (Equation 18). This relationship was obviously 

visualized in Figure24 where once the F:M is high, the SRT records a low value. This trend 

is depicted almost during the whole operating period for instance on 5/14/2018 the F:M was 

0.56 while SRT was 2.23 days, however, on 5/28/2018 when the F:M recorded a drop-in 

value of 0.13, SRT recorded a higher value than 5/14/2018 of 3.19 days.  

 

 

Figure 25: The change of VSS/TSS ratio and SRT with time 
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TSS and VSS tests were performed daily on the MLSS discharged from the SBR. Every 

week limited amounts of sludge were lost during the SBR-cleaning. The lost amounts of 

sludge tended to stick on the walls of the SBR reactor close to the surface level. Figure 25 

illustrates the change of VSS/TSS ratio where VSS is reported as a fraction of TSS. In 

addition to that, the SRT is graphically represented throughout the operating period (Figure 

25). The VSS/TSS curve shows almost a constant value through the whole period stating 

that the system has reached and maintained an equilibrium since the first beginning with the 

following trend of the SRT. The VSS/TSS ratio during the whole operating period was 

ranging between 0.72 and 0.83.  

 

 

Figure 26: fluctuation of yield empirical and theoretical, and SRT real with time 

 

While using synthetic WW, the yield (theo) was calculated and visualized graphically (Figure 

26). Only 11 results were depicted graphically because they are the values that are <1 
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gMLTSS/gCOD. Some yield(theo) values showed > 1 gMLTSS/gCOD throughout the 

period, this is because we have 8 MLTSS discharge per day and we were only able to 

measure the concentration of MLTSS once per day; thus, during the other 7 discharges 

variability in the MLTSS flow might have occurred due to pump malfunction. The average 

value of Y(theo) was calculated to be 0.66 gMLTSS/gCOD with an average SRT= 2.67 days. 

This value is compared to the Yield (empirical)= 0.52 gMLTSS/gCOD with an average 

SRT=2.72 days. The Yield (theo) and Yield (emp) can be compared to that of Macomber 

(2005) values (appendix B: Table 18) which tabulated that the observed sludge yield as a 

function of SRT. Both calculated yields have a value almost similar to the one tabulated in 

appendix B, Table 18 in which for SRT= 2 days, Yobs= 0.558 gMLTSS/gCOD. Yield(emp) 

has been detected ranging from a minimum value of 0.5 mg MLSS/mg COD to a maximum 

value of 0.53 mg MLSS/mg COD. It can be clearly seen that the yield fluctuation is not that 

significant having a constant variation of around 0.5 gMLSS/gCOD. This slight fluctuation 

of the yield is due to the slight variation in SRT from 2.23 days to 3.25 days. According to 

Equation 17, SRT and yield has an inversely proportional relationship which can be 

visualized graphically. This means that as the SRT increases, the yield decreases and vice 

versa. For instance, on the 17th of May an increase in SRT from 2.62 to 3.11 days was 

encountered resulting in a decrease in the yield from 0.52 gMLSS/gCOD to 0.5 

gMLSS/gCOD.  
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5.1.2 Local parameters concentration and Removal Efficiency Rates 

 

 

Figure27 depicts the data obtained during the 27 days of synthetic feeding in which the COD 

removal efficiency and SRT trend were studied. On 5/7/2018 an error was spotted while 

recording the results since an influent tCOD was measured to be 209 mg COD/L while the 

effluent sCOD was recorded to be 166 mg/L which eventually resulted in a low COD 

removal efficiency of around 20.6%. This result was mainly due to high contamination in 

the millibars used during the experiments. After that, careful cleaning and drying of millibars 

have taken place to prevent any kind of errors in the tests done. The tCOD in the feeding 

synthetic municipal WW has fluctuated between a minimum value of 125 mg COD/L and a 

maximum value of 331 mg COD/L. Also, the sCOD concentration in the effluent ranged 

between 15 mg COD/L and 46 mg COD/L. To evaluate how much was the removal 

efficiency of the system using a synthetic municipal wastewater, Figure27 designated the 

COD removal efficiency which has increased gradually to reach an average removal 

efficiency of 87.2 % fluctuating between a maximum and a minimum value of 95.5% and 

64.8 %.  
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Figure27: fluctuation of COD removal efficiency, tCODin, and sCODout for 27 days 

 

 

In addition to that, the TSS concentration is graphically represented showing a variation 

between a maximum value of 80 mg COD/L and a minimum of 10 mg COD/L. however, an 

average concentration of TSS resulted to be 42 mg COD/L meaning that the concentration 

is low and expected. The clear gap between the maximum and the minimum value of TSS 

concentration in the effluent discharged is mainly due to the malfunction of the operating 

discharge pump or due to poor settling.  
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Figure28: Fluctuation of sCODin, sCODout, and TSS for 27 days 

 

 

 

 

 

 



81 
 

 

Figure 29: graphical representation of SVI [mL/g] and SRT [d] for 27 days 

 

 

 

Sludge volume index (SVI) is another useful and important parameter in an activated sludge 

process. It is used to describe the settling characteristics of sludge. 

In Figure 29 a graphical representation of SVI and SRT was designated for 27 operating 

days using synthetic wastewater. Figure 29 shows that when SRT is high (3.11 days), a drop 

in SVI value is recorded (52 mL/g) and vice versa. Thus, according to (Dehghani, 2018) 

high SVI is due to low rate of SRT and MLSS and causes a consequent increase in the 

suspended matters in effluent. In spite, of the low values of SVI recorded ranging between 

52 and 68 mL/g, TSS in the effluent was highly variable and this can be explained by 

referring to day 5/17/2018, due to a withdrawal of excess sludge- greater (0.156 L/cycle) 

than the usual sludge withdrawal flow (0.132 L/cycle), the concentration of TSS effluent 

https://en.wikipedia.org/wiki/Sludge
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was higher- with a value of 80 mg/L- resulting in high loss of biomass diversity which in 

return results in filamentous material appearance which are light. 

  

 

 

 

5.2 MUNICIPAL WASTEWATER 
 

 

The SBR was fed for 4 months (excluding the weekends to avoid any malfunction and excess 

loss of biomass without supervision) by municipal wastewater from Peschiera Borromeo 

WWTP starting by 6/12/2018 and operated at HRT of 6 hours. In the following sections, the 

operating parameters, Loads, characteristics of municipal WW, and parameters related to 

quality of effluent will be covered. 

 

5.2.1 Operating Parameters and Loads 
 

Figure 30 shows the change in F:M ratio, OLR, and SRT extending from 6/12/2018 until 

7/19/2018 and then from 9/17/2018 until 10/22/2018 while treating municipal WW. F:M 

was calculated using Equation 6. While using Municipal wastewater WW obtained from 

Peschiera Borromeo, the treatment has already included a primary clarifier; thus, the F in 

Equation 6 is based on the primary clarifier treated WW.  

F:M ratio was analyzed because it is an important parameter used at a WWTP to control and 

manage the SBR process. This parameter with the proper ratio guarantees enough 

microorganisms in the SBR to remove the incoming organics (food or OLR). However, with 

improper ratio, there might be deficiency in microorganisms to treat the organics from the 
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influent leading to imbalance or in other case there might be a deficiency in the food entering 

but enough microorganisms in the system leading to starvation of microorganisms.  

In Figure 30 the values of F:M varied between 2.78 and 0.3 gCOD/gMLTSS/d where the 

SRT was 0.76 and 2.53 days respectively. This high variable in F:M was due to the 

variability in the concentration of MLTSS in the system and the organics which the biomass 

feeds on, i.e on 10/15/2018 the MLTSS was measured to be 160 mgTSS/L, this such low 

concentration is due to the improper discharge flow of the pump consequently resulting in 

loss of biomass. while the OLR was shown to be 0.45 gCODtot/L/d (Equation 5), this depicts 

that there is an imbalance in the system where the microorganisms are low in concentration 

than the organics to feed on. This signifies that the microorganisms cannot feed on all the 

organics in the system causing improper treatment of the WW due to low F:M. The average 

value of F:M is 0.966 gCOD/gMLTSS/d for an average SRT value of 1.57 days for the 

operating period. This average value of F:M can be compared to Table 18, which clearly 

tabulated the change of F:M with the change of SRT, where for 2 days of SRT the optimal 

ration of F:M is 1.048 g COD/g MLTSS/d. Also, as the F/M and SRT were recorded for 4 

operating months using municipal wastewater a clear change according to each other is 

visualized where for instance on 6/21/2018, for an SRT of 3 days a F:M ratio of 0.2 

gCOD/gMLTSS/d is required while on 10/12/2018 an SRT of 0.58 days 2.72 

gCOD/gMLTSS/d of F:M is required.  
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Figure 30: Change in F/M, SRT, & COD load 

 

 

The change in SRT from 2.4 day to 1.5 days and to 2 days was adapted as a way to suppress 

the NOBs in the system. The first period of the study (6/12/2018-7/20/2018) the graphs 

followed a specific trend (Figure 30), however, this trend changed in the second period of the 

study (9/17/2018-end of the laboratory work). It is obvious that when a new batch of WW 

was supplied on 7/11/2018 (Figure 30), there was a sharp increase in COD load and F:M to 

reach a value of around 0.8 gCODtotal/L/d and 1.5 respectively. On 7/17/2018, a supply of 

new inoculum caused a drop in F:M to reach a value of around 0.4, this is due to the fact that 

a new batch of microorganisms was provided causing an increase in the M in F:M and 

consequently dropping the value of F:M. However, this resulted in an imbalance in the F:M 

ratio because according to Table 18, as SRT increases, the F:M required decreases and vice 

versa, nevertheless this is not the case on 7/17/2018 because for an SRT=1.5 days the F:M 

ratio is 0.4 consequently showing the presence of food deficiency and thus a possible 

starvation of the microorganisms. On 10/1/2018 a new inoculum was provided, but there 

was an increase in F:M due to the drop of COD load to 0.5 gCODtotal/L/d. 
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In addition to the graphical representation of F:M, SRT, and COD load, physical analyses 

(TSS and VSS) were performed daily on the MLSS discharged from the SBR. Every week 

limited amounts of sludge were lost during the SBR-cleaning. Figure 31 represents 

graphically both the change of VSS/TSS ratio, where VSS is reported as a fraction of TSS, 

and the SRT. The VSS/TSS curve (Figure 31) shows no major fluctuations throughout the 

whole period, ranging between maximum and minimum values of 0.9 & 0.68 respectively 

and an average value of 0.76, stating that the system has reached and maintained an 

equilibrium since the first beginning with the following trend of the SRT.  This means that 

the organic matter constitutes a higher fraction of the TSS than the inorganic-mineral matter. 

On 6/20/2018 the maximum value of VSS (4.25 g VSS/L) was obtained when the OLR 

(Equation 5) was 0.82 g COD/L/d (refer to Figure 30) with an average sludge retention time 

occurring for 2.91 days. It can be visualized that there is an imbalance which resulted in a 

F:M of 0.15 g COD/g MLTSS/d, a low ratio value for an SRT of 2.91 (Table 18). Also, an 

imbalance was encountered with when the lowest value recorded for VSS (0.116 g VSS/L) 

on 10/16/2018 with OLR of 0.45 g COD/L/d, F:M of 2.78 COD/g MLTSS/d, and SRT of 

0.76 days. This imbalance is due to high incoming OLR in the feeding WW and very low 

concentration of microorganisms which affected the work of microorganisms in removing 

the required organics entering the system and this can be visualized by the drop in the COD 

removal efficiency (Figure 34) on 10/16/2018 with a value of 69 %. 
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Figure 31: variation of SRT and VSS/TSS  

 

 

Figure 32: TKNin and NH4-Nin daily load 
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Other parameters that were studied and analyzed were the TKN and ammonium daily loads 

which were calculated using Equation 9 and    Equation 10. The calculated loads are 

represented graphically in Figure 32. The load of TKN and NH4-N in the influent with an 

average of 0.08 gTKN/L/d and 0.06 gNH4-N/L/d respectively was in a range 0.06< TKNin 

load< 0.15 gTKN/L/d and 0.043 < NH4-Nin load< 0.09 gNH4-N/L/d due to the variability 

of the influent feed. For instance, on 7/11/2018 a significant change in the graphical 

representation was observed where both the ammonium-nitrogen load and the TKN load 

deviated to different directions. TKN load increased to 0.08 gTKN/L/d and NH4-N load 

decreased to 0.04 gNH4-N/L/d. This change in pattern happened since a new batch of WW 

of provided to the reactor. The ratio NH4-N/TKN was most of the time > 0.73 reaching a 

maximum ratio of 0.92 which indicates that ammonification was the highest. However, in 

some periods, for instance from 7/16/2018-7/20/2018 and 10/15/2018- 10/19/2018, this ratio 

was lower (ranging between 0.4 to 0.63) indicating that ammonification was lower. 

 

Figure 33: the variation yield, and SRT with time 
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Another Operating parameter that should be considered while treating WW is the yield. 

While using real WW, the yield (theo) was calculated and visualized graphically (Figure 33). 

Only the Yield(theo) with values < 1 gMLTSS/gCOD are graphically represented. The 

remaining values that are > 1 gMLTSS/gCOD were not depicted because as it was mentioned 

before that only one discharged MLTSS concentration was measured out of eight MLTSS 

discharges which means that a variability in the MLTSS flux during the rest of the cycles 

due to pump malfunction might have occurred and resulted in values greater than 1 

gMLTSS/gCOD. The average value of Y(theo) was calculated to be 0.53 gMLTSS/gCOD 

with an average SRT= 1.53 days. This value is compared to the Y(empirical)= 0.588 

gMLTSS/gCOD with an average SRT=1.57 days. The Yield (theo) and Yield (emp) can be 

compared to that of Macomber (2005) values (appendix B: Table 18) which tabulated that the 

observed sludge yield as a function of SRT shows for an SRT= 2 days. Both Yields have 

shown a value slightly different than the one tabulated in appendix B, Table 18 in which for 

SRT= 2 days, Yobs= 0.558 gMLTSS/gCOD. 

The experimental value of the observed yield has been detected ranging from a minimum 

value of 0.5 mg MLSS/mg COD to a maximum value of 0.7 mg MLSS/mg COD. It can be 

clearly seen that since Equation 17 relies only on SRT, thus, the relationship between the 

observed yield and the SRT is inversely and can be visualized graphically. This signifies that 

as the SRT increases, the yield decreases and vice versa. For instance, on the 27th of July 

since a drop of SRT from 2.4 to 1.5 days was applied, an increase of the yield was depicted 

from 0.55 gMLSS/gCOD to 0.6 gMLSS/gCOD.  
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5.2.2 Local parameters concentration and Removal Efficiency Rates 
 

 

Figure 34 depicts the data obtained during the 4 months while feeding municipal WW in 

which the COD removal efficiency and SRT trend were studied. Figure 34 designated the 

COD removal efficiency with an average removal efficiency of 75 % fluctuating between a 

maximum and a minimum value of 92% and 60 %. The COD removal efficiency, is 

calculated with respect to the soluble effluent COD and does not consider TSS, starts with 

an initially high value but has a significant fluctuation with major peaks. Also, Figure 34 

shows that there is a trend for the sCOD in the effluent having an average value of 32 mg 

COD/L and minimum and maximum values ranging between 20 mg COD/L and 45 mg 

COD/L, however, concerning the removal efficiency and the tCOD in the influent, the 

graphs changed consequently with clear peaks. On 6/20/2018 a sudden drop of the COD 

removal efficiency was depicted from 81 % to 24% while there was a clear jump on 

6/20/2018 in sCODout from 42 to 85 mg COD/L and then a sudden drop again to 32 mg 

COD/L, this phenomena allows us to visualize that there might be an error that occurred 

while testing (4.3.5 Analyses) for COD or maybe loss of biomass since an influent tCOD was 

measured to be 223 mg COD/L while the effluent sCOD was recorded to be 86 mg COD/L 

consequently resulting in a low COD removal efficiency. In addition to that, another jump 

in sCOD in the effluent occurred resulting in a value of 166 mg COD/L and consequently 

allowing a drop in the removal efficiency to a minimum value of 12%. Again, this 

phenomenon can only be explained by the high contamination in the millibars used during 

the experiments. Before preparing any test, the millibars were carefully cleaned and dried to 

avoid and restrict any major error in test performed. The tCOD in the feeding synthetic 

municipal WW has fluctuated between a minimum value of 95 mg COD/L and a maximum 

value of 271 mg COD/L. The application of SRT of 2 days and the intermittent aeration 

along the second period of the study (9/17/2018-end of laboratory work) resulted in a slight 

fluctuation of the COD removal efficiency where it varied between a maximum value of 

78% on 2nd of October and a minimum of 60 % on the 9th of October. Thus, the feeding on 
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the organic material is affected by the low and intermittent aeration pattern influencing the 

COD removal efficiency. 

 

 

 

 

Figure 34: tCODin, sCODout, and ẫCOD  
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Figure 35: TSSout during the period. 

 

 

TSS in the effluent is a major parameter to study the quality of water being discharged from 

the SBR. Therefore, this parameter was graphically represented as a function of time (Figure 

35).  

Concerning the TSS in the effluent the variation of values was between 10 and 60 mg TSS/L 

with an average of 39 mg/L. However, in some cases high concentration of TSS is visualized 

(70 [7/16/2018 & 10/22/2018], 60 [10/4/2018]). This increase in TSS in the effluent can be 

correlated to  in which the values of SVI were recorded as 300 mL/g on 7/16/2018 and 128 

mL/g for days 10/4/2018 and 10/22/2018. As explained before, that there is a direct 

connection between the SVI values and TSS concentration in the effluent because a poor 

settling results in filamentous material in the effluent.  

Several other parameters should be measured, recorded, and as well graphically represented. 

The Sludge volume index (SVI) is graphically represented in the following figure () where 

the graph is split into two periods due to the fact of stopping the machine in August. The 

lowest and the highest SVI values belonged to the 12th of June and the 16th of July of values 

64 mL/g and 300 mL/g respectively. According to the SVI, Mines et al. (1998) and Kargi et 

al. (2002) stated that a sludge volume index of 100 mL/g is the boundary which clearly 

distinguishes the good settling characteristic and the bulking phenomena. SRT was also 
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recorded during those two mentioned days which was 2.33 and 1.12 days respectively. In 

general, SRT fluctuated between a maximum and a minimum value of 3 and 0.77 days 

showing SVI values of 65 mL/g and 270 mL/g respectively. The plot in   shows that 

throughout the operating time of the SBR, most of the SVI recorded are of values greater 

than 100 mL/g which results in the appearance of filamentous material. This filamentous 

growth is mainly due to the low SRT value running in the system leading to the washout of 

most of the biomass, drop in MLSS concentration, loss of biomass diversity, poor settling, 

and an increased concentration of the total suspended solids in the effluent. 

 

 

Figure 36: the variation of the measurement of sludge volume index (SVI) and SRT with time 
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Figure 37: change in TNin, Nitriteout, NH4-Nout, nitrateout, and TNout  

 

 

 

According to Figure 37 it is visible that there are several changes regarding SRT, aeration 

patterns, and adding new batch of inoculum. As the SRT was changed from 3 days to 2.4 

days by increasing the timing of 1st discharge to control the SRT and thus wasting more 

MLSS on 6/25/2018. Changing the operating conditions again on the 27th of July also caused 

another major drop from 2.41 days to 1.5 days. On the 11th of July, the SRT was increased 

to 2 days and aeration patterns were changed from continuous aeration to intermittent 

aeration (16 mins on, 20 minutes off). So, to prevent the growth of NOBs two factors where 

considered: SRT and Intermittent aeration.  

According to Ma, et al., 2015 applying intermittent aeration with low dissolved oxygen is 

one of the promising methods to suppress NOB growth where limiting its growth is an 

important factor to achieve nitrogen removal via Anammox and at the same it is a bottleneck. 

This idea came from the fact that nitrite oxidation lags behind ammonum oxidation; thus, 
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the oxidation of ammonium results in nitrite and limiting oxygen causes nitrite accumulation 

and no further oxidation of nitrite into nitrate. Consequently, NOB growth slows down 

compared to continuous aeration. Nevertheless, studies state that trying to control NOB is a 

bottleneck in simultaneous nitritation and anammox reactor treating low strength 

wastewater. (Isaka et. al, 2008) (Versprille et. al, 1984) 

In order to study how the aeration and the change in SRT affected the activated sludge 

process, Figure 37 has represented graphically the fluctuation of TN in the influent and nitrite-

nitrogen, nitrate nitrogen, TN, and ammonium-nitrogen in the effluent. The TNin and the 

TNout recorded average values of 22.68 mg/L and 19.74 mg/L. On 25th of June, NO2-N and 

NH4-N started at low values which is close to 0 mg/L, while NO3-N started with a high 

number of 12 mg/L which points out the presence of NOBs in the system. Lowering the SRT 

to 1.5 days on the 27th of June allowed the gradual decrease of NO3-NOUT from 14 to 7 mg/L 

on the 3rd of July, on the contrary NH4-NOUT increased from 1 on the 28th of June to 11.5 on 

the 3rd of July. The week from 3rd of July to 10th of July NO3-Nout was almost constant. The 

week from 11th to 19th of July NO3-Nout starts decreasing gradually from 8.07 mg/L to 1.02 

mg/L after applying a low and intermittent aeration pattern.  

On the 17th of September and onwards, almost all the elements- NO3-N, NO2-N, and NH4
+-

N- remains constant until the 3rd of October when the NH4
+-N starts to increase from 3.96 

mg/L to reach a maximum value of 19.7 mg/L. Until the 23rd of October, nitrate and nitrite 

were kept constant at low values of 2.8 mg/L and 1.3 mg/L respectively. However, it was 

difficult to drop the concentration of nitrate-nitrogen below the nitrite-nitrogen since 

controlling the aeration was a challenge due to the usage of a squeeze-off control tool. 

Loss of excess of biomass was being observed each day while testing for MLSS in the 1st 

discharge to control the SRT. This loss might be due to two facts: either the malfunction of 

the pumps which was operating improperly and unsteadily or to presence of nitrogen gas in 

the system.  
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Figure 38: variation of ɲN, TNe, TNin, and ́N with time 

 

 

 

 

The average difference between TN-Nin and TN-Ne is approximately equivalent to 32 mg/d. 

during the period 6/25/2018 till 7/19/2018 (Figure 38), major variations concerning the ȹN 

and ɖN were visualized. For instance, on 6/26/2018, 7/5/2018, and 7/11/2018, ȹN data was 

recorded to be 80.6 mg/d, 60.5 mg/d, and 50.4 mg/d respectively, while the data for ɖN was 

calculated resulting in 27.5 % (6/26/2018), 26 % (7/5/2018), and 23 % (7/11/2018). This 
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difference in the mass balance can be correlated to the appearance of NO3-N in the effluent 

in which on 6/26/2018, 7/5/2018, and 7/11/2018 the data was recorded to be 17 mg/L, 5.7 

mg/L and 8 mg/L respectively. While, in the period extending from 9/17/2018 till 

10/22/2018, the mass balance showing 2 major peaks, on 10/1/2018 having ɖN and ȹN of 

26 %, 47.4 mg/d, NO3-Ne=5 mg/L, and on 10/19/2018 ɖN= 29 % , ȹN=109 mg/d, and NO3-

Ne=2.49 mg/L. Thus, this TN removal can be explained as the occurrence denitrification 

that is happening within the process. It is the conversion of nitrite- the unstable form of 

nitrogen- to nitrate and then to nitrogen gas by using facultative heterotrophic bacteria. 

Denitrifications occurs at low oxygen levels or when oxygen levels are depleted, and nitrate 

becomes the primary oxygen source for microorganisms that can get their oxygen by taking 

DO out of the water or off nitrate molecules. When talking about oxygen depletion this 

means DO is lower than 0.5 mg/L or even 0.2 mg/L. Breaking apart nitrate leads to the 

emission of nitrogen gas which has a low water solubility which allows it to escape as gas 

bubbles. Denitrification reaction is described by the following formula: 

 

6NO3 - + 5CH3OH3 N2 + 5CO2 + 7H2O + 6OH  

 

The measurement of nitrate-nitrogen and nitrite-nitrogen in the influent is not considered 

because a municipal wastewater with little or no industrial contribution is expected to have 

zero nitrite-nitrogen and nitrate-nitrogen concentrations (Metcalf & Eddy, Wastewater 

engineering: Treatment and Reuse, 2003). In the influent, 72 % of the TN is NH4-N which 

explains the ammonification process that happened leading to the conversion of TKN to 

ammonia leaving behind only 30 % organic nitrogen. 79 % of TN in the treated effluent 

constitutes of NH4-N, NO2-N, and NO3-N. 

 

 

Different DO concentrations inside the reactor significantly affects and improves 

nitrification. Conversely, dissolved oxygen appears to be the governing factor for the extent 
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of NAR (nitrite accumulation rate) during the sequence of different DO concentrations. The 

NAR level started to consistently increase during the strict control of DO concentration and 

gradually decreased when the dissolved oxygen concentration increased uncontrollably. By 

analyzing nitrogen species concentration data, nitrite accumulation took place at a dissolved 

oxygen concentration of 0.3 to 0.6 mg/L. One possible explanation for this observation was 

that the half-saturation coefficient for dissolved oxygen is 0.25 to 0.50 mg/L for 

Nitrosomonas, is lower than that of 0.72 to 2.84 mg/L for Nitrobacter (Henze et. al, 2000), 

indicating that Nitrobacter is more susceptible to low dissolved oxygen than Nitrosomonas 

and that operation at low dissolved oxygen levels could lead to Nitrobacter inhibition 

resulting in a buildup of nitrite. In addition to that, temperature is another factor, a very 

important one, which influences biological wastewater treatment systems and specifically 

on microbial growth. Although most microorganisms exist over a broad range of 

temperature, however, usually each specie better grows at an optimal temperature. It is 

known that NOB dominates AOB at temperatures dropping below 15°C since the specific 

growth rate of NOB is higher than that of AOB, between 5 and 15°C. (Zhu, et al., 2008).  

However, this is not the case in our system since the reactor had an average temperature of 

23°C while operating during this period which is signifies that the temperature was not the 

critical factor affecting the NOB domination, however, on 7/19/2018 when the temperature 

increased to 26ºC, nitrate concentration dropped from 8 to 1 mg/L along with the usage of 

DO=0.76 mg/L indicating the influence on the NOBs. 
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Figure 39: DO and NAR as a function of time 

 

Figure 39 discusses the variation and fluctuation of nitrite accumulation rate (NAR) in a 

period extending from 6/25/2018 until 10/22/2018. NAR was calculated using Equation 15 

to be represented graphically to evaluate the change of nitrite along the change of DO in the 

system. 

What was obvious is that NAR was very low (around 0.01) at DO higher than 1.6 mg/L. The 

next date when the DO was measured (1.457 mg/L), NAR started to increase gradually to 

reach 0.24 on the 9th of July. After this period, considerable fluctuation of NAR is visualized 

in which the uncontrollable air compressor is assumed to be the major reason behind it. The 

NAR values reached as high as 0.38 which is still a sign that the growth of NOBs is not 

prohibited, and they still outcompete the AOBs. The other important factor to consider is the 

high ammonium concentration in the discharged effluent. This component showed a value 

as high as 19.7 mg/L where the NH4-NIN was 21.2 mg/L, this means, that the DO not only 

affected the NOBs in the system but also the AOBs where its work has been suppressed. 

Having a proper system for the Anammox growth, NH4-Nremoved 50 % while NAR  1, 

however, although in this study the NH4-Nremoved =45, NAR= 0.21. 
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To sum up, the period using real WW has shown an average value of: ɖN= 12%, ȹN= 28 

mg/d, NO3-Ne= 5.6 mg/L, NAR ratio= 0.21, and DO= 1.3 mg/L. This means that with such 

a DO value, a complete nitrification occurred prohibiting the allowance of partial 

nitrification causing the oxidation of nitrite to nitrate which can be visualized by the high 

concentration of nitrate-nitrogen in the effluent and the limitation of the NAR ratio. In 

addition to that, the total nitrogen removal efficiency was 12 % stating that there was no 

closure of the mass balance. Thus, the presence of high concentration of NO3-N in the 

effluent and imbalance of the nitrogen mass balance states that there was denitrification. 

In this experiment, DO was stringently controlled sometimes due to the squeeze off tool used 

in this study, causing a severe drop in DO in the system and thus this dropped has mainly 

affected the AOB not the NOB in the system where the NOB were still outcompeting the 

AOB. 
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Figure 40: Change in NH4-N, TKN, and NH4-N/TKN ratio 

 

 

In Figure 40 nitrogen compounds are depicted where TN in the influent representing the 

organically bonded nitrogen and ammonium nitrogen and TN in the effluent constitutes of 

all the compounds (nitrite-nitrogen, nitrate nitrogen, ammonium-nitrogen, and soluble 

TKN). The results obtained shows that the average ratio of (NH4-N/TKN)in is 0.74, thus, 74 

% of TKN in the influent is composed of ammonium nitrogen and 26% is composed of 

soluble organic nitrogen. However, in the effluent, the average value of (NH4-N/TKN)out is 

0.68. as it can be visualized in Figure 40, the (NH4-N/TKN)out ratio was greater in value 

than (NH4-N/TKN)in, for instance on 7/3/2018, 7/12/2018, 7/17/2018, and 7/16/2018, this 

means that ammonia is removed by synthesis and mainly oxidized to NO2/NO3.  

 

 

 






































