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ABSTRACT  

Use of Short SRT Biological Processes to Recover Energy and 
Phosphorus from Municipal Wastewater 

 
Lihui Wang Advisor: 
University of Guelph, 2013  Professor Hongde Zhou 

 

There is a paradigm shift in wastewater industry by considering it as a valuable source of 

energy, nutrients and other constituents instead of waste to be treated. The objective of 

this study is to develop a biological process operated at extremely short sludge retention 

time (SRT) to recover the energy and phosphorus. Extensive tests were conducted using 

three sets of pilot plants, each of which consists of a sequence of anoxic, anaerobic and 

aerobic zones in order to maximize the conversion of organic matter into the biomass and 

enhance biological phosphorus removal. Emphasis was placed on the effects of SRT and 

HRT which varied from 1.5d to 4.5d and 1h to 3h respectively. The process performance 

was compared in terms of organics and phosphorus removal, sludge production and 

characteristics. Results showed the systems were capable of achieving excellent effluent 

quality in spite of extremely short SRTs. Higher observed yield and reduced oxygen 

consumption at shorter SRT indicated a high potential of energy recovery. The kinetic 

parameters obtained from batch tests were used to calibrate the model configuration. The 

predicted system performance was further evaluated by comparing to the pilot plant data.



 

iii 

 

Acknowledgements 

I would like to thank my advisor, Dr. Hongde Zhou, for all the guidance and 

encouragement throughout my graduate career. His experienced insight and expertise 

opened my eyes and helped me fill the knowledge gaps. His enthusiasm towards research 

and life advices inspired me. I would also like to thank Dr. Sheng Chang who provided 

insight throughout the duration of my system design. 

I would like to acknowledge Dr. Wenbo Yang and Dr. Wei Cao for your help for all the pilot 

plant set-up and operation. I would like to thank Bei Wang for the assistance of plant 

operation. Laboratory support was provided by Joanne Ryks, Heli Xu, Dr. Zhiyong Han. I 

would also like to acknowledge Dr. Zebo Long for many inspiring conversations.  

I would like to make personal acknowledgements to my family and friends. Thank my 

mother, father and my aunt who always support and encourage me throughout my life. 

Thanks to Ying Xu, Yiqing Lu for sharing of happiness during my graduate life.  

Special thanks to GE Water & Process Technologies for providing assistance and to the 

City of Guelph for supporting the pilot system operation at City of Guelph Wastewater 

Treatment Plant. 

  



 

iv 

 

Table of Contents 

1 UIntroductionU ................................................................................................................ 1 

2 ULiterature ReviewU ....................................................................................................... 4 

U2.1U UEnhanced Biological Phosphorus Removal ProcessU .......................................... 4 

U2.1.1U UMechanismsU .................................................................................................. 5 

U2.1.2U UKey Process ParametersU ............................................................................... 6 

U2.2U UShort SRT SystemsU .......................................................................................... 10 

U2.2.1U UCurrent State of ResearchU ........................................................................... 10 

U2.2.2U UEnergy Recovery and Cost ReductionU ........................................................ 13 

U2.2.3U UPhosphorus RecoveryU ................................................................................. 16 

U2.2.4U USludge Separation Process and SettleabilityU .............................................. 18 

U2.2.5U UCoupled Process for Nitrogen RemovalU ..................................................... 23 

3 UPerformance of a Conventional Activated Sludge System with Enhanced Biological 

Phosphorus RemovalU ........................................................................................................ 24 

U3.1U UIntroductionU ...................................................................................................... 24 

U3.2U UMaterials and MethodsU ..................................................................................... 25 

U3.2.1U UPilot Plant Setup and OperationU ................................................................. 25 

U3.2.2U UWastewater CharacterizationU ...................................................................... 28 



 

v 

 

U3.2.3U USludge CharacterizationU ............................................................................. 31 

U3.3U UResults and DiscussionU .................................................................................... 33 

U3.3.1U UPerformance of the EBPR System Operated at Different SRTsU ................. 33 

U3.3.2U UPerformance of the EBPR System Operated at Different HRTsU ................ 46 

U3.3.3U UPerformance of the EBPR System Operated at Different SRT/HRT ratiosU 55 

U3.3.4U USludge Settling CharacteristicsU ................................................................... 63 

U3.3.5U USludge Production and Energy RecoveryU ................................................... 68 

U3.3.6U UConclusionsU ................................................................................................ 72 

4 UBatch Test Assessment of Activated Sludge Model Parameters and ASM 2d 

Steady-State SimulationsU .................................................................................................. 74 

U4.1U UIntroductionU ...................................................................................................... 74 

U4.2U UMaterials and MethodsU ..................................................................................... 75 

U4.2.1U UPilot Plant Setup and OperationsU ................................................................ 75 

U4.2.2U UBatch Tests SetupU........................................................................................ 75 

U4.2.3U UAssessment of Kinetic Parameters for ASM modelU ................................... 76 

U4.2.4U UProcess Modeling and SimulationU .............................................................. 78 

U4.3U UResults and DiscussionU .................................................................................... 79 

U4.3.1U UParameters Derived by LinearizationU ......................................................... 79 



 

vi 

 

U4.3.2U USystems Performance SimulationU ............................................................... 82 

U4.4U UConclusionsU ...................................................................................................... 88 

5 UConclusions and RecommendationsU ......................................................................... 89 

U5.1U UConclusionsU ...................................................................................................... 89 

U5.2U URecommendationsU ............................................................................................ 90 

6 UReferencesU ................................................................................................................ 92 

UAppendixU ........................................................................................................................ 108 

 

 

  



 

vii 

 

List of Tables 

UTable 2-1 Current state of the research on short SRT systemsU ......................................... 12 

UTable 2-2 Relationship between SVI and activated sludge settling characteristicsU.......... 19 

UTable 3-1 Pilot plant operating conditions of batch #1 – varying SRT with the same HRTU

........................................................................................................................................... 27 

UTable 3-2 Pilot plant operating conditions of batch #2 – varying HRT with the optimal 

SRTU ................................................................................................................................... 27 

UTable 3-3 Pilot plant operating conditions of batch #3 – varying SRT, HRT and SRT/HRT 

ratiosU ................................................................................................................................. 28 

UTable 3-4 Characteristics of the influent wastewater (average ± standard deviation [no. of 

readings])U .......................................................................................................................... 31 

UTable 3-5 Summary of operating conditions during batch #1 (average ± standard 

deviation)U .......................................................................................................................... 33 

UTable 3-6 Average steady-state performance during batch #1U .......................................... 35 

UTable 3-7 COD mass balance during batch #1U ................................................................. 38 

UTable 3-8 Nitrogen mass balance during batch #1U ........................................................... 42 

UTable 3-9 Phosphorus mass balance during batch #1U ....................................................... 46 

UTable 3-10 Summary of operating conditions during batch #2 (average ± standard 

deviation)U .......................................................................................................................... 47 



 

viii 

 

UTable 3-11 Average steady-state performance during batch #2U ........................................ 48 

UTable 3-12 COD mass balance during batch #2U ............................................................... 50 

UTable 3-13 Nitrogen mass balance during batch #2U ......................................................... 52 

UTable 3-14 Phosphorus mass balance during batch #2U ..................................................... 55 

UTable 3-15 Summary of operating conditions during batch #3 (average ± standard 

deviation)U .......................................................................................................................... 57 

UTable 3-16 Average steady-state performance during batch #3U ........................................ 57 

UTable 3-17 COD mass balance during batch #3U ............................................................... 62 

UTable 3-18 Nitrogen mass balance during batch #3U ......................................................... 63 

UTable 3-19 Phosphorus mass balance during batch #3U ..................................................... 63 

UTable 3-20 Tested SVI values and zone settling velocity curve using Dick’s equation 

(average ± standard deviation)U ......................................................................................... 64 

UTable 3-21 OURs, sOURs and unit oxygen requirement for aerationU .............................. 70 

UTable 4-1 Average influent characteristics used for model simulationsU ........................... 79 

UTable 4-2 Summary of heterotrophic kinetic parameters at 20°C (average ± standard 

deviation)U .......................................................................................................................... 81 

UTable 4-3 Typical model parameters values and adjusted values from batch testsU .......... 82 

 



 

ix 

 

List of Figures 

UFigure 2-1 The population distributions of PAOs and GAOs as a function of pH and 

temperature with acetate as a single substrateU .................................................................. 10 

UFigure 2-2 Effects of process loading factor combined with aeration basin DO 

concentrations on the occurrence of bulking and nonbulking sludge in CAS systems.U ... 16 

UFigure 2-3 Effect of SRT on the fraction of dispersed biomass.U ...................................... 22 

UFigure 3-1 Process schematic of the pilot plantU ............................................................... 26 

UFigure 3-2 MLSS and influent TSS concentrations during batch #1U ............................... 34 

UFigure 3-3 TCOD concentration profile of influent and effluent during batch #1U ........... 37 

UFigure 3-4 Total nitrogen, ammonia and nitrate concentration profile of influent and 

effluent during batch #1U .................................................................................................... 41 

UFigure 3-5 Total phosphorus concentration profile of influent and effluent during batch 

#1U ...................................................................................................................................... 45 

UFigure 3-6 MLSS and influent TSS concentrations during batch #2U ............................... 47 

UFigure 3-7 TCOD concentration profile of influent and effluent during batch #2U ........... 49 

UFigure 3-8 TN and ammonia concentration profile of influent and effluent during batch 

#2U ...................................................................................................................................... 51 

UFigure 3-9 Total phosphorus concentration profile of influent and effluent during batch 

#2U ...................................................................................................................................... 53 



 

x 

 

UFigure 3-10 Total phosphorus average concentration in the different bioreactors during 

batch #2U ............................................................................................................................. 54 

UFigure 3-11 MLSS and influent TSS concentrations during batch #3U ............................. 56 

UFigure 3-12 TCOD concentration profile of influent and effluent during batch #3U ......... 59 

UFigure 3-13 Total nitrogen and ammonia concentration profile of effluent during batch #3U

........................................................................................................................................... 60 

UFigure 3-14 Total phosphorus concentration profile of influent and effluent during batch 

#3U ...................................................................................................................................... 61 

UFigure 3-15 Determination of true yield coefficient and biomass decay rate.U ................. 69 

UFigure 4-1 Model setup from the pilot system configuration using GPS-XU .................... 78 

UFigure 4-2 Kinetics parameters from the derived by linearization (a) bH’, (b) μmax,H.U ..... 80 

UFigure 4-3 Comparsion of predicted results and measured results at different SRTs (a) 

MLSS in the aeration tank, (b) MLVSS in the aeration tank, (c) Effluent TSS, (d) Effluent 

TCOD, (e) Effluent TN and (f) Effluent TP.U ..................................................................... 84 

UUFigure 4-4 Comparison of predicted results and measured results at different HRTs (a) 

MLSS in the aeration tank, (b) MLVSS in the aeration tank, (c) Effluent TSS, (d) Effluent 

TCOD, (e) Effluent TN and (f) Effluent TP. ..................................................................... 86 

Figure 4-5 Effect of HRT on the performance of steady-state concentration of ESS and 

MLSS with the SRTs of 2d and 3d. ................................................................................... 87 



 

xi 

 

List of Abbreviations 

A2/O       Anaerobic-Anoxic-Oxic process 

ASM       Activated sludge model 

bCOD  Biodegradable chemical oxygen demand 

bH   Heterotrophic endogenous decay coefficient 

bH’   Model heterotrophic endogenous decay coefficient 

BOD  Biochemical oxygen demand 

BNR       Biological nutrient removal 

CAS   Conventional activated sludge 

COD  Chemical oxygen demand 

DO   Dissolved oxygen 

EBPR       Enhanced biological phosphorus removal 

EPS     Extracellular polymeric substances 

fp          Fraction of biomass yielding particulate products 

HRT   Hydraulic retention time 

kd   Endogenous decay coefficient 

MBR  Membrane bioreactor 

MLSS  Mixed liquor suspended solids 

MLVSS  Mixed liquor volatile suspended solids 

NH3-N  Ammonia as nitrogen 

NO3-N  Nitrate as nitrogen 

NOx-N  Nitrous oxides as nitrogen 

OUR  Oxygen utilization rate 

PX,bio  Biomass as volatile suspended solids wasted per day 

Q   Influent flow rate 

Ro   Oxygen required 

rO2_ini       Initial oxygen uptake rate  



 

xii 

 

rSU   Substrate utilization rate 

rXT,VSS  Total volatile suspended solids production rate 

S   Effluent substrate concentration 

So   Influent substrate concentration 

SS          Readily biodegradable substrate 

SI   Inert soluble organic matter 

sOUR  Specific oxygen utilization rate 

SRT   Solids retention time 

SVI   Sludge volume index 

TN   Total nitrogen 

TOC   Total organic carbon 

TP   Total phosphorus 

TSS   Total suspended solids 

V   Volume of reactor 

VSS   Volatile suspended solids 

WWTP  Wastewater treatment plant 

X   Mixed liquor suspended solids 

XH0   Heterotrophic biomass concentration in the wastewater 

XS   Slowly biodegradable substrate 

Xo,I   Influent non-biodegradable volatile suspended solids 

XI   Inert suspended organic matter  

Y   True yield 

YH   Heterotrophic biomass yield 

Yobs   Observed yield 

ZSV   Zone settling velocity 

 

Greek Symbols 

μmax,H       Maximum heterotrophic specific growth rate 



 

1 

 

1 Introduction 

The removal of phosphorus and nitrogen were considered as an important facet for 

wastewater treatment because of their adverse impact on the water environment. In a 

wastewater treatment plant (WWTP), phosphorus and nitrogen can be removed through 

both biological and physical chemical processes. Compared to physical chemical means, 

biological removal of nutrients are preferable for its lower cost, reduced sludge 

production, more applicable sludge for land use and more “environmentally friendly” for 

energy-saving in public perception, which is referred as Biological Nutrient Removal 

(BNR) technology.   

In the past three decades, Biological Nutrient Removal (BNR) technology has been fully 

developed and widely used in the WWTP, including conventional A2/O, Five-stage 

Bardenpho process, modified UCT process and SBR process (Tchobanoglous et al., 

2003). These BNR processes are all based on activated sludge processes, which consist of 

a series of anaerobic, anoxic and aerobic zones for nitrification, denitrification, and 

biological phosphorus removal. The municipal wastewater treatment plants designed with 

the BNR process were capable to achieve high quality of effluent with total P below 0.25 

mg /L and total N 6 mg /L (Oldham & Rabinowitz, 2001). 

However, the municipal wastewater treatment plants are often considered as the largest 

consumers of energy in many communities, mainly because of the aeration for organic 

biodegradation (Stillwell et al., 2010). With increasing populations and aging 

infrastructure, energy consuming for wastewater treatment will probably become a 

significant issue in the future. In addition, energy contained in the wastewater as high as 
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7.6 kJ/L is hardly utilized but destroyed during the conventional treatment (Heidrich, et al., 

2011; Shizas & Bagley, 2004). Though the treatment cost and energy requirement has 

declined by 30% by optimizing the operational conditions and process modifications, 

further efforts to reduce process costs are yet desirable (Stillwell et al., 2010). Therefore, 

a new approach is proposed recently to retrieve the energy from the organics in 

wastewater. Under the operation at short solids retention time (SRT), the municipal 

wastewater treatment system is able to maximize the sludge production and convert 

organics in the sludge to methane via anaerobic digestion (Ng & Hermanowicz, 2005; 

Sutton et al., 2011). A successful application in a full scale wastewater treatment plant in 

Strass, Austria (Wett et al., 2007) has achieved high energy recovery with an "A-B" system 

to remove organic substrates and nitrogen respectively. This two stage system combines a 

short SRT of 0.5 days in the “A” stage for organics absorption with the “B” stage under 

SRT as long as 10 days for nitrogen removal. It reached a positive energy balance in 2005 

with no compromise on treatment efficiency. However, phosphorus removal wasn’t 

concerned in this process. 

In addition to energy recovery, this innovative approach shall also contribute to relieve the 

crisis of phosphate source which might occur near the year 2050 (Driver et al., 1999; Water 

Environment Research Foundation, 2010). Since short SRT is favorable for the phosphorus 

removal process, it is feasible to incorporate Enhanced Biological Phosphorus Removal 

(EBPR) into the A stage of two-stage system. As one of the Biological Nutrient Removal 

(BNR) technologies, EBPR process has several advantages over chemical precipitation 

with alum or iron salts, i.e., low sludge production rates, easy sludge disposal and further 
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application for agriculture. During the anaerobic digestion, the removed phosphorus in 

the biosolids can be recovered through the precipitation of struvite with released 

ammonia and magnesium under alkaline conditions. The formation product can serve as a 

slow release fertilizer with high quality (Shu et al., 2006).  

Currently, little is known about BNR system performance at extreme short SRTs (1-2d) 

when applying conventional activated sludge (CAS) process. Only a few literatures 

focused on the membrane bioreactors (MBRs). The major concerns in the short SRTs 

operation for CAS systems are the sludge settleability in the secondary clarifier as well as 

the performance of phosphorus removal while MBRs can achieve absolute solid 

separation. Ng et al. (2005) indicated that poor sludge settling properties in both systems 

result from the increase of non-flocculating microorganisms at shorter SRT. However, 

limited researchers studied CAS systems coupled with EBPR process and few attempt to 

address sludge settleability in the short SRT systems.  

This presented research aimed at developing and optimizing an A –stage system modified 

with EBPR process by varying the key operational parameters in terms of hydraulic 

retention time (HRT) and SRT to provide an evaluation for energy and nutrients recovery 

potential from municipal wastewater. The process performance was compared in terms of 

organics and phosphorus removal, sludge production and characteristics. Configuration 

evaluation was conducted by performing a steady-state model calibration and simulation 

with kinetic parameters obtained from batch tests combined with wastewater 

characteristics from pilot plant results. 
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2 Literature Review 

2.1 Enhanced Biological Phosphorus Removal Process 

The introduction of the biological nutrient removal (BNR) technology became the most 

significant advancement in the activated sludge technology not only because of its more 

economical and stable system but the advantages of energy reduction and less 

environmental impacts as well. However, although applying the BNR technologies, 

wastewater treatment plants still generally represent 0.1 to 0.3% of total energy 

consumption. Therefore, further wastewater treatment processes modification need to be 

investigated. Potential energy recovery from anaerobic digestion with biogas utilization 

and electricity generation has proved to be significant, in which the electricity 

consumption was reduced by 4.7 to 83% in Texas, United States (Stillwell et al., 2010).  

Phosphorus is the main cause of eutrophication as it greatly facilitates the proliferation of 

algae and further adversely affects the water body by reducing the light penetration and 

oxygen concentration (Shu et al., 2006). In order to protect the aquatic environments, 

phosphorus removal is more widely implemented in the wastewater treatment to meet the 

increasingly stringent emission standards. There are two processes that are commonly 

used to remove phosphorus to meet the standard requirement for discharge, chemical 

precipitation and enhanced biological phosphorus removal (EBPR). Chemical 

precipitation is to precipitate soluble phosphorus by adding chemical coagulants as ferric 

chloride, alum or calcium salts at different places during the treatment process (Mogens 

et al. 2008; Woods et al., 1999). It produces large sludge volume with limited further use 

as well as high expenses of the sludge disposal. On the contrary, EBPR outcompetes the 
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chemical precipitation in both economical and ecological perspective. The advantages 

include less sludge generation, wide application in the land use, profitable fertilizer 

production potential (Grady Jr et al., 2011). It was reported high effluent quality has been 

achieved in the Dutch EBPR plants with phosphorus concentration as low as 0.1mg/L 

without chemical trimming (Oleszkiewicz & Barnard, 2006). Consequently, chemical 

precipitation is commonly applied after the EBPR for effluent polishing as a current 

practice in the wastewater treatment plants in the North America.  

2.1.1 Mechanisms  

EBPR refers to a system that influent wastewater first enters an anaerobic bioreactor and 

then an activated sludge bioreactor, and finally was settled with partially recycled sludge 

to the anaerobic tank. There are two groups of microorganisms present in the EBPR 

systems. One is to convert and utilize the organic substrate by consuming oxygen, called 

the ordinary heterotrophic organisms (OHOs). In addition to OHOs, phosphorus 

accumulating organisms, known as PAOs, play a significant role in releasing 

phosphorous by consuming volatile fatty acids (VFAs) to form poly-β- 

hydroxyalkanoates (PHAs) at anaerobic conditions, followed by taking up excess 

phosphorous and storing internally as polyphosphate under aerobic conditions. The 

enriched-P biomass is wasted from the aerobic tank to achieve phosphorus removal 

(Rittmann, 2001). The involved PAO metabolisms were comprehensively reviewed in the 

literature (A. Oehmen et al., 2007). In general, the anaerobic tank acts as a fermentation 

zone for VFA production and a microorganism selector. The OHOs are unable to compete 

with PAOs for VFAs in the anaerobic tank with absent nitrate and oxygen in the system.  
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A number of configurations were developed and implemented during the past 40 years, 

including PhoStrip® system, Modified Bardenpho, Phoredox system, University of Cape 

Town system and Johannesburg system (Levin et al., 1972;  Barnard, 1976; Tetreault et 

al., 1986; Daigger et al., 1987; Pitman, 1991). All these innovations followed the 

principles of EBPR optimization that using multiple series of mixed reactor to make 

anaerobic zone independent of nitrate.  

2.1.2 Key Process Parameters  

The success of enhanced biological phosphorus removal process depends on the growth 

of PAOs, which are related to three factors, (1) COD to Phosphorus Ratio. (2) Minimal 

Aerobic SRT and (3) Anaerobic volume fraction. Besides, other operational conditions 

that affect the competition between PAOs and glycogen accumulating organisms (GAOs) 

will be discussed in this section.  

2.1.1.1 COD to Phosphorus Ratio 

The amount of readily biodegradable COD (RBCOD) especially VFAs as a carbon source 

has been proven of great importance on the performance of EBPR (Comeau et al., 1986; 

A. Oehmen et al., 2007; Ruel et al., 2002). The availability of VFAs determines the 

selection of anaerobic SRT typically between 0.5 to 3 days (Liner & Grady Jr., 1997). At 

20℃, the presence of sufficient VFAs makes anaerobic SRT as short as 0.5 days while 

longer anaerobic SRT is required for hydrolysis of slowly biodegradable substrate if 

VFAs are insufficient in the wastewater (Grady Jr et al., 2011). Approximately 7 to 10 mg 

acetic acid is required for 1 mg phosphorus removal (Wentzel et al., 1988; Wentzel, Dold, 
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Ekama, & Marais, 1989; Wentzel, Ekama, Loewenthal, Dold, & Marais, 1989). 

Conversely, Randall et al. (1992) and Liu et al. (1997) found that higher influent 

phosphorus concentration, corresponding to less limited phosphorus uptake in the 

aerobic-phase, produced a higher polyphosphate accumulating activity. To achieve the 

better phosphorus removal, influent phosphorus shall be excessive, i.e., effluent 

phosphorus > 1 mg/L (A. J. Schuler & Jenkins, 2003). Therefore an appropriate range of 

8.3mg acetate COD/mg phosphorus in the influent was suggested to achieve the complete 

phosphorus uptake by Schuler and Jenkins (2003). The RBCOD fraction of the influent 

(unsettled municipal sewage) can be augmented by addition of acetate to achieve 

complete phosphorus removal while economic cost needs to be considered. 

2.1.1.2 Aerobic SRT 

For the soluble substrate removal, sufficient SRT is required for both degradation and 

bioflocculation. The substantial removal of soluble substrate can be achieved at very 

short SRT and little difference is found at SRTs above 2 days (Grady Jr et al., 2011). On 

the other hand, Grady Jr et al. (2011) suggested 1-2 days SRT to ensure bioflocculation 

for the domestic water. 

As discussed above, storage of VFAs as PHAs in the anaerobic zone occurs rapidly 

(Wentzel et al., 1990). The anaerobic SRT can be as short as 0.5 day at 20°C as long as the 

present VFAs are sufficient in the wastewater (Liner & Grady Jr., 1997). Meanwhile, 

because the growth of PAOs only occurs at aerobic condition, the aerobic retention time 

dominates the P removal process. A minimal aerobic retention time is required for PHA 
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consumption with high dependence on the temperature. Brdjanovic et al. (1998) reported 

a minimum aerobic time of 3 days at 20°C in a SBR system. In a CAS system, the limiting 

aerobic SRT to avoid PAOs washout is 1.5 days at 20°C (Mamais & Jenkins, 1992). Grady 

Jr et al. (2011) revealed excellent phosphorus removal took place when SRT is above 1.8 

days based on the model simulation. The discrepancy between the studies may result from 

different operation conditions, such as pH, organic substrate feeding type, reactors 

configuration. The selected SRT must exceed the minimum aerobic SRT to ensure EBPR, 

however, excessive SRT will also deteriorate the performance of EBPR. SRT longer than 

three days will cause the growth of undesirable nitrifying bacteria (Tchobanoglous et al., 

2003). The entry of nitrate into anaerobic zone provides an electron acceptor for ordinary 

heterotrophic organisms (OHOs) to effectively compete with PAOs for readily 

biodegradable substrate (Mulkerrins et al., 2003). In such case, a decrease in biological 

phosphorus removal is usually observed with limited amount of stored substrate and PHA 

storage in PAOs. As a result, a desirable SRT for EBPR is considered to avoid the PAOs 

wash-out as well as nitrification activity.  

 

2.1.1.3 Anaerobic volume fraction 

The concentration of PAOs can be maximized by an optimal anaerobic volume fraction. 

For a fixed reactor volume, the increase of anaerobic volume fraction favors PAOs in the 

competition with OHOs, corresponding to the increase of phosphate release and the 

decrease of aerobic SRT. However, further increase of the anaerobic tank will cause the 
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PAOs washing out if aerobic SRT is below the minimal value and eventually no EBPR 

would be obtained. At SRT of 8-10 days, a minimum aerobic volume fraction of 19% is 

suggested for good flocculation (Hu et al., 2003). Conversely, the anaerobic volume 

fraction should excess a minimal value to ensure sufficient time for VFA uptake by PAOs 

and eliminate the growth of nitrifying bacteria. This is confirmed by Matsuo (1994) that 

extending anaerobic SRT improved phosphorus removal by facilitating PAOs with 

anaerobic substrate uptake over OHOs. A simulation based on A/O process indicated an 

anaerobic volume fraction between 22 and 58% allowed the best phosphorus removal 

with 4-days SRT and specific wastewater characteristics (Grady Jr et al., 2011). 

Approximately 16 to 25% of the anaerobic volume fraction was applied in Dutch EBPR 

plants (Oleszkiewicz & Barnard, 2006). A minimum aerobic mass fraction of about 19% 

is required for good floc formation. However, Mogens et al. (2008) indicated first order 

of the conversion of fermentable COD limited increasing potential of phosphorus 

removal after the anaerobic mass fraction increased above 15%.  

 

2.1.1.4 Competition between PAOs and GAOs 

GAOs are able to compete with PAOs for the acetate during anaerobic phase but make no 

contribution on the phosphorus uptake in the aerobic phase, which have been found in 

many EBPR systems (Schuler et al., 2003). The model developed for metabolic 

mechanism of GAO can be found elsewhere (Hesselmann et al., 2000; Zhou et al., 2008). 

Several authors have studied on the selective pressures in terms of pH and temperature 
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that affect the growing environment for PAOs and GAOs. Increasingly pH doesn’t affect 

the growth of PAOs while it causes decreased acetate uptake rate of GAOs, therefore, 

PAOs were found to dominate in an alkaline environment (Filipe et al., 2001; A. Oehmen 

et al., 2005). Regarding the effect of temperature on the competition between PAOs and 

GAOs, lower temperatures favor PAOs over GAOs and GAOs dominate in a warm 

condition with temperatures between 20-36℃ (Panswad et al., 2003; Whang and Park, 

2006). Lopez-Vazquez et al. (2009) summarized the effects of pH and temperature on the 

competition between PAOs and GAOs using acetate as a single feeding in Figure 2-1.  

Te
m

pe
ra

tu
re

 

30℃ GAO GAO 
GAO 

PAO 

20℃ 
GAO 

PAO 

GAO 

PAO 
PAO 

10℃ PAO PAO PAO 

 6.0 7.0 7.5 

   pH  

Figure 2-1 The population distributions of PAOs and GAOs as a function of pH and 

temperature with acetate as a single substrate (Lopez-Vazquez et al., 2009) 

 

2.2 Short SRT Systems 

2.2.1 Current State of Research  

The conventional activated sludge system is typically operated with SRT ranging from 
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3-15 days and HRT ranging from 4-8 hours to achieve both organics matter and nutrients 

removal (Grady Jr et al., 2011). SRTs longer than 3 days are usually chosen mainly for 

nitrogen removal. Besides, the system with longer SRT is often considered to produces 

less biomass, which can reduce the disposal cost of sludge. Recently, a research shift 

turning to short SRT systems are becoming prevalent for the advantageous potential of 

energy recovery.  

Table 2-1 summarizes the current studies on short SRT systems. The performance of these 

short SRT systems in terms of soluble COD and nitrogen was investigated. In the MBR 

systems, above 95% removal efficiencies of COD were not affected by SRT above 3 days 

(Duan et al., 2009; Xia et al., 2012). Cicek et al. (2001) reported a dramatic increase in the 

effluent COD concentration from 3.54 to 22.9 mg/L for SRT from 5d to 2d. A similar 

finding by Trussel et al. (2006) was that a constant effluent COD concentration around 

24mg/L for SRT above 2 days while it increased to 34mg/L with 2 d SRT. These results are 

consistent with the typical minimal SRT of 2 days for the complete soluble organic removal 

(Tchobanoglous et al., 2003). Ng and Hermanowicz (2005) studied short SRT effect in a 

CAS system and found organics removal efficiency increased from 77.5% to 92.8% when 

SRT increased from 0.25d to 5d. The lower removal efficiencies at SRT below 2.5d 

resulted from high effluent suspended solids (SS). It was mainly caused by poor 

settleability where bioflocculation was incomplete. Frank et al. (2008) reported a 

full-scale three stage BNR system being operated at a short SRT of 0.9d and HRT of 3.7h 

removed 90% of the organics with the average effluent concentration of 45mg/L.  
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Table 2-1 Current state of the research on short SRT systems 

Scale Treatment type SRT(d) HRT 

(h) 

Wastewater Type Reference 

Lab(3.5L) Continuous  
CAS, MBR 

0.25, 0.5, 2.5, 5 3,6 Synthetic Ng & Hermanowicz 
(2005) 

Lab(15L) A/O-MBR 3, 5, 10 10 Municipal after 
screen 

Ng et al. (2006) 

Lab(4L) MBR 3, 5, 10 6 Synthetic  Duan et al. (2009) 

Lab(6L) A/O-MBR 3, 10 6,12  Synthetic Xia et al. ( 2012)  

Lab(40L) MBR 2, 5, 10 6 Synthetic Cicek et al. (2001) 

Pilot(265L) MBR 1.5, 2,3,4,5 4 Municipal 
primary effluent 

Trussell et al. (2005) 

Pilot(1514L) MBR 2, 3, 4, 5, 10 1-4 Municipal 
primary effluent 

Trussell et al. (2006) 

Lab(4L) MBR 1 8 Synthetic Shen et al. (2010) 

Lab(2.8L) MBR 0.25, 0.5, 1 1.2 Municipal after 
screen 

Akanyeti et al. (2010) 

Lab(10L) SBR 2,5,10 12 Synthetic Jarusutthirak & Amy 
(2006) 

Full 
scale(4000L) 

A/B  0.4-1.0 2 Municipal Haider et al. (2003) 

Full 
scale(3000m3) 

High rate 
activated sludge 

0.9, 1.5 3.1, 
3.7 

Municipal Frank et al. (2008) 

Lab (60L) SBR, MBR 0.5, 1,2,3 48 Synthetic Harper et al. (2006) 

 

Regarding to the TN and NH4-N removal, decreased removal efficiencies were also 

observed at SRTs below 3 days (Trussell et al., 2006; Xia et al., 2012). The nitrification 

was reported to be partially complete in the range of 2 to 2.5 days (Cicek et al., 2001; Ng 

& Hermanowicz, 2005). The conclusion can be drawn based on these findings that for 
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SRT values in excess of this range, complete nitrification can be achieved depending on 

the temperature, which is supported by Tchobanoglous et al. (2003).  

As seen in Table 2-1, most of these studies focused on the SRTs larger than 3 days, in 

which decay of biomass already starts to play a significant role for substrate oxidation 

(Tchobanoglous et al., 2003). It is also found that most studies related to short SRTs 

focused on MBR system mainly because the absolute retention makes it independent of the 

settleability of the biomass. The feasibility of MBR application in short SRT systems 

needs to be further investigated.  

According to the current state of art, little was known about the performance as well as 

sludge settleability in a CAS system operated at short SRTs and HRTs. Moreover, none of 

these studies addressed the concern with biological phosphorus removal process at such 

operating conditions. The additional anaerobic reactor might have a significant influence 

on the microbial community and therefore affect the performance and sludge settleability.  

2.2.2 Energy Recovery and Cost Reduction 

The wastewater is increasingly recognized as a renewable resource instead of waste to be 

treated. An estimate of 6.3 kJ/L to 7.6kJ/L for internal chemical energy in the domestic 

wastewater was reported by Shizas & Bagley (2004) and Heidrich et al. (2011). The 

sustainable approaches to extract such substantial content of energy from the wastewater 

include sludge anaerobic digestion, incineration of sludge and microbial fuel cells 

(Rozendal et al., 2008). The anaerobic digestion stands as the most promising option 

among them for its practical application (Akanyeti et al., 2010; Shizas & Bagley, 2004). 
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The advantages of anaerobic digestion for sludge disposal can be given as a few, for 

example, small footprint, reduced sludge production, good disinfection capability for 

agricultural use, the capacity for high volumetric loading rates, and significant energy 

production. Wasted sludge is digested under anaerobic environment to produce biogas, 

which can be further transformed to electrical and thermal energy via gas turbine 

technology (Appels et al., 2008). Some wastewater treatment plants are taking successful 

practices to reduce energy consumption and even becoming self-sufficient (Wett et al., 

2007).   

The key to achieve this approach is to let system be operated at very short SRT. 

Theoretically two mechanisms are involved in the removal of organic substrates, 

biodegradation and incorporation into the biomass. Due to slow hydrolysis rate of 

particulate organic matter, the growth of biomass only occurs on the soluble substrates 

resulting in high observed yield at SRT of 1 day (Grady Jr et al., 2011). Meanwhile, 

energy consumed by microorganisms is only for cell synthesis. As the SRT increasing, 

more energy is used for maintenance and less sludge is produced. In order to get more 

biogas and energy production, short SRT operation is required for the minimized 

oxidation of the particulate substrates and maximized sludge production to improve the 

quality and quantity of biomass. It was shown that increased methane content of digester 

gas from approximate 59 to 62% attributed to higher portion of short SRT sludge (Wett et 

al., 2007). Akanyeti et al. (2010) also reported a much higher conversion efficiency of 64% 

from the sewage COD methane COD compared to a maximum value of 40% for digestion 

of the mixed primary and secondary sludge in a conventional activated sludge system. 
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Though the increased sludge production might require high capability of sludge 

processing system, the goal of biomass reduction can be achieved eventually when taking 

anaerobic digestion as a whole consideration.  

Another feather of short SRT systems is the reduction of oxygen requirement associated 

with nitrification, which will significantly reduce the aeration cost which account for up 

to 60% of total energy consumption in wastewater treatment (Mizuta & Shimada, 2010). 

With the increasing SRT, more active biomass synthesis takes place with cell decay, 

resulting in less solids production at the cost of higher oxygen consumption. As SRT 

increases, the oxygen requirement increases rapidly before the nitrification is well 

established (Grady Jr et al., 2011). Some researchers reported a reduction the oxygen 

requirement by 10-30% was found in the EBPR systems but the mechanism needed to be 

investigated (Barker & Dold, 1995; Wable & Randall, 1994). One possible explanation is 

the denitrifying PAOs used nitrate instead of oxygen as electrical acceptor for phosphorus 

removal, resulting in less oxygen requirement (Kuba et al., 1996; A. Oehmen et al., 

2007). 

In addition, coupled short SRT systems with short HRT, high biomass concentration with 

high loading rate can be obtained; thereby small footprint bioreactors are feasible. 

However, systems with high loading rate will easily cause the excessive growth of 

filamentous bacteria and associated bulking problems if dissolved oxygen (DO) residual 

concentration is limited (Palm et al., 1980; Wilén & Balmér, 1999). Figure 2-2 illustrated 

the effect of DO residual concentration and process loading factor on the bulking sludge. 

It is shown that with process loading factor of 1.6 kg COD removed/ (kg MLVSS·day), it 
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requires DO concentration in the aeration basin over 5.5 mg/L to prevent bulking sludge 

which is much higher than the typical value of 2 mg/L (Tchobanoglous et al., 2003). 

Because of the DO gradient throughout the floc particle, the DO concentration within the 

floc is lower than that in the measured bulk solution. Meanwhile, the increasing of 

loading rate results in faster oxygen uptake rate of biomass, and therefore higher DO 

concentration in the bulk solution is required to ensure the sufficient DO to penetrate the 

whole floc particle.  

 
Figure 2-2 Effects of process loading factor combined with aeration basin DO concentrations on 

the occurrence of bulking and nonbulking sludge in CAS systems (Grady Jr et al., 2011; Palm et 

al., 1980) . 

2.2.3 Phosphorus Recovery  

Phosphorus must be removed from the wastewater to prevent eutrophication, but on the 

other hand, it is a key nutrient for living things, especially for crop growth (Shu et al., 
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2006). Each year, 40 million tons of P as phosphate rocks (P2O5) is consumed in the 

world (Steen, 1998). Furthermore, it is reported that the gap between the limited 

resources of high grade phosphate rocks and increasing phosphorus demand due to the 

rapid growing world populations becomes prominent recently and it will be getting worse 

in the 50 years (Driver et al., 1999). Unfortunately, no substitute was found for 

phosphorus in nature (Shu et al., 2006). To relieve the crisis of the phosphate resources in 

the near future, sewage is considered as one of the main recovery source of pure 

phosphate materials. The most frequently applied process for phosphorus recovery from 

wastewater is struvite precipitation not only for its fertilizing properties but also because 

of the wastewater environment nature for struvite formation in the sludge digestion 

systems (Doyle & Parsons, 2002; Le Corre et al., 2009). The struvite crystals form with 

the presence of magnesium, phosphate and ammonium under the alkalinity condition. 

Other advantages of phosphorus recovery by struvite precipitation include the nutrient 

pollution reduction (both P and N), the sludge production reduction, chemical cost 

reduction and potential commercial product for the fertilizer industry, which make it as an 

attractive and sustainable technology economically and ecologically ( Le Corre et al., 

2009; Shu et al., 2006) The model simulation showed a significant portion of 8-31% of 

sludge generation can be reduced (Le Corre et al., 2009; Woods et al., 1999). It was also 

estimated that 1kg of struvite can be recovered from 100m3 of wastewater which 

annually contribute to recover more than 90% of dissolved phosphorus from anaerobic 

digestion, reduce the phosphate rock mining by 1.6% and save sludge disposal fee by 

AUD $1.133/d (Shu et al., 2006).  
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As discussed previously, short SRT should be applied for the EBPR system to minimize the 

likelihood of nitrification as well as maximize the excess biomass production for excellent 

phosphorus removal. Whang (2006) reported that the efficiency of EBPR has been 

improved after sludge age reduced from 5 days to 3 days. It is consistent with a minimum 

SRT of 2.9 days found by Mamais & Jenkins (1992) at 20°C to ensure EBPR. However, 

most of the researches on these short SRT systems only investigated the removal of organic 

substrates and nitrogen but failed to look at the potential of phosphorus removal.  

 

2.2.4 Sludge Separation Process and Settleability 

The conventional activated sludge process consists of bioreactors and secondary clarifier 

for gravity sedimentation, which is most commonly implemented in the wastewater 

treatment plant. However, increasing stringent requirements on effluent quality make the 

membrane bioreactor (MBR) technology more attractive. It allows high volumetric 

loading rates and small reactors, and produces excellent effluent quality with low sludge 

production (Le-Clech, Chen, & Fane, 2006). Most importantly, complete solids-liquid 

separation independent of sludge settleability is considered to make MBR more feasible 

under short SRT operation (Ng & Hermanowicz, 2005). However, high operating and 

maintenance costs caused by membrane fouling are known as the major limitation for 

application of MBR technology in the worldwide. Extreme low SRTs systems were 

reported to have higher membrane fouling potential (Ng et al., 2006; Snider-Nevin, 2013). 

Trussell et al. (2006) found fouling rate increased by 10 times when SRT decreased from 
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10 to 2 days. Therefore, operating MBRs under short SRT conditions is not an ideally 

economical approach. Compared to MBR, sludge from CAS has larger flocs due to select 

pressure from gravity settling, giving higher EPS contents and less filamentous bacteria 

(Merlo et al., 2007). Hall et al. (2010) indicated the clarifier separation contributed a 

greater bacterial diversity in the CAS systems which will benefit the metabolic activities 

of PAOs and therefore the phosphorus removal performance. In particular, shorter SRTs 

systems produced a greater diversity than those operated at longer SRTs (Saikaly et al., 

2005). More importantly, higher observed yield and denitrification capacity were also 

found in the CAS system, indicating the higher potential to achieve the goal of energy 

recovery and phosphorus removal (Monti et al., 2006). Therefore, CAS process might be 

more promising coupled with short SRT system as long as the sludge settling property is 

not a drawback.  

The sludge settleability is the key for successful application of the conventional activated 

sludge process. Good settleability of sludge allows sludge floc settle and compact well in 

the secondary clarifier and return to the aerobic tank with low suspended solids in the 

effluent. Sludge volume index (SVI) is most commonly used to evaluate the settleability. 

Table 2-2 illustrates the typical criteria for the evaluation of sludge settleability. Because 

SVI doesn’t always represent the actual settling characteristics especially at high 

concentrations, the settling velocity tests are often performed for detailed information and 

calibration (Cho et al., 1993; Dick & Vesilind, 1969).  

Table 2-2 Relationship between SVI and activated sludge settling characteristics (Grady Jr et al., 

2011) 
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SVI Range ( mL/g) Sludge Settling and Compaction Characteristics 

<80 Excellent 

80-150 Moderate 

>150 Poor 

 

The effects of different factors on zone settling velocities of the biomass have been 

studied, including organic loading, extracellular polymeric substances (EPSs), biomass 

density. The effects of these factors associated with short SRT and HRT, and coupled with 

EBPR are presented in the following section. 

The studies on the impact of organic loading rate or SRT on the floc size are controversial. 

Increasing organic loading rate has been reported to give larger flocs, resulting in high 

Zone settling velocity (ZSV) (Barahona & Wesley Eckenfelder, 1984) which was 

confirmed by Barbusiński & Kościelniak (1995).  Wilén et al. (2008) also observed the 

positive effect of loading rate on the floc size with low SVIs during the period of 

by-passed primary settlers. In addition to mean particle diameter, the biomass content as 

well as colloidal hydrophobicity also increased with organic loading rate (Shen et al., 

2010). In contrast, dispersed growth of bacteria and pin-point flocs are often found in the 

short SRT systems. Ng et al. (2005) indicated high food to microorganism ratios (F/M) 

caused by low SRTs contributed to increasing SVI while Liao et al. (2006) found floc size 

distribution was not relevant to the variation in F/M in the sequencing batch reactors 

(SBRs). On the other hand, Andreadakis et al. (1993) and Lee et al. (2003) found that floc 

size became smaller as the SRT decreased. Moreover, smaller particle size improved 

dewaterability in the SBRs at extreme low SRTs due to lower content of bound water 
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(Harper et al., 2006; Jin & Lant, 2004). It was also reported the floc size decreased when 

SRT decreased from 5 days to 2.5 days but further reduction of SRT to 1.25 days resulted 

in the increase of average floc diameter (Wilén & Balmér, 1999).These different results 

indicated the effect of organic loading rate and SRT on the floc size depends on the range 

of F/M or SRT tested (B. Q. Liao et al., 2006).  

The formation of flocs involves two processes: aggregation and bioflocculation where 

extracellular polymeric substances (EPSs) were found to play a crucial role in the 

aggregation of individual bacteria into floc particles (Urbain et al., 1993). Empirically 

system operated at low SRT is usually characterized by poor sludge settleability due to 

inadequate time for effective bioflocculation (Grady Jr et al., 2011). Figure 2-3 that the 

fraction of dispersion in the activated sludge was drastically decreased with the increased 

SRT and became constantly low at SRTs above 3 days (Bisogni JR & Lawrence, 1971). It 

was confirmed by Ng & Hermanowicz (2005) that settleability of sludge was 

significantly improved in terms of SVI from 1450 mL/g at 0.25 day to 195 mL/g at 2.5 

days. Accordingly, the amount of EPS also increased as the SRT increased. At extreme 

short SRTs, it is likely that the rate of new biomass generation exceed the rate of EPS 

production resulting in incomplete bioflocculation. Low EPSs concentration is caused by 

the absent slow growing bacteria such as protozoa which is responsible for EPS 

production in the short SRT systems. However, the reverse trends were observed in the 

operations at SRTs ranging from 3 days to 80 days that shorter SRTs facilitated more EPS 

production per unit of biomass (Ng et al., 2006; Nuengjamnong et al., 2005). The possible 

explanation is that there exists a threshold SRT that beyond this value EPS production 
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exceeds new biomass generation. Besides, excess substrates available at shorter SRT are 

converted into EPS as well as intracellular storage granules as a result of higher EPS 

production (Merlo et al., 2007; Ng et al., 2006).  

 
Figure 2-3 Effect of SRT on the fraction of dispersed biomass (Bisogni JR & Lawrence, 1971). 

A.J. Schuler & Jang (2007) reported a positive relationship between density and 

settleability where density was closely related to phosphorus content, nonvolatile 

suspended solids (NVSS) content and filament content. Poor settleability is found to be 

associated with lower density, more open floc shape and high filament index. Furthermore, 

high polyphosphate contents of biomass contributed to the high density especially in the 

EBPR systems, which were in agreement with the previous studies (Wilén et al., 2003). 

Results indicated that density increased by 0.0051 g/mL and 0.0012 g/mL with the 

increase of 1% in phosphorus content from the full-scale plants and bench-scale systems 

individually (A. J. Schuler et al., 2001; A. J. Schuler & Jang, 2007). The results from the 

non-EBPR plants indicated longer SRT were associated with higher NVSS content 
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because of the increasing significance of endogenous respiration and decreasing active 

biomass content.  Interestingly, SRT didn’t correlate to NVSS content in the EBPR 

systems where polyphosphate content played a more significant role in this work. Matsuo 

(1994) observed an adverse effect of long SRT on the sludge settleability in an EBPR 

system due to the excessive proliferation of the entangled filament bacteria.  

 

2.2.5 Coupled Process for Nitrogen Removal 

Although short SRT systems have the potential for high energy recovery and better 

phosphorus removal, it can’t achieve nitrogen removal when SRT below 3 days because of 

the absence of nitrification (Tchobanoglous et al., 2003). A separate stage for nitrogen 

removal is required to operate at sufficient SRT to ensure the growth of nitrifying bacteria. 

Wett et al. (2007) reported A/B stage process is applied at the WWTP in Strass, Austria. 

Stage A was operated at SRT of 0.5 days which shunted 55-65% of the organic loading, 

followed by a B-stage 10 d SRT anoxic-aerobic sludge system which successfully achieved 

80% nitrogen removal with effluent ammonia < 5 mg/L. Combined with other operational 

optimizations, electricity generation from the methane production by short SRTs system 

is able to supply the energy for the whole plant.  
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3 Performance of a Conventional Activated Sludge System with Enhanced 

Biological Phosphorus Removal 

3.1 Introduction 

Recently, use of biological nutrient removal technology operated at extremely short sludge 

residence times (SRTs from 0.5 to 3 days) to maximize the conversion of organic matter 

into recoverable biomass raised widely concerns (Akanyeti et al., 2010; Ng & 

Hermanowicz, 2005; Wett et al., 2007). To remove phosphorous from municipal 

wastewater, biological phosphorous removal can be facilitated by applying anaerobic 

pretreatment followed by aerobic biodegradation. In addition to biomass yield, their 

process performance will be compared in terms of organics substrate, nitrogen and 

phosphorous removal. However, very little is known about the influence of key operational 

parameters such as SRT, HRT, organic loading rates on the process performance of CAS 

systems and related sludge characteristics need to be examined later. 

The characteristics of wastewater influent are considered to be one of the most crucial 

factors on the performance of BNR processes, such as temperature, pH, COD and nutrients 

compositions. As for phosphorus removal, readily biodegradable organics can be rapidly 

taken up and stored by PAOs in the anaerobic zone, thereby providing energy to increase 

the phosphorus content of the MLSS in the aerobic zone. At short SRT systems, the 

availability of readily biodegradable organics in terms of VFAs is only considered for 

PAOs growth whereas the hydrolysis of slowly biodegradable substrate is not significant. 

it will adversely affect the PHA formation and consequently phosphorus uptake of the 

PAOs. Therefore, the VFA is augmented in the anaerobic zone to ensure the EBPR If the 
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present VFA is insufficient in the wastewater which can be supplied by byproducts from 

anaerobic sludge digestion. 

The purpose of this chapter is to present the evaluation of the performance of a pilot scale 

biological phosphorus removal from municipal wastewater at short SRT and HRT 

conditions. The concentration profiles of COD, nitrogen, phosphorous, biomass 

production and sludge settling ability along the system were examined. The influence of 

key operational parameters in terms of SRT and HRT on system performance and 

associated energy recovery potential were also assessed. 

3.2 Materials and Methods 

3.2.1 Pilot Plant Setup and Operation 

Figure 3-1 shows the process flow diagram of the pilot plant installed at the City of Guelph 

wastewater treatment plant. It consists of an influent tank, three units of a bioreactor with 

anoxic and anaerobic zone in sequence, an aerobic bioreactor followed by a secondary 

clarifier. The water level of the whole system is controlled by gravity flow with the 

effective volumes in the cylinders. The mixing in the anoxic and anaerobic tank was 

provided by a mechanic mixer with two three-blade paddle at the speed of 125-145 rpm. 

The aerobic bioreactor was continuously aerated by using coarse bubble diffusers. 

Therefore, both reactors were considered to be completely mixed. The secondary clarifier 

is a conical bottom tank installed with a cyclic rotate mixer at the speed of 20 rpm for 10 

seconds every 2 minutes with a digital timer (model 451, Gralab, USA) to avoid the 

formation of solids clumps at the bottom.  
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Due to the undesirable high concentration of nitrate and dissolved oxygen in the influent, 

the anoxic zone was installed before the anaerobic zone to minimize the adverse effect on 

the growing of PAOs to get better performance of EBPR. 

 

Figure 3-1 Process schematic of the pilot plant 

The pilot plant was initially seeded with activated sludge from the City of Guelph 

Wastewater Treatment Plant’s activated sludge bioreactor at an initial concentration of 

about 2 g/L. The plant was then fed with the primary influent after a microscreen while 

keeping a constant flow rate according to the HRT and effective volume of the reactors. 

Concentrated sludge in the secondary clarifier was settled by gravity and pumped to the 

anaerobic bioreactor. The wasted sludge was directly pumped from aerobic tank for 30 
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seconds every 15 minutes with a digital timer (model 451, Gralab, USA) to alleviate the 

influence of sludge wasting on the bacteria community. Table 3-1 to Table 3-3 summarize 

the test apparatus and key process parameters for three batches.  

Table 3-1 Pilot plant operating conditions of batch #1 – varying SRT with the same HRT 

 

Table 3-2 Pilot plant operating conditions of batch #2 – varying HRT with the optimal SRT  

Parameter Units Operating condition 

SRT d 1.5 3.0 4.5 

HRT  h  2 

Duration  d  62 

Influent flow  L/h  9.2 

Total volume  L  18.4 

Anoxic mass fraction - 0.15 

Anaerobic mass fraction - 0.17 

Aerobic mass fraction - 0.68 

Recirculation ratio  - 1.5 

Recirculation flow  L/h  13.8 

Settling tank HRT h  2.17  

VFA mg/L 50 

Parameter Units Operating condition 

SRT d 2.0 

HRT  h 1 2 3 

Duration  d  40 

Influent flow  L/h  18.4 9.2 6.1 

Total volume  L  18.4 

Anoxic mass fraction - 0.15 

Anaerobic mass fraction - 0.17 

Aerobic mass fraction - 0.68 
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Table 3-3 Pilot plant operating conditions of batch #3 – varying SRT, HRT and SRT/HRT ratios 

 

3.2.2 Wastewater Characterization 

The samples after the 1 mm microscreen are collected daily to represent the average 

wastewater characteristics. For each sample, in-situ measurements were made for 

temperature. pH and oxidation reduction potential (ORP) were measured daily with a 

portable pH meter (sensION156, Hach, USA). For dissolved oxygen (DO) a DO meter 

Recirculation ratio  - 1.5 

Recirculation flow  L/h  27.6 13.8 9.2 

Settling tank HRT h 1.09 2.17 3.26 

VFA mg/L 50 

Parameter Units Operating condition 

SRT d 2.0 2.0 3.0 

HRT d 1.0 1.5 1.5 

SRT/HRT - 48 32 48 

Duration  d 64 

Influent flow  L/h 18.4 12.3 12.3 

Total volume  L 18.4 

Anoxic mass fraction - 0.15 

Anaerobic mass fraction - 0.17 

Aerobic mass fraction - 0.68 

Recirculation flow  L/h 27.6 18.4 18.4 

Recirculation ratio  - 1.5 

Settling tank HRT h 1.09 1.63 1.63 

VFA mg/L 50 



 

29 

 

(Model 52, YSI Incorporated, USA) was used. Biochemical oxygen demand (BOD5), total 

chemical oxygen demand (COD), total suspended solids (TSS) and volatile suspended 

solids (VSS) were determined according to Standard Methods (APHA, 2012). Total 

nitrogen (TN) was analyzed by using a TOC analyzer (Model TOC-Vcsh, Shimadzu, Japan) 

coupled with a total nitrogen unit (TNM-1, Shimadzu, Japan). Nitrate nitrogen, ammonia 

nitrogen and total phosphorous were measured based on Hach methods (Test’NTube, Hach, 

USA). Table 3-4 summarizes the main characteristics of influent during the three batches 

of the experiment.  

COD, nitrogen and phosphorous fractions determination 

According to the framework proposed for biological wastewater treatment models, 

Equation 3-1 shows that the influent organic substrate quantified by COD is partitioned 

into two main fractions: biodegradable, nonbiodegradable substrate. The biodegradable 

COD is further divided into two subfractions: readily biodegradable (SS) and slowly 

biodegradable (XS) COD. The nonbiodegradable COD is made up of inert suspended 

organic matter (XI) and inert soluble organic matter (SI).  Readily biodegradable COD 

consists of volatile fatty acid (VFA) and fermentable biodegradable COD. 

Total COD = SS + XS + XI + SI           Equation 3-1 

where SS is readily biodegradable substrate; XS is slowly biodegradable substrate; XI is 

inert suspended organic matter; SI is inert soluble organic matter.  

The total soluble COD and inert soluble COD (XI) in the influent were determined by 

measuring the truly soluble COD in the raw influent and effluent from an activated sludge 
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system with SRT greater than 3 days (Ekama et al., 1986). For the truly soluble COD, a 

physical flocculation method proposed by (Mamais, Jenkins, & Prrr, 1993) was used. 

Readily biodegradable COD was termed as the difference between influent total truly 

soluble COD and inert soluble COD (SI). Biodegradable COD was estimated by measured 

five-day BOD and typical biodegradable COD to BOD5 ratio (1.71) for domestic 

wastewater (Grady Jr et al., 2011). Slowly biodegradable COD (XS) and inert particulate 

COD fractions (XI) were determined from biodegradable COD, readily biodegradable 

COD, inert soluble COD and total COD.  

After samples was pretreated with concentrated phosphoric acid according to Standard 

Methods (APHA, 2012), acetate was determined with samples by flame-ionization 

detecter–gas chromatography using a Agilent (Agilent Technologist, California, USA) 

DB-FFAP 30m×0.25-mm capillary column and a Hewlett Packard 5890 seriesⅡgas 

chromatograph (GC) (Hewlett Packard, California, USA). Injections (1μL) were 

automatic with adapter with no internal standard. Oven temperature began at 80°C, 

ramped to 120 °C at 20 °C /min, remained at 120°C for 4 min, and then ramped to 220°C 

at 20°C /min and remained for 2 min. Injector temperature was 220 °C. 

The soluble nitrogen and soluble phosphorous fractions were measured with the filtered 

wastewater samples using 0.45 μm glass fibre filters, followed by Hach methods described 

above. 
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Table 3-4 Characteristics of the influent wastewater (average ± standard deviation [no. of 

readings]) 

Parameter  Unit  

Operating Condition 

Batch #1 Batch #2 Batch #3 

Temperature  ℃ 18.1±1.9 [31] 20.4±1.2 [33] 19.6±1.3 [29] 

pH  

 

7.53±0.14 [13] 7.63±0.06 [8] 7.77±0.15 [6] 

Total suspended solids  mg/L 209±56 [10] 201±32 [11] 203±26 [13] 

Volatile suspended solids mg/L 162±44 [10] 157±29 [11] 168±23 [13] 

BOD5  mgBOD/L 122.3±20.4 [4] 125.9±33.8 [2] 123.9±31.4 [5] 

Chemical Oxygen Demand mg/L 324±78 [13] 323±54 [11] 337±50 [14] 

Total Nitrogen  mgN/L 34.2±5.6 [10] a 37.9±4.9 [9] 42.2±5.2 [14] 

Ammonia   mgN/L 23.4±4.6 [12] 20.4±1.8 [12] 23.2±3.3 [14] 

Nitrate  mgN/L 6.5±2.9 [12] 4.4±2.8 [10] 5.1±1.9 [13] 

Total phosphorous  mgP/L 5.0±1.2 [12] 4.6±0.5 [8] 5.0±0.8 [12] 

Soluble nitrogen fraction   0.86±0.02 [10]  

Soluble phosphorous fraction   0.34±0.06 [33]  

COD Fractions 

 

  

 

-Total soluble 

 

0.17  

 -Inert soluble 

 

0.06  

 

-Inert particulate 

 

0.27  

 -Readily biodegradable  0.11  

 -Volatile fatty acid  0.02  

 -Slowly biodegradable  0.56  

a the values were measured as soluble total nitrogen. 

 

3.2.3 Sludge Characterization 

Mixed liquor samples were taken twice a week from each zone of the bioreactors. MLSS 
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and MLVSS were determined according to Standard Methods (APHA, 2012). COD, total 

nitrogen, nitrate, ammonium and total phosphorous were determined using the same 

procedures as described previously for influent wastewater after the collected samples 

were filtered (1.5 μm) to remove the particulate solids. The SVI tests were done on site 

twice a week for the samples from the secondary clarifier according to Standard Methods 

(APHA, 2012), which characterized the settleability of the sludge. Particle size distribution 

was measured using a laser diffraction particle size analyzer with de-ionized water as the 

dispersant (Mastersizer 2000, Malvern Instruments Ltd., UK). 

Oxygen uptake rate (OUR) was measured by adding biomass in a BOD bottle where the 

dissolved oxygen (DO) was monitored every 15 seconds during a three-minute period 

using a DO meter. OUR was taken by linear regression analyses and reported as 

mgO2·L-1·h-1. Combined with the biomass content as an informative measurement, the 

specific oxygen uptake rate (sOUR) is calculated as follows: 

𝐬𝐎𝐔𝐑 = 𝐎𝐔𝐑
𝐌𝐋𝐕𝐒𝐒

                                    Equation 3-2 

where sOUR is the specific oxygen uptake rate (mgO2·gMLVSS-1·h-1); OUR is the oxygen 

uptake rate (mgO2·L-1·h-1); MLVSS is the mixed liquor volatile suspended solids 

(gMLVSS/L). 

Zone settling velocity (ZSV) was measured according to Standard Methods (APHA, 2012).  

Mixed liquor samples were centrifuged to get concentrated mixed liquor up to 

approximately 12 g/L. ZSV was determined with a series of dilutions to get a plot of ZSV 

vs MLSS concentration. 
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3.3 Results and Discussion 

The average concentrations with standard deviation for the wastewater constituents are 

shown in Table 3-4. Table 3-5 presents mixed liquor suspended solids (MLSS) and mixed 

liquor volatile suspended solids (MLVSS) in three reactors, and operating conditions for 

different SRT values examined throughout the experimental period.  

Table 3-5 Summary of operating conditions during batch #1 (average ± standard deviation) 

  Operating Conditions 

Parameters Unit A-1 B-1 C-1 

Temperature °C 20.2±1.4 20.2±1.4 20.2±1.5 

Aerobic pH   7.61±0.13 7.60±0.12 7.59±0.11 

Anaerobic pH   7.26±0.14 7.34±0.15 7.43±0.16 

Aerobic dissolved oxygen mg/L 3.93±0.93 4.03±1.31 4.08±1.21 

Anaerobic ORP mV -159.1±17.0 -180.6±16.9 -191.6±14.4 

MLSS mg/L 3003±381 5628±649 6525±750 

MLVSS mg/L 2383±303 4425±479 5132±646 

Effluent TSS mg/L 24±5 21±4 27±7 

  

3.3.1 Performance of the EBPR System Operated at Different SRTs 

3.3.1.1 MLSS concentration and F/M ratio 

Batch #1 was set up since April 26 2013. Figure 3-2 presents a fluctuation of MLSS 

concentrations in three reactors until 32 days. Only data collected at stead-state after the 

transient period (after 32 days) was considered. As was expected, the MLSS and MLVSS 

concentrations were significantly lower at shorter SRT values with value of 
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3003±381mg/L at 1.5 days, 5628±649 mg/L at 3.0 days and 6525±750 mg/L at 4.5 days 

respectively at the 0.05 significance level. The overall average steady-state performance 

of pilot plant test conditions is shown in Table 3-6. The estimated SRT and HRT were 

calculated based on the average biomass concentration and flow rate measured during 

steady-state period. 
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Figure 3-2 MLSS and influent TSS concentrations during batch #1 

In addition to SRT, F/M ratio is a useful parameter for evaluating the overall microbial 

growth and system performance. Typical values of the F/M ratio vary from 0.08 kg 

COD/(kg MLVSS·d) for extended aeration processes to 2.0 kg BOD/(kg MLVSS·d) for 

high rate processes (WEF, 2009). The F/M ratios were calculated based on the average 

values of influent COD, MLVSS concentration and HRT during the steady state. It has 

been reported that F/M ratio is only a function of SRT which are negatively related to 

SRT values (Le-Clech et al., 2006). With the decrease of SRT from 4.5 days to 1.5 days, 
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the F/M ratio increased from 0.92 to 1.97 g COD/(g MLVSS·d). As a result of low SRT, the 

range of F/M ratio in this work was comparatively higher than the typical value for the 

completely mixed activated sludge process.  

Table 3-6 Average steady-state performance during batch #1 

Parameter Units A-1 B-1 C-1 

HRT h 2.03 

SRT d 1.53 3.17 4.75 

F/M ratio g COD/(g MLVSS·d) 1.971 1.06 0.92 

 g COD/(g MLSS·d) 1.57 0.84 0.72 

Organic volumetric loading rate kg COD/(m3·d) 4.80 4.80 4.80 

Sludge Production g VSS/d 30.58 27.63 21.41 

Observed yield coefficient (Yobs)  g MLVSS/g COD removed 0.392 0.34 0.27 

COD Removal % 86.2 88.8 87.7 

Ammonia Removal % 43.4 43.8 45.7 

Total nitrogen removal % 58.4 60.3 60.4 

Total phosphorous removal % 82.2 90.2 87.3 

1F/M ratio = Qin×TCODin
V×MLVSS

 

Yobs =
Qwaste × MLSS

Qin × CODremoved

2  

3.3.1.2 Organic Substrate Removal 

Figure 3-3 presents the removal of COD throughout the whole operating period. 

Regardless of the impact of varying influent COD concentration, A-1, B-1 and C-1 all 

showed excellent performance in organic carbon removal with removal efficiencies of 

86.2±4.1%, 88.8±3.9% and 87.7±3.6% respectively. Overall, more than 86% of total COD 

(TCOD) removal could be achieved, regarding the remaining COD in the effluent partially 
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from the inert soluble COD (sCOD) fraction which accounts for 6% of influent TCOD (see 

Table 3-4 in the Section 3.2.2). Snider-Nevin (2013) reported the similar COD removal 

efficiencies of 88.9% for 4-day and 2-day SRT with MBRs, which fed with the same 

municipal wastewater as this work. Other studies are also found to be consistent with this 

work when operating at the SRT of 3 days in MBR systems (Duan et al., 2009; Trussel et al., 

2006). Ng et al. (2005) reported an excellent COD removal performance of 86.7% was 

achieved in a CAS system operated at SRT of 2.5d and HRT of 3h.  

The effluent sCOD concentrations of three systems were relatively constant around 25 

mg/L for SRTs greater than 1.5d while at 1.5d SRT it increased to 35 mg/L. Furthermore, 

by performing a paired t-test at 5% level of significance, the effluent sCOD concentrations 

of B-1 and C-1 were confirmed to be significant lower than that of A-1, which indicated 

the sCOD concentration decreased with increased SRT. Similarly, Cicek et al. (2001) and 

Trussel et al. (2006) reported that reducing SRT to 2 days resulted in a slight increase in 

effluent sCOD. Since no significance difference of effluent soluble COD was found 

between B-1 and C-1, SRT above 3 days has little effect on the soluble substrate removal. 

Furthermore, it is well recognized that soluble biogenic organic matter occurs at SRTs 

typically ranging from 0.5 to 1.5 days, approximate 2 days is the critical SRTs for 

substantial organic substrate removal in the municipal wastewater (Grady Jr et al., 2011). 

In addition to sCOD, total suspend solids (TSS) in the effluent significantly affected the 

TCOD concentration removal efficiencies. The effluent TSS concentrations were similar 

ranging from 21-27 mg/L and there was no significant difference detected at different 

SRTs. Accordingly, the TCODs didn’t differ when the SRT changed from 1.5 days to 4.5 
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days. Merlo et al. (2007) also reported a CAS which was operated at SRT of 2 to 5 days 

produced effluent TCODs with median value from 68mg/L to 86mg/L. However, Ng et al. 

(2005) found a prominent improvement on effluent TSS and TCODs when SRT increased 

from 2.5 days to 5 days with average value from 68mg/L to 25mg/L. Other operating 

factors and settling conditions varied from one to the other, probably resulting in the 

difference of sludge bioflocculation and settleability as well as effluent quality.  
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Figure 3-3 TCOD concentration profile of influent and effluent during batch #1 

Biochemical oxygen demand (BOD) removal was also consistently high with BOD 

removal for A-1, B-1 and C-1 of 84.95±8.40%, 87.40±4.67% and 85.18±6.57% 

respectively, which showed the similar trend with COD removal. There is not enough 

statistical evidence found in the biological removal in the three reactors at the 5% level of 

significance of paired t-test. 
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3.3.1.3 COD Mass Balance 

In general the COD balance over the activated sludge system at steady state was given by 

Equation 3-3, where the COD of the influent organics are separated into several parts, (i) 

retained in the unbiodegradable particulate and soluble organics (ii) transformed to 

biomass (iii) passed onto oxygen for biomass respiration and growth.  

𝐓𝐂𝐎𝐃𝐢𝐧 = 𝐬𝐂𝐎𝐃𝐞𝐟𝐟 + 𝐂𝐎𝐃𝐛𝐢𝐨𝐦𝐚𝐬𝐬 + 𝐂𝐎𝐃𝐨𝟐 𝐮𝐢𝐭𝐢𝐥𝐳𝐞𝐝 𝐛𝐲𝐎𝐇𝐎𝐬 + 𝐂𝐎𝐃𝐝𝐞𝐧𝐢𝐭𝐫𝐢𝐟𝐢𝐜𝐚𝐭𝐢𝐨𝐧  Equation 3-3 

where sCODeff is the soluble and particulate organics exiting the system and organics 

biomass via effluent (g COD/d), CODbiomass is the particulate organics as biomass via 

waste flows (g COD/d), CODO2 uitilzed by OHOs is the mass of oxygen utilized by OHOs for 

biodegradable organics degradation through growth and endogenous respiration (g 

COD/d), CODdenitrification is the mass of organics utilized by denitrifying bacteria for 

denitrifiaction (g COD/d). 

The COD mass balance closure (%) was calculated using Equation 3-4, 

%𝐂𝐎𝐃𝐜𝐥𝐨𝐬𝐮𝐫𝐞 =
𝐬𝐂𝐎𝐃𝐞𝐟𝐟+𝐂𝐎𝐃−𝐛𝐢𝐨𝐦𝐚𝐬𝐬𝐰𝐚𝐬𝐭𝐞𝐝+𝐂𝐎𝐃𝐨𝟐 𝐮𝐢𝐭𝐢𝐥𝐳𝐞𝐝 𝐛𝐲𝐎𝐇𝐎𝐬+𝐂𝐎𝐃𝐝𝐞𝐧𝐢𝐭𝐫𝐢𝐟𝐢𝐜𝐚𝐭𝐢𝐨𝐧

𝐓𝐂𝐎𝐃𝐢𝐧
   Equation 3-4 

The result of the overall mass balances for COD is presented in Table 3-7. 

Table 3-7 COD mass balance during batch #1 

 

 gCOD/d (% of the total influent COD) 

 Reactor  Influent Biomass Oxygen Denitrification Effluent CODclosure (%) 

A-1 86.5 43.3 1 (50.1) 11.22 (12.9) 8.4 3 (9.6) 7.6 (8.8) 81 

B-1 86.5 39.2 (45.2) 13.7 (15.9) 7.3 (8.4) 5.7 (6.6) 76 

C-1 86.5 30.3 (35.0) 14.6 (16.9) 6.1 (7.0) 5.6 (6.5) 65 

1 CODbiomass = CODremoved × 1.42Yobs           



 

39 

 

2 CODO2 = OUR (g O2 L ∙ d⁄ ) ∗ Vaerobic 

3 CODdenitri�ication = N − denitri�ication × 2.86
1−1.42×Yobs

       

It is seen from Table 3-7 that the calculated COD closure ranged between 65 and 81% 

and lower value of COD recovery was found with increased SRT. The similar trends and 

recoveries have been reported in the literature for EBPR process (Barker & Dold, 1995; 

Hu et al., 2003). A reduction of 30% in oxygen requirement was found compared to CAS 

system. It has been proposed that fermentation in the anaerobic zone contributes to the 

loss of COD. As a result, the COD recovery improved at shorter SRT with less anaerobic 

mass where less fermentation occurs (Monti et al., 2006). In addition, since 

denitrification for influent nitrate was only considered, COD consumption for 

denitrification from ammonia oxidation was not included in the mass balance. It is likely 

the growth of nitrifying bacteria at 4.5 days facilitated the nitrogen removal through the 

anoxic zone, resulting in lower COD recovery. It should be noticed that the major fraction 

of COD (45.2%-50.1%) was incorporated into the wasted sludge in A-1 and B-1 while a 

much lower portion of 35% of COD were removed through biomass in C-1 resulting 

from less sludge production.  

3.3.1.4 Nitrogen Removal 

Removal of nitrogen was considered in terms of total nitrogen (TN), nitrate and ammonia 

of the filtered influent and the effluent samples. Figure3-4 shows the TN, nitrate and 

ammonia concentration throughout batch #1. The total nitrogen and ammonia 

concentration in the effluent presented a pattern proportional to the influent concentration. 

The effluent nitrate was constantly below 1 mg/L independent of varying high influent 
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concentration, indicating the system has excellent denitrification capacity. Even though 

nitrogen is not targeted for removal and the nitrifiers wash out at the SRTs less than three 

days (Tchobanoglous et al., 2003), the total nitrogen removal were well achieved in A-1 

and B-1. The value of removal efficiencies in three reactors were 58.4±5.39%, 60.3±8.5% 

and 60.4±6.9% respectively.  

The nitrogen loss was mainly contributed by the predenitrification occurred in the anoxic 

zone with over 90% removal of nitrate in the influent. In addition to nitrate removal from 

influent, the unexpected nitrification and denitrification partially occurred during the 

summer period, which can be confirmed by low concentration of ammonia and total 

nitrogen in the effluent. The drop of effluent ammonia below 10 mgN/L in three reactors 

was observed at Day 58. Besides, the slightly higher concentrations of ammonia were 

constantly found in the anaerobic reactor than those in the anoxic zone, suggesting the 

ammonia stripping could occur in the system. It is commonly observed in many EBPR 

configurations (A. Oehmen et al., 2007). As a result of the combined effects from these 

biological processes, there was not enough statistical evidence to differentiate TN, nitrate 

and ammonia removal in the three systems at the significance level α = 0.05. Assuming no 

nitrification happens at extreme short SRT and only to fulfill the nutrient requirements for 

sludge production with an average content of 0.1mgN/ mgTSS, nitrogen removal was not 

significantly affected by SRT compared to other parameters. Nitrogen mass balance will be 

performed in the following section and discussed in details.  
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Figure 3-4 Total nitrogen, ammonia and nitrate concentration profile of influent and effluent 

during batch #1 

3.3.1.5 Nitrogen Mass Balance 

The nitrogen balance over the activated sludge system at steady state was given by 

Equation 3-5,  

𝐓𝐨𝐭𝐚𝐥 𝐧𝐢𝐭𝐫𝐨𝐠𝐞𝐧𝐢𝐧 = 𝐍𝐢𝐭𝐫𝐨𝐠𝐞𝐧 𝐫𝐞𝐪𝐮𝐢𝐫𝐞𝐦𝐞𝐧𝐭𝐛𝐢𝐨𝐦𝐚𝐬𝐬 +𝐍𝐝𝐞𝐧𝐢𝐭𝐫𝐢𝐟𝐢𝐞𝐝 + 𝐓𝐨𝐭𝐚𝐥 𝐍𝐢𝐭𝐫𝐨𝐠𝐞𝐧𝐞𝐟𝐟     

                 Equation 3-5 

where nitrogen requirementbiomass is the nitrogen required through biomass formation (g 

N/d), Ndenitrified is the nitrogen loss through denitrification (g N/d), total nitrogeneff is the 

nitrogen concentration in the effluent and wasted flow (g N/d).  
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Nitrogen requirement for biomass formation was determined directly from the 

stoichiometry of the biomass growth using Equation 3-6, with the nitrogen requirement is 

0.10 mg N/mg biomass TSS formed (Grady Jr et al., 2011; Mogens et al., 2008).  

𝐍𝐢𝐭𝐫𝐨𝐠𝐞𝐧 𝐫𝐞𝐪𝐮𝐢𝐫𝐞𝐦𝐞𝐧𝐭𝐛𝐢𝐨𝐦𝐚𝐬𝐬 = 𝟎.𝟏𝟎× 𝐬𝐥𝐮𝐝𝐠𝐞 𝐩𝐫𝐨𝐝𝐮𝐜𝐭𝐢𝐨𝐧 (𝐠𝐓𝐒𝐒/𝐝)   Equation 3-6 

Mass of nitrate denitrified in the anoxic reactor was from a nitrate balance over the anoxic 

reactor using Equation 3-7,  

𝐍𝐝𝐞𝐧𝐢𝐭𝐫𝐢𝐟𝐢𝐞𝐝 = 𝐐× 𝐒𝐍𝐎𝐢 + 𝐫 × 𝐐× 𝐒𝐍𝐎𝐞𝐟𝐟 − (𝟏+ 𝐫) × 𝐐× 𝐒𝐍𝐎𝐚𝐧𝐨𝐱𝐢𝐜       Equation 3-7 

where Q is the influent flow rate (L/d), r it the recycle ratio, SNOi  is the nitrate 

concentration in the influent (g N/d), SNOeff is the nitrate concentration in the effluent (g 

N/d), SNOanoxic is the nitrate concentration in the anoxic reactor (g N/d).  

The nitrogen closure was given by Equation 3-8,  

%𝐍𝐢𝐭𝐫𝐨𝐠𝐞𝐧𝐜𝐥𝐨𝐬𝐮𝐫𝐞 = 𝐍𝐢𝐭𝐫𝐨𝐠𝐞𝐧 𝐫𝐞𝐪𝐮𝐢𝐫𝐞𝐦𝐞𝐧𝐭𝐛𝐢𝐨𝐦𝐚𝐬𝐬+𝐍𝐝𝐞𝐧𝐢𝐭𝐫𝐢𝐟𝐢𝐞𝐝+𝐓𝐨𝐭𝐚𝐥 𝐍𝐢𝐭𝐫𝐨𝐠𝐞𝐧𝐞𝐟𝐟
𝐓𝐨𝐭𝐚𝐥 𝐧𝐢𝐭𝐫𝐨𝐠𝐞𝐧𝐢𝐧

     Equation 3-8 

The result of the overall mass balances for nitrogen is presented in Table 3-8. As 

previously discussed, the calculated nitrogen recovery at different SRT ranged between 

85 and 97%, with lower values at higher SRTs. The significant drop of ammonia 

(approximate 2-5mg/L) from aerobic zone to the effluent suggested continued biological 

activities of activated sludge occurred in the sedimentation tank. Therefore, the “missing” 

nitrogen attributed to nitrification and denitrification in the settling tank as well as 

ammonia stripping took place in the anaerobic reactors which are not included in the 

mass balance calculation.  

Table 3-8 Nitrogen mass balance during batch #1 
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 gN/d (% of the total influent nitrogen) 

 Reactor Influent Biomass Denitrification Effluent Closure (%) 

A-1 9.07 3.61 (39.8) 1.31 (14.5) 3.92 (42.6) 97 

B-1 9.07 3.26 (36.0) 1.31 (14.5) 3.90 (42.4) 93 

C-1 9.07 2.52 (27.8) 1.32 (14.6) 3.90 (42.4) 85 

 

3.3.1.6 Phosphorous Removal  

The total phosphorous removal was achieved as 82.2±8.0%, 90.2±3.8%, 87.3±2.9% with 

the average effluent concentrations of 0.85 mg/L, 0.52 mg/L, 0.66mg/L for A-1, B-1 and 

C-1 respectively, which can meet the general effluent requirement that below 1mg/L . The 

phosphorous contents were 0.035 mgP /mg VSS, 0.044 mgP /mg VSS and 0.063 mgP /mg 

VSS for A-1, B-1 and C-1, which computed based on the total phosphorous in the influent 

and effluent, influent flow rate, sludge waste volume and MLVSS concentration. The 

P/VSS ratio is often used to evaluate the EBPR performance, which has been reported to 

increase with increased sludge age until 10 days (Mogens et al., 2008). The results from 

B-1and C-1 fully represented a significant phosphorous removal mechanism with 

agreement of values ranging from 4.1% to 15.6% mg P/mg TSS reported by Schuler et al. 

(2003) and Mino et al. (1998) for EBPR systems. Furthermore, Figure 3-5 indicates SRT of 

3d achieved supreme quality of enhanced phosphorous removal compared to the SRT of 

1.5 days and 4.5 days. The less efficient removal at 1.5d SRT is more likely as a result of 

insufficient residence time needed for the PHA consumption and phosphorous uptake by 

PAOs in the aerobic tank (Brdjanovic et al., 1998). The higher ORP in A-1 also indicated 

a poor anaerobic condition due to the limited microbial activity. Mamais & Jenkins (1992) 
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reported an SRT longer than 2.9 days was required to ensure efficient EBPR depends on the 

temperature. Considering the soluble phosphorous fractions only, it is shown that B-1 and 

C-1 had significantly better removal of phosphorous when compared to A-1, while there 

was not enough statistical evidence to differentiate phosphorous removal between B-1 and 

C-1. Though it has been proposed that for SRT larger than 3 days, phosphorus removal 

decreases with increased SRT due to the lower PAO active mass wasted per day and the 

growth of nitrifiers (Mogens et al., 2008), the adverse effect of longer SRT on the EBPR 

was not fully seen in this study as the limited range of SRTs tested. The decreased removal 

of total phosphorous in C-1 resulted from the higher effluent TSS concentration which has 

an average value of 27mg/L compared to 21mg/L in B-1. Assuming the particulate 

phosphorus content for enriched cultures as high as 5% gP/ g TSS (Mogens et al., 2008), 

total phosphorous concentration were significantly affected by effluent SS concentration. 

Furthermore, efficiency of secondary clarifier largely depends on the settling 

charateristrics of sludge. It was more likely that longer SRT produced a turbid supernatant 

which resulted from pin floc sludge (Grady Jr et al., 2011; Mogens et al., 2008).  
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Figure 3-5 Total phosphorus concentration profile of influent and effluent during batch #1 

3.3.1.7 Phosphorus mass balance 

The phosphorus balance over the activated sludge system at steady state was given by 

Equation 3-9,  

𝐓𝐨𝐭𝐚𝐥 𝐩𝐡𝐨𝐬𝐩𝐡𝐨𝐫𝐮𝐬𝐢𝐧 = 𝐓𝐨𝐭𝐚𝐥 𝐩𝐡𝐨𝐬𝐩𝐡𝐨𝐫𝐮𝐬𝐨𝐮𝐭 + 𝐩𝐡𝐨𝐬𝐩𝐡𝐨𝐫𝐮𝐬 𝐫𝐞𝐪𝐮𝐢𝐫𝐞𝐦𝐞𝐧𝐭𝐛𝐢𝐨𝐦𝐚𝐬𝐬  Equation 

3-9 

Phosphorus requirement for biomass formation was determined directly from the 

stoichiometry of the biomass growth using Equation 3-10, with the phosphorus 

requirement is 0.025 mg P/mg biomass TSS formed (Grady Jr et al., 2011). 

𝐏𝐡𝐨𝐬𝐩𝐡𝐨𝐫𝐮𝐬 𝐫𝐞𝐪𝐮𝐢𝐫𝐞𝐦𝐞𝐧𝐭𝐛𝐢𝐨𝐦𝐚𝐬𝐬 = 𝟎.𝟎𝟐𝟓× 𝐬𝐥𝐮𝐝𝐠𝐞 𝐩𝐫𝐨𝐝𝐮𝐜𝐭𝐢𝐨𝐧 (𝐠𝐓𝐒𝐒/𝐝) Equation 3-10 

The phosphorus closure was given by Equation 3-11, 

%𝑷𝒉𝒐𝒔𝒑𝒉𝒐𝒓𝒖𝒔𝒄𝒍𝒐𝒔𝒖𝒓𝒆 = 𝑷𝒉𝒐𝒔𝒑𝒉𝒐𝒓𝒖𝒔 𝒓𝒆𝒒𝒖𝒊𝒓𝒆𝒎𝒆𝒏𝒕𝒃𝒊𝒐𝒎𝒂𝒔𝒔+𝑻𝒐𝒕𝒂𝒍 𝑷𝒉𝒐𝒔𝒑𝒉𝒐𝒓𝒖𝒔𝒆𝒇𝒇
𝑻𝒐𝒕𝒂𝒍 𝑷𝒉𝒐𝒔𝒑𝒉𝒐𝒓𝒖𝒔𝒊𝒏

   Equation 3-11 
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The result of the overall mass balances for phosphorus is presented in Table 3-9.  

Table 3-9 Phosphorus mass balance during batch #1 

 

 gP/d (% of the total influent phosphorus) 

Reactor Influent Biomass Effluent Closure (%) 

A-1 1.10 

1.10 

1.10 

0.90 (81.8) 0.18 (16.3) 98 

B-1 0.82 (73.9) 0.11 (10.1) 84 

C-1 0.63 (57.2) 0.15 (13.2) 70 

As the SRT increased, higher fraction of PAOs in the activated sludge with increased 

phosphorous contents ranged from 3.5% to 6.3%, which were higher than a typical value 

of approximately 2% in non-PAOs. However, phosphorus mass balance was calculated 

based on the phosphorus requirement for biomass formation and effluent concentration 

where excessive phosphorus uptake from EBPR was not concerned. Therefore, lower 

closure value was found in B-1 and C-1. The results need to be improved by determining 

the phosphorus fractions in the biomass. 

3.3.2 Performance of the EBPR System Operated at Different HRTs 

3.3.2.1 MLSS concentration and F/M ratio 

Batch #2 was set up since July 9 2013 and steady state reached at Day 5 in Figure 3-6. 

Table 3-10 presents MLSS and MLVSS in three reactors, and operating conditions for 

different HRT values examined throughout the experimental period.  
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Figure 3-6 MLSS and influent TSS concentrations during batch #2 

As was expected, the MLSS and MLVSS concentrations were lower at longer HRT values 

and fixed 2d SRT with value of 5442±603mg/L at 1.05 hour, 3897±316mg/L at 1.95 hours 

and 2106±206mg/L at 3.04 hours respectively. 

Table 3-10 Summary of operating conditions during batch #2 (average ± standard deviation)  

  Operating Conditions 

Parameters Unit A-2 B-2 C-2 

Temperature °C 21.6±1.6 22.4±1.8 22.9±2.1 

Aerobic pH   7.51±0.06 7.56±0.07 7.57±0.08 

Anaerobic pH   7.34±0.06 7.35±0.06 7.41±0.06 

Aerobic dissolved oxygen mg/L 4.49±1.30 4.67±0.84 4.32±1.19 

Anaerobic ORP mV -206.8±13.9 -199.7±13.1 -204.1±15.9 

MLSS mg/L 5676±425 3837±291 2133±199 

MLVSS mg/L 4600±387 3081±238 1739±150 

Effluent TSS mg/L 30±9 19±7 17±8 
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In batch #2, the F/M ratio ranging from 1.69 to 1.85 g COD/(g MLVSS·d) has little 

difference in spite of different HRT as shown in Table 3-11. Theoretically F/M is only 

related to SRT through yield and decay rate at steady state. Therefore the difference of F/M 

ratio among three reactors is most likely attributed to estimated SRT where the yield and 

decay rate didn’t differ much.  

Table 3-11 Average steady-state performance during batch #2 

Parameter Units A-2 B-2 C-2 

HRT h 1.05 1.95 3.04 

SRT d 1.94 2.00 2.09 

F/M ratio g COD/(g MLVSS·d) 1.85 1.70 1.69 

 g COD/(g MLSS·d) 1.50 1.36 1.38 

Organic volumetric loading rate  kg COD/(m3·d) 8.3 4.5 2.9 

Sludge production g VSS/d 43.36 29.54 15.61 

Observed yield coefficient (Yobs) g MLVSS/g COD removed 0.32 0.34 0.32 

COD removal % 81.3 86.5 87.0 

Ammonia removal % 27.9 36.7 37.1 

Total nitrogen removal % 46.0 52.4 53.1 

Total phosphorous removal % 83.0 92.1 86.2 

3.3.2.2 Organic Substrate Removal 

Figure 3-7 presents the removal of COD throughout the stable operating period. The three 

reactors with different HRT ranging from 1.05 h to 3.04h all showed fairly good 

performance in organic carbon removal with removal efficiencies of 81.3±4.3 %, 86.5±3.9 % 

and 87.0±3.4 % respectively. In Snider-Nevin (2013)’s work, operating MBRs at 2-day 

SRT with HRT between 1h and 3h, the comparable COD removal efficiencies of 90% was 

found. Akanyeti et al. (2010) reported COD reduction ranged between 77 and 87% at 
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HRT of 1.2h with 0.25d to 1d SRT. Noticing the effluent TSS was much higher in A-2 with 

the value of 30mg /L compared to 19mg/L in B-2 and 17mg/L in C-2, the deterioration of 

effluent quality was expected in A-2. The results showed that effluent TCOD were 

significant lower when HRT increased above 2h at 5% level of significance. 
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Figure 3-7 TCOD concentration profile of influent and effluent during batch #2 

Regardless of suspended solids in the effluent, effluent sCOD removal efficiencies of three 

systems were 88.9±1.7 %, 90.1±1.6 %, 90.3±1.5 %. A paired t-test shows the difference 

among three reactors were insignificant at 5% level of significance. Ng et al. (2005) and 

Cote et al. (1997) found that insensitive effect of HRT with values between 2 and 24h on 

the system performance. Moreover, an excellent COD reduction above 95% at the HRTs 

between 1.3-1.9h was observed in an MBR (Holler & Trösch, 2001). The results indicated 

soluble substrate removal was independent of HRT. Nevertheless, there is a possible 

limitation for TCOD removal when operating short HRT in a CAS system. 
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High BOD removal efficiencies were also observed in all A-2, B-2 and C-2 with 

84.7±5.0%, 88.3±2.3% and 92.4±3.0% respectively. There was no statistical significance 

found among three reactors at the 5% level of significance of paired t-test.  

3.3.2.3 COD mass balance 

The result of the overall mass balances for COD is presented in Table 3-12. 

Table 3-12 COD mass balance during batch #2 

 

 gCOD/d (% of the total influent COD) 

 Reactor Influent Biomass Oxygen Denitrification Effluent CODclosure (%) 

A-2 156.7 64.8 (41.3) 23.0 (14.7) 1.6 (5.1) 15.5 (9.9) 71 

B-2 84.4 37.2 (44.1) 14.1 (16.7) 0.78 (5.3) 7.52 (8.9) 75 

C-2 54.1 22.5 (41.6) 10.0 (18.4) 0.45 (4.3) 4.72 (8.7) 73 

In general, COD mass balances under different HRT were comparable. The comparable 

fraction of COD was incorporated to the biomass as a result of similar sludge yield. The 

COD oxidation played a more important role at longer HRT. 

3.3.2.4 Nitrogen Removal 

Figure 3-8 shows the TN and ammonia concentration throughout batch #2. Even though 

the nitrifiers were washed out at the SRT at two days (Tchobanoglous et al., 2003), the total 

nitrogen removal were 45.0±8.5%, 51.3±8.5% and 52.1±8.1% respectively. 

Predenitrification presented a stable trend with over 70% removal efficiency independent 

of variation of nitrate in the influent. When using paired t-test at the significance level α = 

0.05, no statistical evidence was found to differentiate TN removal with HRTs between B-2 
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and C-2, while in A-2 the effluent contained significantly higher concentration of TN. 

However, the difference of ammonia and nitrate in three reactors was found to be 

insignificant (p>0.1). The results showed a lower nitrogen removal rates when higher 

loading rates were applied, which is in agreement with the trend reported by Ng et al. (2005) 

and Snider-Nevin (2013). This could attribute to the less uptake rate for nitrogen with 

shorter contact time.  
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Figure 3-8 TN and ammonia concentration profile of influent and effluent during batch #2 
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3.3.2.5 Nitrogen mass balance 

The result of the overall mass balances for nitrogen is presented in Table 3-13. The mass 

balance shows that more nitrogen is missing with increasing HRT. The similar recovery 

was found by Snider-Nevin (2013). It is likely that more unaccounted ammonia stripping 

occurred with longer anaerobic HRT.   

Table 3-13 Nitrogen mass balance during batch #2 

 

 gN/d (% of the total influent nitrogen) 

 Reactor Influent Biomass Denitrification Effluent Closure (%) 

A-2 15.78 5.40 (33.9) 1.50 (9.4) 8.89 (55.8) 99 

B-2 7.96 3.10 (36.1) 0.8 (9.4) 4.06 (47.4) 93 

C-2 4.93 1.87 (34.1) 0.45 (8.1) 2.61 (47.4) 90 

3.3.2.6 Phosphorous Removal  

Figure 3-9 presents the temporal plot of phosphorus concentration at different HRTs. The 

total phosphorous removal was achieved as 83.0±4.5%, 92.1±2.3%, 86.2±5.1% with the 

average effluent concentrations of 0.80 mg/L, 0.36 mg/L, 0.74 mg/L for A-2, B-2 and C-2 

respectively, which can meet the general effluent requirement that below 1mg/L. The 

phosphorous contents were 0.053 mgP /mg VSS, 0.039 mgP /mg VSS and 0.042 mgP /mg 

VSS for A-2, B-2 and C-2, which proved a significant phosphorous removal mechanism 

with similar values reported by Schuler et al. (2003) for EBPR systems.  
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Figure 3-9 Total phosphorus concentration profile of influent and effluent during batch #2 

It was expected that supreme phosphorus removal efficiency could be achieved at C-2 as 

increasing anaerobic HRT provided more fermentable organic matter from the enhanced 

fermentation of the influent (Mogens et al., 2008; Monti et al., 2006). However, the 

results indicated B-2 achieved better enhanced phosphorous removal compared to the A-2 

and C-2 at 5% significance level. The less efficient removal in A-2 is more likely as a 

result of inadequate anaerobic contact time required for the acetate uptake and PHB storage. 

Moreover, effluent TSS as high as 30mg/L in A-2 is another contributing factor leading to 

the higher effluent phosphorus concentration.  

The deterioration of phosphorous removal in C-2 probably attributed to the excessive 

settling time of 3.26 hours and therefore caused secondary phosphorous release in the 

secondary settling tank. As is shown in Figure 3-10, it is supported by the trends of 

soluble phosphorus at different HRT throughout the systems that the comparable low 

soluble phosphorous concentration in the aeration tank but significantly higher in the 
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effluent compared to B-2 with a typical settling retention time of 2.17 hours.  
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Figure 3-10 Total phosphorus average concentration in the different bioreactors during batch 

#2 

3.3.2.7 Phosphorous Mass Balance 

The result of the overall mass balances for phosphorus is presented in  

Table 3-14. All three systems showed low phosphorus recovery between 80 and 85%, 

indicated the sludge had significantly higher phosphorus content than 2.0% mgP/mgVSS. 

The PAO-enriched activated sludge can be obtained at SRT as low as 2 d. The 

comparable closure value at different HRT showed the phosphorus removal is not 

relevant to HRT. 
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Table 3-14 Phosphorus mass balance during batch #2 

 

 gP/d (% of the total influent phosphorus) 

Reactor Influent Biomass Effluent Closure (%) 

A-2 1.99 1.35 (67.8) 0.34 (17.0) 85 

B-2 1.07 0.77 (72.3) 0.08 (7.7) 80 

C-2 0.69 0.47 (68.2) 0.11 (15.9) 84 

 

3.3.3 Performance of the EBPR System Operated at Different SRT/HRT ratios 

3.3.3.1 MLSS concentration and F/M ratio 

Batch 3 started up at 22nd August 2013 with the monitored MLSS shown in the Figure 3-11. 

During the first 10 days, the MLSS concentrations were constantly low where the bulking 

problem occurs in all the three reactors. The sludge blanket built up continuously in the 

secondary clarifier, leading to the biomass wash-out and deterioration of effluent quality. 

After 10 days, DO concentrations in the aeration tank were increased to 6mg/L to 

remediate this bulking problem. It seems bulking was diminished with gradually 

increasing MLSS and decreasing SVI. The systems reached steady-state from Day 20. 

The influent was shut off due to the failure of air compressor during day 50 to day 60, 

therefore no sample was tested during this period. Table 3-15 shows MLSS and MLVSS 

in three reactors, and operating conditions for different SRT/HRT ratios examined 

throughout the experimental period. The MLSS in the biological reactor is given by 

Equation 3-12 (Tchobanoglous et al., 2003). It is seen that the MLSS mainly depends on 

the SRT/HRT ratio where yield coefficient and decay rate don’t differ much. Accordingly, 
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A-3 and C-3 with higher SRT/HRT value of 48 had similar MLSS concentration of 

6829±637mg/L and 6204±599mg/L respectively while B-3 had the lower SRT/HRT ratio 

of 32 resulting in a lower MLSS of 4464±586mg/L.  

𝐗 = 𝐘(𝐒𝐢𝐧 − 𝐒𝐨𝐮𝐭) �
𝐒𝐑𝐓
𝐇𝐑𝐓

� ( 𝟏
𝟏+𝐊𝐝𝐒𝐑𝐓

)           Equation 3-12 

where X is the biomass concentration (mg/L), Y is the yield coefficient (mg COD/mg 

COD), Sin and Sout are influent and effluent concentrations of organic substrate (mg 

COD/L), respectively, and kd is the biomass decay rate (d-1). 
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Figure 3-11 MLSS and influent TSS concentrations during batch #3 

ORP was monitored to reflect the respiratory activity with great sensitivity at low 

concentration of dissolved oxygen and nitrate (Peddie et al., 1990). As is shown in Table 

3-15, anaerobic ORPs were maintained approximately between -173mV and -181 mV, 

indicating good anaerobic conditions. As anoxic ORPs were only measured for interest, 

the slightly higher ORPs (within 2 mV) were found in the anoxic zone. Therefore, the 
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oxidation conditions in anaerobic and anoxic zone might not differ much as they were 

completely mixed and separated with a baffle.  

Table 3-15 Summary of operating conditions during batch #3 (average ± standard deviation) 

  Operating Conditions 

Parameters Unit A-3 B-3 C-3 

Temperature °C 19.0±1.6 19.2±1.6 19.1±1.7 

Aerobic pH   7.60±0.12 7.62±0.13  7.65±0.13 

Anaerobic pH   7.38±0.11 7.44±0.11 7.41±0.14 

Aerobic dissolved oxygen mg/L 5.56±0.66 5.88±0.78 5.66±0.67 

Anaerobic ORP mV -173.2±13.1 -173.4±18.1 -181.3±10.3 

MLSS mg/L 6829±637 4464±586 6204±599 

MLVSS mg/L 5519±489 3619±442 5054±461 

Effluent TSS mg/L 34±10 22±9 25±6 

From the results of batch #1 and batch #2, F/M ratio and observed yield coefficient were 

not relevant to HRT but only as a function of SRT, which were confirmed by Table 3-16. 

As A-3 and B-3 both operated at 2d SRT had the similar F/M ratios but it decreased in 

C-3 when SRT increased to 3d. However, difference of 1d SRT had little influence on the 

biomass yield.  

Table 3-16 Average steady-state performance during batch #3 

Parameter Units A-3 B-3 C-3 

HRT h 1.01 1.01 1.51 

SRT d 1.95 1.91 2.93 

F/M ratio g COD/(g MLVSS·d) 1.69 1.76 1.23 

 g COD/(g MLSS·d) 1.36 1.46 1.00 

Organic volumetric loading rate kg COD/(m3·d) 9.2 6.2 6.2 

Sludge Production g VSS/d 54.46 35.44 33.03 
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Observed yield coefficient (Yobs) g MLVSS/g COD removed 0.36 0.35 0.32 

COD Removal % 80.1 84.4 83.9 

Ammonia Removal % 34.8 45.0 47.8 

Total nitrogen removal % 48.0 55.9 56.8 

Total phosphorous removal % 86.9 89.8 85.5 

3.3.3.2 Organic Substrate Removal 

The influent COD and effluent COD concentration in the A-3, B-3 and C-3 throughout the 

stable operating period were presented in the Figure 3-12. The organic carbon removal 

efficiencies of 80.1±2.3 %, 84.4±3.4 % and 83.9±3.2 % were achieved in the A-3, B-3 and 

C-3, respectively. The overall removal efficiencies above 80% are comparable to the 

results from the first two batches. The BOD removal efficiencies of 85.5±3.1%, 87.7±3.8% 

and 77.9±4.5% were achieved in A-3, B-3 and C-3. Neither the COD nor BOD in the 

effluent of three reactors was found to be statistically significant at 5% level of 

significance using the paired t-test. It is likely that the difference of 1d SRT made little 

contribution to the organic substrate removal.  
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Figure 3-12 TCOD concentration profile of influent and effluent during batch #3 

3.3.3.3 Nitrogen Removal 

At the end of batch 3, it was observed the height of sludge blanket increased dramatically 

with the increase of temperature, suggesting denitrification might take place at the bottom 

of secondary clarifier. The low concentration of effluent total nitrogen and ammonia was 

shown in the Figure 3-13, confirming partial biological nitrogen removal occurred. It is 

well recognized that biological nitrogen removal is sensitive to the temperature and DO 

concentration (Chiemchaisri & Yamamoto, 1993). Therefore, the nitrogen removal 

performance was varied under the change of environmental and operating conditions 

such as uncontrolled temperature, oxygen residual as well as the critical SRTs for 

nitrification. There was no significant difference among the three reactors with regards to 
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the removals of total nitrogen, ammonia and nitrate.  
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Figure 3-13 Total nitrogen and ammonia concentration profile of effluent during batch #3 

3.3.3.4 Phosphorous Removal  

During the batch #3, the phosphorous removal efficiency were found to be 86.9±4.5%, 

89.8±3.2% and 85.5±3.8% for A-3, B-3 and C-3 respectively with effluent phosphorus 

concentration of 0.68 mg/L, 0.59mg/L and 0.77 mg/L as seen in Figure 3-14. B-3 had 

slightly better effluent equality for phosphorus removal when compared with A-3 and C-3 

with p value of 0.08. The volumetric wasting of three reactors were 7.27L/d, 8.24L/d and 

5.12L/d, showing the low phosphorus effluent concentration resulted from higher 
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quantities of enriched-P volatile solids being wasted from B-3. The calculated mass 

phosphorus contents in VSS were 4.7%, 4.2% and 4.7% individually, which were much 

higher than the typical value 2% in non-PAOs.  
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Figure 3-14 Total phosphorus concentration profile of influent and effluent during batch #3 

It was noticed that effluent phosphorus concentration largely depended on the oxygen 

residuals at the bottom of the settling tanks. The phosphorus release was observed to take 

place in the settling tanks with consistently higher soluble phosphorus concentrations 

than those in the aerobic tanks, which is illustrated in Figure 3-10. Hydrolysis and 

endogenous respiration activity were reported to take place in the clarifier sludge blanket 

which served as an extra anoxic zone (Monti et al., 2006). The oxygen residual and 

temperature are the two main factors that determine the second phosphorus release in the 

secondary clarifiers.   
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3.3.3.5 Overall Organic and Nutrient Mass Balances 

The organic and nutrient mass balances are calculated in Table 3-17 to Table 3-19. The 

recoveries followed the same trend from the first two batches. At shorter SRT, the 

dominant removal mechanism of both organic substrate and nutrients are through 

biomass wasting, indicating a higher recoverable potential. As is seen in Table 3-17, poor 

COD recoveries were obtained and lower at longer SRT. The nitrogen recovery decreased 

with increased SRT and HRT. As discussed previously, it is reasonable to postulate 

unexpected nitrification and denitrification occurred occasionally. 

Though there is no significant difference found between 2d and 3d SRT regarding the 

phosphorus removal, the removal mechanisms might be different. By performing the 

phosphorus mass balance, the results showed 72.8% to 73% of the total phosphorus 

removal through biomass at 2d SRT is higher than 66.3% at 3d SRT. However, poor 

phosphorus recovery was found in all the systems and tended to be lower at longer SRT. 

To determine the cause for loss of COD and nutrients, it requires further measurement on 

the nutrient contents in the biomass to get a better understanding of the removal 

mechanisms in the short SRT systems.  

Table 3-17 COD mass balance during batch #3 

 

 gCOD/d (% of the total influent COD) 

 Reactor Influent Biomass Oxygen Denitrification Effluent CODclosure (%) 

A-3 169.5 77.2 (45.6) 22.4 (13.2) 2.0 (6.8) 16.9 (10.0) 76 

B-3 113.4 51.5 (45.5) 17.9 (15.8) 1.3 (6.5) 10.6 (9.4) 77 

C-3 113.4 46.7 (41.2) 15.9 (14.0) 1.3 (5.8) 9.5 (8.4) 69 
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Table 3-18 Nitrogen mass balance during batch #3 

 

 gN/d (% of the total influent nitrogen) 

 Reactor Influent Biomass Denitrification Effluent Closure (%) 

A-3 15.46 6.44 (34.9) 1.99 (10.8) 9.17 (49.7) 95 

B-3 12.35 4.30 (34.8) 1.29 (10.4) 5.13 (41.6) 87 

C-3 12.35 3.89 (31.5) 1.27 (10.3) 5.08 (41.1) 83 

 

Table 3-19 Phosphorus mass balance during batch #3 

 

gP/d (% of the total influent phosphorus) 

Reactor Influent Biomass Effluent Closure (%) 

A-3 2.20 1.61 (73.0) 0.30 (13.4) 86 

B-3 1.47 1.05 (72.8) 0.17 (11.7) 84 

C-3 1.47 0.98 (66.3) 0.23 (15.3) 81 

3.3.4 Sludge Settling Characteristics 

3.3.4.1 Settling Volume Index 

During the steady-state operation, the average SVI values for all the operational conditions 

are shown in Table 3-20. It has been reported that values greater than 100 mL/g are 

associated with filamentous bacteria causing sludge bulking which can have a detrimental 

effect on sludge settling (Sezgin et al, 1978). However, SVI test has its limitations when 

performing with high MLSS concentration and wall effect in small cylinder is unable to 

reflect the same settling situation in the full-scale settling clarifier (Mogens et al., 2008). 

Dick & Vesilind (1969) stated that SVI is invalid to compare settleability between WWTPs 

because it can only indicate changes within a single WWTP.  
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In this study, the sludge during the batch #2 exhibited a poorer settleability than that of 

batch #2 and batch #3. It is likely that the SVI was not reproducible at the same operating 

conditions or incomparable between different batches due to its sensitivity to the varying 

temperature and wastewater water compositions. At shorter SRT, SVIs exhibited higher 

fluctuation, which might attribute to the large variation of microbial growth and high 

sensitivity to the environment at exponential growth batch. By applying the paired t-test, 

differences in SVI values between reactors were statistically insignificant during batch one 

(p>0.11). The significant higher SVI in C-2 and lower value in A-3 were found in the 

batch 2 and 3. Moreover, high SVI values above 200 mL/g are probably associated with 

the high F/M ratio accompanied with reduced EPS production. Ehlers & Turner (2011) 

reported an inverse relationship between F/M ratio and EPS levels while increase of EPS 

favors bioflocculation. Based on these analyses, SVI is hardly considered as only a 

function of SRTs.  

3.3.4.2 Zone Settling Velocity 

As no clear pattern was shown for three reactors operated at different SRTs or HRTs, zone 

settling velocity was measured to provide more information on sludge settleability in 

Table 3-20.  

Table 3-20 Tested SVI values and zone settling velocity curve using Dick’s equation (average ± 

standard deviation)  

 

 

 

ZSV=V0x-k 

 Reactors SVI(mL/g) V0(m/h) k R2 

A-1 166±55 8.02 2.048 0.987 
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B-1 133±12 4.85 1.782 0.955 

C-1 147±11 6.40 1.974 0.986 

A-2 220±47 1.17 1.942 0.964 

B-2 239±51 0.42 1.155 0.939 

C-2 406±69 0.23 1.322 0.986 

A-3 128±16 2.06 1.247 0.990 

B-3 246±59 0.17 0.744 0.941 

C-3 208±49 0.61 0.355 0.962 

 

The constants reflect the settling characteristics, as high initial velocity Vo corresponds to 

good settling properties (Wilén et al., 2008). The higher Vo were related to lower SVIs. 

A-1, A-2 and A-3 had highest initial settling velocities in three batches respectively, 

suggesting extremely short SRT and HRT might favor the sludge settleablity. At short 

HRT, high flow rate carried over large amount of light and fluffy flocs in the effluent, 

leaving biomass with good settling properties in the system. However, this is 

contradictory to previous findings that settling improved with increased SRT (B. Liao et al., 

2001; Ng & Hermanowicz, 2005). The ZSV tests only did once for each batch, which 

might not fully represent the entire operating period.  

3.3.4.3 Sludge Floc Size 

It has been documented that the biomass floc size contributes to the settling velocity 

(Wilén et al., 2008). The particle size distribution was tested for the physical characteristics 

of the biomass. The difference in size might be due to different physiological state of 

sludge and hydraulic selection pressure on microbial floc at various SRT and HRT. In 
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agreement with the previous studies, the particle sizes increased with the decreasing SRT 

during batch #1 (Wilén & Balmér, 1999). The average median floc size of sludge in the 

A-1, B-1 and C-1 were 179.9±18.4μm, 122.7±6.8μm and 108.6±12.6μm respectively. The 

floc size was significantly larger in A-1 while no significant difference was found 

between B-1 and C-1. The larger flocs particles, termed as straggler flocs at 1.5d SRT, 

were likely caused by insufficient bioflocculation (Bisogni JR & Lawrence, 1971). 

Therefore, poor settling properties in A-1 can be explained by highly dispersed structure 

which improved by increasing the SRT.  

In batch #2, there is a shift towards smaller particles at lower HRTs with average median 

floc size of 90.2±3.6μm, 126.5±7.0μm and 116.3±6.7μm in the A-2, B-2 and C-2. It is 

likely higher turbulence in the aeration tank caused breaking down the flocs , resulting in 

a decrease in mean floc size (Melin et al., 2005; Merlo et al., 2007). The various floc 

strength, density and constituents under lower HRT might contribute to the improved 

settleability. Compact and stronger structures of granules have been found at shorter HRT 

with higher density and good settling characteristics (Pan et al., 2004). It was confirmed by 

batch #3, operated at comparatively shorter SRT and longer HRT, sludge in B-3 had the 

significantly larger flocs than in A-3 and C-3 (p<0.05). The average median floc size in the 

A-3, B-3 and C-3 were 87.8±6.3μm, 115.1±9.2μm and 68.6±4.0μm. Incomplete 

bioflocculation and low hydraulic seletion resulted in poor settleability.  

3.3.4.4 Sludge Bulking 

It is necessary to mention that the sludge bulking problem was first noticed during batch 

#2 until the beginning of batch #3. The sludge blanket continuously increased in the 
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settling tank of A-2, resulting in a slight decrease of MLSS shown in Figure 3-6. The 

increase of sludge blanket thickness, coupled with high SVIs observed in batch #2, was 

defined sludge bulking as reported in the literature (Martins et al., 2004). It was likely 

that high MLSS concentration in A-2 and long settling HRT (3.26h) in C-2 created 

perfect anoxic condition at the bottom of settling tank which caused the excessive growth 

of low DO filaments in the secondary clarifier. In addition, since sOURs were found to be 

higher at shorter HRT and SRT, indicated a higher oxygen uptake rate as a result of 

higher biomass concentration. It has been reported a higher bulk DO concentration is 

required at such extreme operating conditions to ensure the penetration of the flocs to 

avoid the sludge bulking (Bisogni JR & Lawrence, 1971). The DO in the aeration tank 

was increased to provide absolutely sufficient amount in the aeration and prevent anoxic 

environment in the secondary clarifier. Consequently, the bulking problem was mitigated 

with the decrease of SVIs from 220-406 mL/g to 128-246 mL/g in batch #3. In addition, 

high temperature observed during the summer period also facilitated the increase of 

sludge blanket as a result of the proliferation of filament bacteria as well as the partial 

denitrification.  

Effluent total suspended solid is often used as an alternative tool to evaluate effluent 

quality as well as sludge settling properties. Comparing effluent TSS in each batch, 

higher values was found in lower HRT and higher SRT systems where smaller flocs were 

produced.  

It seems higher SRT and lower HRT improve the sludge settleability but the involved 

mechanism of bioflocculation is still obscure. Further microscopic examination is 
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recommended to provide insight of the factors on sludge settability at these extreme 

operating conditions. 

3.3.5 Sludge Production and Energy Recovery  

3.3.5.1 Observed Yield and Sludge Production 

The observed yield coefficients was calculated based on the sum of mass of wasted sludge 

and effluent solids divided by the total COD removed, with the values of 0.39, 0.34 and 

0.27g VSS/g COD for A-1, B-1 and C-1. As the SRT increased, more active biomass is 

oxidized and converted to debris thus resulted in lower observed yield. Furthermore, 

higher biomass observed yield resulted in a 30% increase in sludge production when SRT 

decreased from 4.5d to 1.5d as shown in Table 3-6. 

The true yield coefficient and biomass decay rates can be estimated from a plot of specific 

biomass growth rate versus specific substrate utilization rate. The plot of the specific 

growth rate noted as the reciprocal of SRT, versus the specific substrate utilization rate was 

shown in Figure 3-15. The slope and the intercept from the linear best fit was taken as the 

true yield coefficient and the biomass decay rate, with values of 0.48 g VSS/g COD and 

0.16 d-1, respectively. The decay coefficient is consistent with that found by Ng & 

Hermanowicz (2005) for CMAS system with a value of 0.17 d-1 while the true yield is 

slightly higher than their value of 0.35 g VSS/g COD. But both yield and decay coefficients 

were within the typical range of 0.3 to 0.6 g VSS/g COD and 0.06 to 0.2 d-1 reported by 

Tchobanoglous et al. (2004). However, plot method only gives an approximation for the 

true yield coefficient and the biomass decay rate. Biomass decay rate of the sludge varies 
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with different SRT. Therefore the accurate values were determined and will be discussed 

in the Chapter 4.  
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Figure 3-15 Determination of true yield coefficient and biomass decay rate. 

Table 3-11 shows the observed yield coefficients of 0.32, 0.34 and 0.32g VSS/g COD for 

A-2, B-2 and C-2, which is independence of HRT as expected. Therefore, varying HRT 

doesn’t contribute to the energy recovery regarding the sludge production. 

3.3.5.2 Oxygen Requirement  

As discussed previously, the aeration facility accounts for up to 60% of the total plant 

energy consumption which is of most concern. With the increase of SRT, more and more 

active biomass is oxidized and converted to debris resulting in a decreased biomass 

wasting and higher oxygen requirement, which can be seen in Equation 3-13 
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(Tchobanoglous et al., 2003): 

RO=Q (SO-S)-1.42 PX,bio             Equation 3-13 

where Ro is the required oxygen (g/d), PX,bio is the wasted biomass (g/d),1.42 is the 

conversion coefficient of biomass (gCOD/gVSS). Based on the mass of organics substrate 

removal and wasted biomass, oxygen requirement for each system with different SRT are 

35.6 g/d, 41.7 g/d and 50.6 g/d respectively. The OURs and sOURs were measured to 

provide actual oxygen consumption, as shown in Table 3-21. 

Table 3-21 OURs, sOURs and unit oxygen requirement for aeration  

Parameters A-1 B-1 C-1 A-2 B-2 C-2 A-3 B-3 C-3 

OUR (g O2/d) 11.2  13.7  14.6  23.0  14.1  10.0  22.4  17.9  15.9  

sOUR(mg O2/(g MLVSS·h) 15.4 10.2 9.4 16.4 17.1 18.8 13.3 16.2 10.3 

Unit Oxygen Consumption (g/L) 51.5 63.1 67.3 54.8 62.3 68.6 51.2 61.3 54.5 

 

The sOURs varied from 9.4 to 18.8 mg O2/(g MLVSS·h), which are consistent with the 

values reported in the literature (Panswad & Anan, 1999). A decrease of sOUR was 

observed with increasing SRT, due to the balance between specific microbial activity and 

biomass concentration to maintain the overall biomass activity (Cicek et al., 2001). The 

consistency can also be noticed in the shorter HRT systems that lower sOURs resulted 

from higher MLSS concentration. 

The unit oxygen required per litre of wastewater was reduced from 67.5 g/L to 51.5 g/L when 

SRT decreased from 4.5 days to 1.5 days, which indicated operation at an SRT of 1.5 days 
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required 23% less oxygen than operation at an SRT of 4.5 days to treat the same volume of 

wastewater. Since the oxygen demand associated with the influent substrate is 391.90 mg/L 

*220.8L/d / 1000 mg/g = 86.5 g/d, sufficient oxygen is required to meet only 13%, 16% 

and 17% of that demand. This reduction of oxygen requirements is significant and as much 

as 50.5% COD in the wastewater was shunted to solid stream and less oxygen 

consumption required for oxidation.  

Regarding the effect of HRT on the oxygen requirement, the results indicated a reduction 

of 20% oxygen was required for operation at 1h HRT compared to that of 3h HRT. In 

addition to the reduced oxygen requirement, lower HRT corresponds to a higher MLSS 

concentration and smaller wasted volume per unit treated effluent, and consequently 

requires smaller equipment for solids processing. The benefits include reduced facility 

capital cost and sludge disposal fee. 

3.3.5.3 Estimation for Energy Recovery  

High observed yields presents less biomass for oxidation with high potential of energy 

recovery. Through anaerobic digestion process, biogas will be evolved from the sludge 

production and transformed to electrical and thermal energy via gas turbine technology. 

The energy products can be recycled to aeration system and digester thus offset the energy 

demand of the WWTPs. For reactors A-1, B-1 and C-1, the VSS wasting rates were 30.5, 

27.6 and 21.3 g/d. Assuming 50% of the VSS in the wasted activated sludge are convertible 

and the methane production rate is 0.7m3 of methane produced per kg VSS destroyed 

(Tchobanoglous et al., 2003), approximate rate of 10.7, 9.6 and 7.5 L/d of methane would 
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be produced after anaerobic digestion. Assuming a methane content of 65% by volume 

produced in the biogass, the lower heating value of the biogas would be 22,400 kJ/m3 

(Tchobanoglous et al., 2003), allowing heat production of 1.15 kJ/L, 1.01 kJ/L and 0.78 

kJ/L respectively. Considering the efficiency of 68 percent energy recovery using 

microturbine and the estimate of 7.6 kJ/L energy content in the domestic wastewater 

influent (Sutton et al., 2011), the systems operated with 1.5d, 3.0d and 4.5d SRT will 

recover 10.3%, 9.1% and 7.0% from per unit treated wastewater.  

3.3.6 Conclusions 

• Operated at 2d SRT and 1h HRT, MLSS concentration can be maintained as high as 

6800mg/L in a CAS system. Short SRT system combined with short HRT can 

produce a high biomass concentration and require smaller bioreactors but a larger 

clarifier to accommodate the increased solid loading rate for good effluent quality.  

• Short SRT systems showed high capacity of organic substrate removal with removal 

efficiencies ranging from 80.1% to 88.8%. However, there is limitation shown at 

SRT of 1.5 days with incomplete organic substrate removal and insufficient 

bioflocculation. 

• Coupled with EBPR, 82.2% to 92.1% of the influent phosphorus was removed at 

short SRTs from 1.5 days to 4.5 days, illustrated a high phosphorus recovery 

potential. SRTs longer than 2 days did not have any improvement on the phosphorus 

removal.  

• Approximately 50% nitrogen removal was achieved at short SRT systems as high 

sludge production rate of short SRT systems allows for improved nitrogen removal 
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through biomass growth. Nitrification and denitrification partially occurred at SRT as 

low as 2 days during summer period, which is also contributed to high removal 

efficiency. 

• The organic substrate and nutrients removal were independent of HRT but higher 

effluent suspended solids caused by higher hydraulic pressure deteriorate the effluent 

quality.  

• The EBPR systems operated at shorter SRTs were characterized with poor COD but 

good nitrogen balances close to 100%. Lower COD and nitrogen recoveries at longer 

SRT show a high capability of nitrogen removal. In all EBPR systems (except for 

A-1), poor phosphorus recoveries ranging from 70% to 86% were found, suggesting 

higher fractions of PAOs in the biomass. 

• Sludge at higher SRT and lower HRT tend to have better settleability. Smaller floc 

size was also found in both conditions.  

• Sludge observed yield increases with decreased SRT but is not relevant with HRT. 

Accordingly, oxygen requirement was the lowest at SRT of 1.5 days which required 

23% less oxygen than operation at SRT of 4.5 days, diverting as high as 50.1% COD to 

the sludge stream. The decrease of HRT also contributed to a reduction of 20% 

oxygen when operated at 1h HRT compared to that of 3h HRT. The short SRT and 

HRT systems presented high potential for oxygen consumption reduction and energy 

recovery. 
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4 Batch Test Assessment of Activated Sludge Model Parameters and ASM 

2d Steady-State Simulations 

4.1 Introduction 

The Activated Sludge Models (ASM) were successfully developed and widely used to 

mimic the performance of BNR systems. As SRT is a primary factor determining the 

microbial community, the change of SRT significantly affects the type and growth pattern 

of heterotrophic bacteria. However, little is known about the nutrient removal kinetics and 

settling characteristics in activated sludge systems under extreme short SRT and HRT. 

Smaller and weaker flocs found at shorter SRTs present significantly different microbial 

dynamics performance from longer SRTs systems. Consequently, systems with short SRTs 

usually are strongly affected by the Monod parameters in terms of high specific growth 

rate μH and low half-saturation coefficient Ks while at longer SRTs the decay coefficient 

and the oxygen requirement have primary effect instead. In addition, the absence of high 

life forms such as Stalked ciliates (Opercularia spp.) and flagellates (Monas spp.) in 

systems operated at low SRT affects the microbial population as well as biomass decay (Ng 

& Hermanowicz, 2005). Therefore, it is necessary to investigate the proper use of default 

values for stoichiometric and kinetic parameters.   

Due to the specific characteristics of wastewater from the City of Guelph Wastewater 

Treatment, it required a configuration that coupled with additional anoxic, aerobic zones 

and anaerobic zone for enhanced biological phosphate removal which is different from a 

conventional process. Furthermore, heterotrophic kinetic parameters were obtained from 

batch tests and used to perform a steady-state calibration combined with wastewater 
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characteristics from pilot plant results. By comparing to the pilot plant data, the predicted 

system performance at short SRTs and HRT was evaluated where few attempts were made 

based on these extreme operating conditions. 

The goal of this chapter is to obtain the kinetic parameters for ASM 2d model and further 

calibrate the model (IWA, 2000) with the computer software GPS-X® (Hydromantis Inc). 

Based on the verified model, simulations were implemented to evaluate the system 

performance. 

4.2 Materials and Methods 

4.2.1 Pilot Plant Setup and Operations 

Pilot plant setup and operational conditions applied for this part of the research can be 

found in sections 3.2, and the performance of each operational condition is fully described 

in Chapter 3. 

4.2.2 Batch Tests Setup 

The lab-scale tests are often used to provide reliable data of the sludge characteristics for 

the calibration of the nutrient removal model for any system. The oxygen uptake rate and 

endogenous respiration tests were performed with the sludge taken from all the systems and 

two replicates for each system were implemented. In this study, only the heterotrophic 

microorganisms were assessed for the batch tests for the calibration of the activated sludge 

model (ASM 2d) and nutrient performance assessment of novel conventional activated 

sludge system configuration. 
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Batch tests were monitored daily by measuring temperature and pH with a pH meter 

(Model 250+, Thermo Orion, USA). The pH was maintained between 7.0 and 7.8 by 

manually adding 1M HCl or 0.1M NaOH solutions accordingly. DO was measured using a 

portable DO meter (YSI Inc., Yellow Springs, Ohio). Samples taken from batch reactors 

were used to determine MLVSS, OURs, and other wastewater characterizations according 

to procedure described in sections 3.2.2 and 3.2.3. 

4.2.3 Assessment of Kinetic Parameters for ASM model 

4.2.3.1 Heterotrophic Decay coefficient bH  

The endogenous respiration test measures the OURs of endogenous sludge from an aerated 

and non-fed reactor over a period of 10 to 20 days as proposed by Ekama et al. (1986).   

The slope of a plot of the natural logarithm of the OURs versus time will be the traditional 

decay coefficient (bH’) (Henze et al., 2000). Since the nitrification is not well established 

in the reactors from which the biomassis obtained, the nitrification inhibitor (160mg 

/300mL sample) was added into 400mL sample and the pH was maintained at 7.0-7.8. 

Based on YH from the previous result and assumed fraction of biomass yielding particulate 

products (𝑓𝑝) as 0.08, the model decay coefficient bH, can be determined from Equation 4-1, 

𝐛𝐇 = 𝐛𝐇′

𝟏−𝐘𝐇(𝟏−𝐟𝐩)
                Equation 4-1 

where fp is the fraction of biomass yielding particulate products; YH is the heterotrophic 

biomass yield (gCOD/gCOD); bH  is the heterotrophic endogenous decay coefficient 

(day-1) 
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4.2.3.2 Maximum specific growth rate μmax,H 

A new method of Seed Increments (S.I. method) proposed by Fall et al. (2012), was used 

to determine the maximum specific growth rate, μmax,H. Instead of traditionally recording 

exponential growth of the oxygen uptake rate for a certain quantity of biomass, it refers to 

the measurement of the initial oxygen consumption rates at different biomass 

concentration with sufficient SS. 

By performing the S.I. method, 600 mL of pre-settled wastewater and nitrification inhibitor 

were added to each reactor, the oxygen uptake rate was continuously monitored. Since the 

wastewater contains insufficient Ss, potassium acetate was spiked (300mg/L) to allow the 

unlimited biomass growth for the direct measurement of μmax,H. Initial oxygen uptake rate 

was monitored each time and started without inoculum, followed by the addition of 10 mL 

mixed-liquor. Further increments of 10 mL mixed-liquor (ML) each time were added to the 

reactor by performing six increments and initial oxygen uptake rates were determined 

correspondingly.  

By a plot of the total volume of wastewater sample (Vww+ VML) multiply initial oxygen 

uptake rate (rO2_ini) versus volume of mixed-liquor (VML), the maximum specific growth 

rate μmax,H and the heterotrophic biomass concentration in the wastewater (XH0) can be 

estimated from the slope and the intercept respectively, if bH, YH and initial biomass 

present in the system were known.  
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4.2.4 Process Modeling and Simulation 

4.2.4.1 Mathematical Model Configuration  

GPS-X® 6.0.1 (Hydromantis, Hamilton, ON) was used as the computer software package 

for simulation of the proposed plant model. The model MANTIS2d, modified from the 

IWA Activated Sludge Model 2d, was applied to investigate the performance of the pilot 

plant systems (Hydromantis, Hamilton, ON). As the same tested configuration described in 

Chapter 3, the anoxic, anaerobic and aerobic reactors are assumed as completely mixed 

followed by a secondary clarifier. The biomass wastage was directly pumped from 

aerobic tank and the dosage of acetate take places in the anaerobic tank as shown in 

Figure 4-1.  

 

Figure 4-1 Model setup from the pilot system configuration using GPS-X 
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4.2.4.2 Model calibration 

In order to better predict the system performance from the software model, a combination 

of pilot-scale data and batch tests are used to provide characteristics of both wastewater 

and sludge. The data from the pilot plant are assumed as average values to represent 

wastewater characteristics of City of Guelph WWTP as shown in Table 4-1. Values for 

stoichiometric and kinetic parameters obtained in batch tests for the ASM 2d were used 

as reset values. The simulation of sludge production as well as treatment performances was 

evaluated at T= 20°C under all the operating conditions tested in the batch #1 and batch #2. 

The influent flow rate ranged from 250 to 1000 m3/d according to various HRTs and 

dissolved oxygen concentration in aerobic tank was maintained at 2.0 mg/L.  

Table 4-1 Average influent characteristics used for model simulations  

Parameter Units Value 

COD mg/L 330 

Nitrate mgN/L 5.0 

Total phosphorous  mgP/L 5.0 

VSS/TSS - 0.8 

Soluble inert fraction of total COD - 0.06 

Readily biodegradable fraction of total COD  - 0.11 

Particulate inert fraction of total COD  - 0.27 

 

4.3 Results and Discussion 

4.3.1 Parameters Derived by Linearization 

The heterotrophic kinetic parameters in terms of the traditional decay coefficient bH
’, decay 
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coefficient bH and the maximum specific growth rate μmax,H were determined by the 

respirometric methods described above. Table 4-2 shows the results for these parameters at 

20°C. Besides, the estimation of true yield coefficient YH was taken as the slop from the 

linear fitting of 1/SRT versus specific growth rate. A value of 0.678 g COD/g COD was 

derived from Figure 3-15 within the typical range of 0.48-0.72g COD/g COD (Grady Jr et al., 

2011). It has been reported YH is independent of both temperature from 10 to 20 °C and SRT 

(Kappeler & Gujer, 1992; Majewsky et al., 2011). Therefore, 0.678 g COD/g COD is applied 

as true yield coefficient to determine μmax,H for all the operational conditions in this study. 
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Figure 4-2 Kinetics parameters from the derived by linearization (a) bH’, (b) μmax,H. 

The bH’ was determined from the slope of linear best fit of the natural logarithm of the 

OUR profiles versus time, which is presented in Figure 4-2. Sufficient information on bH’ 

and YH is available to allow its estimation for bH by Equation 4-1. The results of bH, bH’ 

and μmax,H at 20°C at all nine operating conditions are summarized in Table 4-2. The 

average heterotrophic biomass concentration in the wastewater (XH0) was 36.8±7.4mg 

COD/L. 
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Table 4-2 Summary of heterotrophic kinetic parameters at 20°C (average ± standard deviation) 

Kinetic 
parameters A-1 B-1 C-1 A-2 B-2 C-2 A-3 B-3 C-3 

bH’ (d-1) 0.17 0.20 0.20 0.22 0.19 0.17 0.18 0.21 0.15 

bH (d-1) 0.45 0.53 0.51 0.58 0.51 0.46 0.48 0.57 0.41 

μmax,H 
(d-1) 

6.65±
0.14 

5.99±
0.44 

4.93±
0.20 

6.36±
0.32 

6.13±
0.32 

6.40±
0.40 

6.74±
0.18 

6.37±
0.36 

5.32± 
0.06 

 

As is seen in Table 4-2, the values of bH’ were shown ranging from 0.15-0.22 d-1 at 20°C, 

which are coherent with the typical range of 0.05-1.6 d-1 reported by (Henze et al., 2000). The 

modeling parameter bH varied from 0.41-0.58 d-1 at 20°C within the range of 0.3-0.7 d-1 (Van 

Loosdrecht & Henze, 1999).  

The results showed sludge at shorter SRTs tend to have lower decay rate coefficient. 

Different decay rate coefficient might attribute to different amount of PAOs existed in the 

EBPR system which have been reported to have much lower decay rate (0.04 d-1) 

compared to OHOs (0.24 d-1) (Mogens et al., 2008). In addition to PAOs, the important role 

of protozoa in the endogenous respiration was illustrated by Van Loosdrecht and Henze 

(1999). A drop of the decay rate coefficient from 0.4 to 0.05 d-1was observed with the 

absence of protozoa. Therefore it is likely that reduced protozoa activity at shorter SRT 

contributed to the lower bH’ values. However, no certain pattern was found with the change of 

HRT.  

By applying S.I. method, the values of μmax,H were estimated varying from 4.93 to 6.74d-1 

at 20°C. They are consistent with the wide range of 3 to 12 d-1 reported in the literature 
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(Hafez et al., 2010; Henze et al., 2000). A reduction of maximum specific growth rate 

𝜇𝑚𝑎𝑥,𝐻 with increasing SRT was observed throughout three batches. It can be approached by 

the kinetic selection theory that higher F/M ratio or short SRT allows the faster growth of the 

bacteria with higher Monod parameter (μ and Ks) (Chudoba et al., 1973). These bacteria 

with a higher growth rate are advantageous for their higher substrate uptake rate and 

become dominant in the high substrate environment. The short SRT systems, 

characterized by higher specific growth rate and lower decay rate, are capable of 

producing more biomass.  

4.3.2 Systems Performance Simulation 

In order to predict the performance of the EBPR system as proposed, the model parameters 

shown in Table 4-3 were calibrated using the sludge characteristics from batch tests 

described above and wastewater characteristics from pilot plant experimental data as listed in 

Table 4-1.  

Table 4-3 indicates all the kinetic coefficients were very close to the typical values for 

ASM2d. Furthermore, they are also very coherent to the typical values for municipal 

wastewater. All these parameters are tested to give the predicted MLVSS and effluent 

TCOD concentration within 10% of the results from B-2.  

Table 4-3 Typical model parameters values and adjusted values from batch tests 

Parameter  Units  ASM2d  Calibrated  Typical value 
for municipal 
wasterwater  

Reference 

Inert soluble COD 
fraction 

 0.05 0.06   
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Maximum specific 
heterotrophic growth 
rate 

d-1 3.2 6.4 6.0 Henze et al. 
(2000) 

Heterotrophic yield 
coefficient  

gCOD/  
gCOD  

0.666  0.678 0.63 Grady Jr et al. 
(2011) 

Heterotrophic decay 
coefficient  

d-1  0.62  0.5 0.6 van Loosdrecht & 
Henze (1999) 

Heterotrophic biomass 
in the wastewater 

gCOD/m3 0 37 30  Henze et al. 
(2000) 

 

These model parameters were then applied for the other five operating conditions in 

batch #1 and batch #2. In addition, the surface area of secondary clarifier is also adjusted 

to obtain a similar HRT (1.0-3.0h) as that of the pilot plant test to better simulate settling 

condition in the secondary clarifier. During the simulation, the system performance was 

found to be mainly affected by the operating condition in terms of SRT and HRT where 

kinetic coefficients are of minor importance. The predicted performance and actual results 

are compared in Figure 4-3 and Figure 4-4. 

The outputs of the model at different SRTs indicated MLSS and MLVSS were best 

predicted as seen in Figure 4-3 (a) and (b). It is interesting to notice that the model shows 

supreme effluent quality with lower ESS at SRT of 1.5 days compared to the measured 

value. However, though the attempt was made to maintain the ESS by increasing the HRT 

of settling tank, it is evitable to increase dramatically to 71 mg/L as SRT increases to 4.5 

days, which was much higher than 27mg/L from the pilot plant data. It is believed the 

deterioration of the effluent result from the failure of settling tank caused by high MLSS 

concentration up to 6200mg/L, which has been reported as a limitation for the 

conventional secondary clarifier (Grady Jr et al., 2011). The profile of effluent TCOD is 
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shown the same trend as ESS.  

Figure 4-3 (e) and (f) indicate the nutrient removal was poorly predicted since removal of 

total nitrogen and total phosphorus are both underestimated by 18-26% and 43-48% 

respectively at short SRTs. It suggested a further modification on the kinetics parameters 

concerning of nutrients to improve the model prediction of nutrient removal.  
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Figure 4-3 Comparison of predicted results and measured results at different SRTs (a) MLSS in 

the aeration tank, (b) MLVSS in the aeration tank, (c) Effluent TSS, (d) Effluent TCOD, (e) 

Effluent TN and (f) Effluent TP.  

As seen in Figure 4-4 (a) and (b), the predicted MLSS and MLVSS concentration well 

matched the measured results at HRT above 2 hours while much lower results was 
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obtained at HRT of 1h compared to the results of A-2. It is likely attributed to the large 

amount of SS washout in the effluent which avoided the increase of MLSS concentration 

with decreased HRT as indicated in Figure 4-4(c). In addition, lower nutrients removal 

efficiencies of predicted results are also observed at different HRTs, especially the 

phosphorus removal. From the model output, the lowest phosphorus effluent 

concentration is still as high as 1.6mgP/L, indicated the absence of EBPR at 2d SRT. On 

the contrary, excellent phosphorus removal was achieved with effluent total phosphorus 

concentration lower than 1mg/L during the pilot plant operation. Furthermore, it has been 

reported the EBPR systems are capable of produce low turbid, high quality effluent, 

resulting from large fraction of PAOs in the biomass with higher density and 

correspondingly higher settling velocity. Therefore, biomass washout as well as lack of 

PAOs activity in the simulation might contribute to the divergent results of system 

performance and settling condition  
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Figure 4-4 Comparison of predicted results and measured results at different HRTs (a) MLSS in 

the aeration tank, (b) MLVSS in the aeration tank, (c) Effluent TSS, (d) Effluent TCOD, (e) 

Effluent TN and (f) Effluent TP. 

Though MLSS and MLVSS are most predictable parameters in the model simulation, the 

predicted MLVSS/MLSS ratios are found to be lower ranging from 0.74 to 0.77 

compared to the average value of 0.80 from the pilot plant results. Since evaluation of the 

methane production from the anaerobic digestion is based on volatile solids destruction, 

the prediction of MLVSS content is considered as an important factor to give accurate 

results of energy production., The predicted data shows lower fraction of MLVSS in the 

biomass resulting in a lower observed yield, therefore the potential for energy recovery 
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would probably be underestimated from the GPS-X model simulation.  

The reasons for the failure of settling tank are further investigated. The effect of HRT on 

the steady-state concentration of ESS at 2d SRT and 3d SRT is illustrated in Figure 4-5 

where it is impossible to pushing the operated HRT lower than 2h with a settling HRT of 

2.3h. The operation failure occurred as an abrupt drop of the MLSS with ESS washout 

was shown at HRT of 2h with SRT of 2d, which can explain the difference between the 

predicted value and measured value at 1h HRT, which is shown in Figure 4-4 (a). 

Operated at 3d SRT, the washout of ESS took place at HRT of 3 hours. The results show a 

limitation of short HRT operation in the model simulation, while it is feasible in the real 

situation that ESS was achieved as low as 30mg/L in the system operated at 2d SRT and 

1h HRT with a settling retention time of 1.1h.  
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Figure 4-5 Effect of HRT on the performance of steady-state concentration of ESS and MLSS 

with the SRTs of 2d and 3d.  
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It is seen that the model simulation is unable to provide accurate results when higher 

MLSS concentration over 5000mg/L was applied. Since the practical design of MLSS 

concentration is typically between 2000mg/L to 5000mg/L, the limitation to predict 

biomass concentration at short HRT is probably due to the typical setting of settling 

parameters for the secondary clarifier.  

4.4 Conclusions 

• At 20°C, bH’ and μmax,H are estimated ranging from 0.15-0.22 d-1 and 4.93-6.74 d-1 at 

SRT from 1.5d to 4.5d and HRT from 1h to 3h respectively. Higher μmax,H was 

observed at lower SRT as the bacteria with higher substrate uptake rate are favorable 

in the high substrate environment according to the kinetic selection theory.  

• The simulations of organic substrate removal are comparable to the pilot plant data at 

low MLSS concentration. However, a failure of settling tank occurred with high amount 

of biomass washout when high MLSS concentration increases to 5000mg/L. The 

software model exhibited a limitation of short HRT operation at 1h while it was not seen 

in the pilot plant operation. 

• The nitrogen and phosphorus removal was underestimated at short SRT systems by 

18-26% and 43-48%. In particular, limited EBPR was observed in the predicted model 

which is significantly different from pilot plant data. The model optimization as well as 

the estimation of kinetic parameters associated with nutrients removal is suggested to 

provide more accurate prediction.  

  



 

89 

 

5 Conclusions and Recommendations 

5.1 Conclusions  

Results from six months of operation and extensive studies on a pilot scale system 

treating real municipal wastewater showed that using short SRT with biological 

phosphorus removal process in a conventional activated sludge system is applicable with 

high potential of energy and phosphorus recovery. The SRT and HRT varying from 1.5d 

to 4.5d and 1h to 3h respectively were operated to investigate their effects on the process 

performance in terms of organics and phosphorus removal, sludge production and 

characteristics. The main conclusion can be drawn as follows： 

• The systems were capable of achieving excellent effluent quality in spite of 

extremely short SRTs. The removal efficiencies of COD and phosphorus ranged 

from 81.3 to 91.2 %, and 82.2% to 92.1%, respectively. The limited capacity was 

only shown at SRT of 1.5 days due to insufficient bioflocculation. The total 

nitrogen removal efficiencies were overall above 50%. Further COD and nitrogen 

mass balances analysis indicated the unexpected nitrification and partial 

denitrification occurred at SRT above 2 days during summer period, perhaps due 

to the continued biological activities of activated sludge in the secondary clarifier. 

• In addition to excellent performances, the studies on the sludge production and 

characteristics indicated short SRT systems can be fully considered as a 

sustainable practice by small footprint, high energy recovery ability and reduced 

oxygen consumption. Short SRT system combined with short HRT can produce a 
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biomass concentration as high as 6800mg/L which requires small bioreactors. 

Accordingly, the high observed yield from 0.27 to 0.39 g VSS/g COD was 

obtained, confirming a great potential for energy recovery from biomass. In 

addition, the oxygen requirement was reduced by 23% and 20% when SRT 

decreased from 4.5d to 1.5d and HRT decreased from 3h to 1h respectively. 

• Poor sludge settling occurred at high temperature probably due to the limitation of 

oxygen mass transfer at high organic loading rates. Higher SRT and lower HRT 

produce sludge with better settleability and smaller floc size. Large fluctuation of 

settling characteristics was observed at low SRTs. 

• At 20°C, bH’ and μmax,H are estimated between 0.15-0.22 d-1 and 4.93-6.74 d-1 

respectively. Higher μmax,H was observed at lower SRT as the high substrate 

environment favor the growth of bacteria with higher substrate uptake rate. 

• The simulations of organic substrate removal are comparable to the pilot plant data at 

low MLSS concentration. A failure of settling tank occurred at extreme low HRT 

where higher MLSS concentration was applied, showing a difficulty of operating at 

HRT of 1h. The prediction of nutrients removal was underestimated at short SRT 

systems by 18-26% and 43-48% compared to the pilot plant data.  

5.2 Recommendations  

Based on the results found in this study, the following suggestions are made for future 

research: 
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• The phosphorus content in the biomass should be measured regularly to improve 

the mass balance and gain a better understanding of phosphorus fate mechanism 

in the biological treatment.  

• Due to the instable sludge settleablity shown at short SRTs, the mechanisms 

underlying bioflocculation and its relationship with microbial community need to 

be further investigated. The identification and characterization of involved 

bacteria and factors affecting EPS production at short SRTs might provide new 

insight for current state of the studies of EBPR process.  

• Regarding of the discrepancy between predicted results and measure results, the 

model optimization at short HRT as well as the estimation of kinetic parameters 

associated with nutrients removal is required for more accurate prediction.  

• The studies on anaerobic digestion of short SRT sludge should be conducted to 

provide quantitative evaluation for the energy recovery potential in terms of 

methane production.  
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Appendix A Experimental Data 

A.1 Wastewater Characterization 

Table A-1 Wastewater characteristics during the whole operation period  

Date TCOD 
(mg/L) 

TN 
(mgN/L) 

NH3
-N 

(mgN/L) 
NO3

-N 
(mgN/L) 

TP 
(mgP/L) 

Soluble 
Phosphorus 

(mgP/L) 

02/05/2013 372.0 31.42  20.9 3.6 5.22  

 11/05/2013 191.0 35.08  12.4 12.6 

  15/05/2013 236.0 35.21  16.6 11.1 3.55  1.19 

21/05/2013 406.5 35.15  24.5 4.2 5.77  1.74 

24/05/2013 289.5 40.07  27.7 6.8 4.53  1.65 

28/05/2013 390.5 40.92  28.7 6.0 6.33  1.96 

31/05/2013 379.0 33.23  23.5 8.2 7.24  2.25 

04/06/2013 296.0 30.01  23.6 5.7 6.00 

 07/06/2013 197.0 

 

19.9 0.4 3.36 1.17 

11/06/2013 316.5 28.32  20.4 5.8 4.27 1.66 

18/06/2013 337.5 42.24  26.3 5.7 4.53 1.34 

21/06/2013 416.5 

 

31.4 2.9 5.19 1.72 

25/06/2013 390.0 24.20  17.2 5.2 4.01 1.34 

12/07/2013 334.5 41.17 20.0  4.1 4.73 1.40 

16/07/2013 401.0 37.14 22.4  0.8 7.27 1.66 

19/07/2013 435.5 38.74 23.6  2.6 6.42 1.96 

23/07/2013 355.0 31.32 18.2  4.4 4.37 1.79 

26/07/2013 326.5 42.76 20.8  8.6 4.53 1.70 

30/07/2013 263.5 44.98 20.9  
 

3.98 
 

02/08/2013 257.0 30.55 21.1  3.5 3.88 1.60 

07/08/2013 256.0 35.13 20.4  6.3 4.21 
 

09/08/2013 293.0 25.06 16.8  0.65 4.15 1.45 



 

109 

 

13/08/2013 235.5 38.65 20.8  4.5 3.82 1.55 

16/08/2013 297.5 41.59 19.8  8.8 4.66 1.66 

30/08/2013 406.5  37.36  21.9  1.0  5.09 2.04  

05/09/2013 401.0  47.50  25.4  7.2  
  

09/09/2013 348.0  39.19  
 

3.9  5.22 1.91  

12/09/2013 286.5  42.57  24.6  4.6  4.96 1.88  

16/09/2013 383.5  46.74  27.7  4.8  

 

2.12  

20/09/2013 332.0  40.42  23.2  8.0  4.73 1.70  

23/09/2013 314.0  32.32  24.2  6.8  4.66 1.61  

26/09/2013 290.5  35.78  24.7  5.2  4.7 1.91  

03/10/2013 307.5  48.04  25.7  6.6  5.15 1.91  

10/10/2013 390.5  46.24  23.5  4.7  6.33 2.40  

14/10/2013 391.5  44.78  25.3  3.4  6.46 2.22  

18/10/2013 322.0  42.81  22.4  4.5  5.41 2.05  

28/10/2013 312.5  36.34  15.7  2.2  3.65 1.70  

01/11/2013 241.5  35.10  17.7  5.0  4.14 1.86  

 

Table A-2 Determination of wastewater COD fractions  

Date Total COD Total soluble COD inert soluble COD Readily biodegradable COD 

23/05/2013 289.5 42.5 22 20.5 

04/06/2013 296 52 14 38 

16/07/2013 356 76 16 60 

26/07/2013 350 46 18 28 

09/08/2013 293 47 24 23 

16/09/2013 297.5 52 19 33 

18/10/2013 322 55 17 38 

28/10/2013 312.5 62 19 43 
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A.2 Operating Conditions 

 

Figure A-1 Pilot plant installed at the City of Guelph Wastewater Treatment Plant 

 

Table A-3 pH profiles of influent, anaerobic and aerobic zones 

Date 
Influent 

pH 
Anaerobic 

pH 1 
Anaerobic 

pH 2 
Anaerobic 

pH 3 
Aerobic 

pH 1 
Aerobic 

pH 2 
Aerobic 

pH 3 

09/05/2013 7.61  7.30  7.30  7.70  7.46  7.63  7.73  

10/05/2013 7.69  7.60  7.70  7.69  7.85  7.95  7.90  

13/05/2013 7.69  7.48  7.52  7.45  7.52  7.56  7.54  

16/05/2013 7.43  7.39  7.36  7.59  7.33  7.45  7.41  

22/05/2013 

 

7.20  7.18  7.39  7.66  7.55  7.75  

24/05/2013 

 

7.11  7.16  7.61  8.06  7.88  7.96  

25/05/2013 7.63  7.21  7.17  7.10  7.54  7.61  7.58  

30/05/2013 7.33  7.00  7.18  7.14  7.46  7.54  7.50  
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01/06/2013 7.42  7.35  7.50  7.32  7.60  7.73  7.54  

03/06/2013 7.49  7.30  7.25  7.47  7.62  7.60  7.65  

05/06/2013 7.49  7.29  7.50  7.60  7.65  7.68  7.69  

08/06/2013 7.71  7.25  7.36  7.43  7.63  

  10/06/2013 7.40  7.12  7.15  7.34  7.51  7.49  7.52  

12/06/2013 7.36  7.19  7.13  7.34  7.57  7.56  7.53  

15/06/2013 8.02  7.51  7.41  7.70  7.95  7.81  7.78  

17/06/2013 

 

7.23  7.39  7.33  7.54  7.50  7.48  

20/06/2013 7.60  7.47  7.57  7.62  7.71  7.72  7.74  

24/06/2013 7.32  7.21  7.42  7.54  7.54  7.54  7.52  

26/06/2013 

 

7.22  7.21  7.35  7.48  7.45  7.50  

08/07/2013 7.43  7.54  7.55  7.56  

   11/07/2013 7.62  7.35  7.47  7.48  7.62  7.65  7.67  

14/07/2013 

 

7.28  7.37  7.38  7.57  7.60  7.53  

17/07/2013 

 

7.38  7.36  7.38  7.45  7.46  7.47  

22/07/2013 7.75  7.33  7.25  7.38  7.45  7.49  7.50  

24/07/2013 7.65  7.35  7.34  7.35  7.57  7.63  7.66  

29/07/2013 7.54  7.46  7.45  7.50  7.52  7.60  7.66  

01/08/2013 7.65  7.29  7.34  7.50  

   12/08/2013 

 

7.30  7.31  7.37  7.48  7.60  7.61  

06/09/2013 

 

7.27  7.46  7.63  7.92  8.59  8.06  

18/09/2013 7.72  7.42  7.58  7.42  7.65  7.73  7.67  

25/09/2013 7.77  

   

7.47  7.53  7.48  

30/09/2013 

 

7.41  7.43  7.29  

   01/10/2013 

 

7.45  7.38  7.29  7.52  7.50  7.79  

11/10/2013 7.89  7.50  7.52  7.51  7.78  7.80  7.75  

29/10/2013 7.69  7.23  7.27  7.31  7.57  7.55  7.58  

 

Table A-4 ORP profiles in three anaerobic reactors 
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Date 
ORP 1 
(mV) 

ORP 2 
(mV) 

ORP 3 
(mV) Date 

ORP 1 
(mV) 

ORP 2 
(mV) 

ORP 3 
(mV) 

24/05/2013 -199.0 -204.1 -212.3 17/07/2013 -201.4 -199.0 -203.0 

26/05/2013 -180.0 -180.3 -183.0 18/07/2013 -216.0 -211.2 -223.0 

27/05/2013 -131.7 -173.7 -192.0 22/07/2013 -189.7 -179.0 -174.3 

30/05/2013 -166.6 -210.5 -222.0 24/07/2013 -223.9 -215.3 -211.0 

01/06/2013 151.3 -198.2 212.3 26/07/2013 -219.0 -197.6 -224.7 

03/06/2013 -145.6 -183.6 -186.3 01/08/2013 -209.3 -201.0 -210.7 

05/06/2013 -164.5 -186.2 -192.4 07/08/2013 -199.3 -192.9 -198.4 

06/06/2013 -126.1 -161.3 -177.9 12/08/2013 -184.6 -184.6 -188.8 

10/06/2013 -168.3 -184.1 -191.4 23/08/2013 -134.3 -131.9 -124.1 

12/06/2013 155.0 173.3 202.8 26/08/2013 -157.3 -143.1 -162.6 

13/06/2013 -174.7 -195.1 -207.9 02/09/2013 -172.1 -174.9 -183.1 

14/06/2013 -149.0 -149.1 -176.5 04/09/2013 -176.7 -157.3 -178.0 

16/06/2013 -155.1 -151.3 -173.6 07/09/2013 -181.4 -182.1 -192.0 

17/06/2013 -148.3 -180.5 -178.3 17/09/2013 -170.3 -180.4 -184.6 

21/06/2013 -177.0 -190.2 -194.5 20/09/2013 -196.0 -215.7 -200.3 

24/06/2013 -187.2 -199.1 -207.2 25/09/2013 -182.5 -176.3 -186.2 

26/06/2013 -164.8 -172.6 -178.5 01/10/2013 -152.1 -152.7 -179.8 

08/07/2013 -134.3 -169.6 -168.6 09/10/2013 -170.0 -162.6 -172.7 

11/07/2013 -197.0 -172.9 -168.0 13/10/2013 -150.2 -151.0 -162.2 

13/07/2013 -159.6 -156.7 -147.6 24/10/2013 -176.2 -174.0 -172.0 

15/07/2013 -218.4 -216.6 -203.2 31/10/2013 -178.0 -179.9 -182.9 

 

A.3 Heterotrophic Endogenous Test 

Table A-5 OUR profiles in the heterotrophic endogenous tests during batch #1 
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t(d) 
OUR (mg/L/d) 

t(d) 
OUR (mg/L/d) 

t(d) 
OUR (mg/L/d) 

A-1 B-1 C-1 A-1 B-1 C-1 

0 803.52 1054.08 1045.44 0 577.92 833.28 0 960.96 

0.17 414.72 578.88 596.16 0.04 544.32 708.48 0.08 778.56 

1.00 380.16 570.24 552.96 0.24 455.56 646.17 0.33 662.40 

2.00 414.72 552.96 648.00 1.13 389.76 512.64 1.13 555.84 

2.98 285.12 475.20 613.44 2.27 397.03 511.16 2.19 471.27 

4.08 181.44 449.28 449.28 3.03 287.04 362.88 2.97 440.64 

5.11 164.16 250.56 328.32 4.03 237.12 310.08 4.05 363.93 

6.14 112.32 207.36 276.48 5.05 169.37 263.04 5.09 293.76 

7.08 120.96 190.08 241.92 6.01 144.96 266.88   

8.09 95.04 172.80 214.69 7.11 147.84 223.68   

9.15 88.67 242.88 239.14 8.13 110.40 208.32   

10.10 87.45 219.93 173.32 9.14 150.72 201.60   

10.50 73.31 169.66 160.76 10.16 135.36 229.03   

12.07 57.60 135.62 170.18 10.99 144.00 250.97   

13.12 61.44 110.66 162.33 12.20 154.56 274.97   

14.10 75.84 174.72 185.28 13.04 96.70 160.32   

T(°C) 21.0 21.0 20.5 T(°C) 21.2 21.0 T(°C) 19.5 

 

Table A-6 OUR profiles in the heterotrophic endogenous tests during batch #2 

t(d) 
OUR (mg/L/d) 

t(d) 
OUR (mg/L/d) 

A-2 B-2 C-2 A-2 B-2 C-2 

0 993.86 813.73 458.86 0 456.00 344.64 194.88 

0.92 423.36 313.92 254.40 1.01 393.60 356.16 210.24 

1.82 466.29 291.84 215.04 2.01 384.69 264.00 190.08 

3.00 508.80 252.96 137.28 2.88 446.40 261.12 153.60 

3.83 403.20 216.00 130.29 3.93 474.51 216.09 143.04 
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4.87 369.60 177.60 125.49 4.98 395.52 170.74 133.03 

5.90 284.57 144.69 105.60 5.94 311.31 135.77 80.64 

    

6.88 237.12 123.84 95.04 

    

7.86 192.34 123.84 66.24 

T(°C) 19.0 19.7 20.8 T(°C) 19.3 20.0 21.0 

 

Table A-7 OUR profiles in the heterotrophic endogenous tests during batch #3 

t(d) 
OUR (mg/L/d) 

t(d) 
OUR (mg/L/d) 

A-3 B-3 C-3 A-3 B-3 C-3 

0 2275.20 1160.23 1198.08 0 1070.31 836.72 791.21 

0.88 713.54 554.01 800.12 0.92 711.77 659.68 432.69 

1.93 715.64 574.95 806.40 2.02 842.85 691.20 672.97 

3.01 890.18 486.63 858.51 2.93 691.20 333.94 545.30 

4.10 552.26 392.64 523.20 4.01 561.34 242.74 525.26 

4.84 567.62 378.76 567.27 5.03 371.52 169.92 389.76 

5.86 450.33 328.49 409.83 5.98 362.36 114.24 358.17 

6.82 368.12 271.24 473.02 6.88 315.84 113.28 312.79 

7.82 402.15 254.84 395.87 8.14 367.68 

 

257.28 

8.82 373.35 303.71 401.28 

    T(°C) 17.2 17.9 18.0 T(°C) 21.1 22.4 22.6 

 

A.4 Zone Settling Test 

Table A-8 MLSS and ZSV profiles during batch #1 

A-1  B-1  C-1 

MLSS (g/L) ZSV (m/h)  MLSS (g/L) ZSV (m/h)  MLSS (g/L) ZSV (m/h) 

11.95 0.05  9.22 0.12  8.48 0.10 
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9.56 0.08  7.90 0.15  7.27 0.15 

7.65 0.14  6.77 0.16  6.23 0.17 

6.12 0.19  5.80 0.18  5.34 0.21 

4.90 0.26  4.97 0.21  4.58 0.28 

4.20 0.39  4.26 0.32  3.92 0.39 

3.60 0.53  3.65 0.38  3.36 0.54 

3.08 0.72  3.13 0.56  2.88 0.77 

2.82 0.97  2.69 0.91  2.47 1.24 

2.42 1.28  2.24 1.19  2.12 1.37 

2.26 2.04  1.92 2.10  1.82 2.28 

 

Table A-9 MLSS and ZSV profiles during batch #2 

A-2  B-2  C-2 

MLSS (g/L) ZSV (m/h)  MLSS (g/L) ZSV (m/h)  MLSS (g/L) ZSV (m/h) 

9.07 0.02  5.56 0.06  6.19 0.02 

7.77 0.02  4.76 0.07  5.31 0.02 

6.62 0.03  4.08 0.08  4.55 0.03 

5.68 0.04  3.50 0.09  3.90 0.04 

4.87 0.05  3.00 0.10  3.34 0.04 

3.89 0.07  2.74 0.12  2.86 0.05 

3.11 0.12  2.51 0.14  2.45 0.07 

2.49 0.27  2.15 0.21  2.10 0.09 

 

Table A-10 MLSS and ZSV profiles during batch #3 

A-3  B-3  C-3 

MLSS (g/L) ZSV (m/h)  MLSS (g/L) ZSV (m/h)  MLSS (g/L) ZSV (m/h) 

13.38 0.03  7.23 0.02  8.26 0.01 

11.47 0.10  5.79 0.05  7.08 0.05 
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10.49 0.11  4.63 0.06  5.66 0.08 

8.99 0.12  3.97 0.06  4.53 0.13 

7.70 0.17  3.40 0.07  3.88 0.15 

6.60 0.21  2.72 0.08  3.33 0.18 

5.28 0.27  2.33 0.08  2.85 0.20 

4.23 0.30  2.00 0.12  2.44 0.26 

3.38 0.45  

  

 2.10 0.44 

2.70 0.60  

  

 

  2.32 0.74  

  

 

  

 

Figure A-2 Zone settling test apparatus at the University of Guelph Environmental Lab 

A.4 Operational Practices with Associated Sludge Problems 
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Figure A-3 Sludge foaming under nutrients limited conditions caused by influent pump failure 

(b) 

 

 

 

 

 

 

 

Figure A-4 Settling tank issues (a) scum raised under the high loading rate conditions; (b) 

Sludge bulking at high temperatures. 

(a) 
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A.5 Quality assurance and quality control (QA/QC) 

The blank and duplicate samples were analyzed for each sample set. Using gas 

chromatogram method, the correlation coefficient of standard curves all met the 

minimum value of 0.995. 

The results of the QC measurements of COD and TP are shown in Table A-11. 

Table A-11 Results of duplicate samples measurements of COD 

Date Sample Duplicate1 Duplicate 
2 

Sample Duplicate1 Duplicate 2 

21/05/2013 Influent 410 403    

28/05/2013 Influent 391 390 Effluent 1 52 52 

31/05/2013 Influent 367 391 Effluent 2 48 45 

07/06/2013 Influent 200 194 Effluent 2 41 36 

18/06/2013 Influent 346 329 Effluent 3 44 48 

21/06/2013 Influent 417 416 Effluent 1 31 32 

25/06/2013 Influent 198 204 Effluent 2 68 70 

12/07/2013 Influent 323 346 Effluent 1 64 71 

26/07/2013 Influent 336 317 Influent 
soluble  

56 56 

30/07/2013 Influent 260 267 Effluent 1 48 48 

02/08/2013 Influent 257 257 Effluent 1 61 59 

09/08/2013 Influent 259 253 Effluent 3 32 37 

13/08/2013 Influent 225 246    

30/08/2013 Influent 395 418 Aerobic 2 48 51 

05/09/2013 Influent 311 345 Effluent 1 76 79 

12/09/2013 Influent 284 289 Effluent 3 59 57 

16/09/2013 Influent 377 390 Aerobic 3 29 28 

20/09/2013 Influent 328 336 Effluent 3 72 66 
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23/09/2013 Influent 313 315 Effluent 3 50 49 

03/10/2013 Influent 313 302 Effluent 3 83 83 

10/10/2013 Influent 390 391 Effluent 3 64 70 

14/10/2013 Influent 396 387 Effluent 3 43 45 

18/10/2013 Influent 313 331 Effluent 3 42 50 

28/10/2013 Influent 321 304    

01/11/2013 Influent 236 247 Effluent 2 39 39 

 

Table A-12 Results of duplicate samples measurements of TP 

Date Sample Duplicate1 Duplicate 2 

21/06/2013 Effluent 2 0.15 0.17 

25/06/2013 Influent 2.58 2.64 

30/07/2013 Effluent 3 0.44 0.43 

02/08/2013 Influent soluble 1.53 1.27 

07/08/2013 Effluent 2 0.16 0.16 

13/08/2013 Anoxic 3 0.27 0.27 

16/08/2013 Effluent 1 0.78 0.78 

12/09/2013 Effluent 3 1.34 1.36 

20/09/2013 Effluent 1 0.89 0.85 

03/10/2013 Effluent 2 0.47 0.48 

10/10/2013 Effluent 1 0.58 0.59 

14/10/2013 Effluent 3 0.72 0.71 
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