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ABSTRACT 

Wastewater treatment modeling software is commonly used to aid in the design 

and operation of wastewater treatment facilities.  This modeling software commonly 

utilizes activated sludge models that predict bacterial growth based on the Monod 

equation, which has a number of limitations.  These limitations restrict the accuracy of 

the software and could lead to higher costs due to the overdesign of a wastewater 

treatment plant.  An improved activated sludge model (IASM) was developed by Xu 

(2010) to address some of the problems associated with the Monod equation.  In this 

study, the IASM is implemented into commercially available wastewater treatment 

modeling software. 

In this study, the BioWin simulation software is used as a reference for modeling 

software that incorporates the Activated Sludge Model No. 1 (ASM 1) and Activated 

Sludge Model No. 3 (ASM 3) as part of the overall modeling program.  The equations 

within ASM 1 and ASM 3 that utilize the Monod equation were identified by evaluating 

which equations were used to model bacteriological growth.  After identifying the 

appropriate equations, BioWin's built in Model Editor was used to modify the equations 

by replacing the Monod equation with the IASM equation.  Simulations were then run on 

BioWin using ASM 1 and ASM 3 as well as the IASM modified versions of the models.  

Since BioWin was able to run the simulation using the modified models and no 

mathematical errors were encountered during the simulation, we can conclude that the 

IASM was successfully implemented into ASM 1 and ASM 3 within BioWin. 
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The significance of this study is to provide a method for researchers or developers 

to easily implement the IASM into wastewater treatment modeling software that utilizes 

the ASM 1 or ASM 3 models.  By implementing the IASM into modeling software, it is 

expected that costs of building new wastewater treatment plants will be reduced since a 

more accurate model will reduce the factor of safety that is currently built in to the sizing 

of facilities.  Future research should focus on a full scale calibration and validation of the 

new models to verify whether or not they offer better predictability of treated wastewater 

quality than do the existing ASM 1 and ASM 3 models.  
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1. INTRODUCTION 

This section of the thesisfocuses on background information, a description of the 

principles of biological wastewater treatment, and a brief overview of activated sludge 

kinetics.  The intent of this chapter is (1) to provide the reader with some background 

information on the topic of activated sludge modeling and simulation, (2) to provide a 

brief overview of activated sludge kinetics, and (3) to lay out the objective and scope of 

the thesis research. 

1.1  Background Information 

There is growing concern about water supply and the protection of water quality.  

One of the main ways to protect both the environment and public health is to ensure that 

wastewater being discharged back into the environment has undergone adequate 

treatment.  By ensuring that wastewater is treated to certain standards prior to its release 

into the environment, we are also helping to ensure that our drinking water supply does 

not become contaminated, since the lakes and rivers that are the receiving water bodies 

for wastewater effluent are often used as source water for drinking water for communities 

downstream.  Domestic and industrial wastewaters contain a variety of contaminants that 

have the potential to be harmful to public health or to the environment if they are not 

removed or reduced prior to discharge into receiving waters.  Removing or reducing these 

contaminants helps to ensure that the receiving waters do not become polluted.  In some 

situations, the wastewater actually undergoes significant treatment and is then reused for 

other purposes, such as for irrigation or for non-potable domestic uses.  The process of 

removing or reducing contaminants from either domestic or industrial wastewater is 

called "wastewater treatment."  The processes used for wastewater treatment can be 
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grouped into three major categories: chemical, physical, or biological treatment 

processes.  It is possible for treatment processes to be a combination of these three major 

categories.  The main contaminants of concern in wastewater are organic compounds, 

suspended solids, nutrients, and pathogens (Tchobanoglous et al., 2003). 

One of the most commonly used biological wastewater treatment processes is the 

activated sludge process.  The activated sludge process is a suspended-growth process 

that recycles a portion of the solids from the secondary clarifier back into an aerated 

bioreactor in order to maintain a high population of microorganisms (biomass) within the 

bioreactor.  The microorganisms convert biodegradable organic matter and some 

inorganic compounds, such as nitrogen and phosphorus, into new biomass and other 

products that are used in their metabolic processes.  Biomass is separated from the treated 

wastewater in the secondary clarifier with a portion of the biomass being recycled and a 

portion of the biomass being wasted.  Many municipal wastewater treatment plants use 

the activated sludge treatment process because it is highly flexible, reliable, and effective.  

The process can be set up in a number of different configurations which allows the 

process to be adapted for the removal of a number of different contaminants.  For 

example, if nitrogen removal was a requirement of the wastewater treatment system, the 

process could be designed so that the wastewater flows through an aerobic tank, where 

nitrification occurs, then through an anoxic tank, where denitrification occurs.  By using 

different configurations and by optimizing operational conditions within the system, the 

activated sludge treatment process can produce a high quality effluent (Tchobanoglous et 

al., 2003). 
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The term "activated sludge kinetics" refers to the rate of biological and chemical 

reactions within activated sludge systems (Henze et al., 2010).  Kinetic equations are 

based on the processes of substrate degradation and microorganism growth.  In activated 

sludge kinetics, the substrate being degraded is actually the contaminant, such as 

ammonia, and the microorganism growth is simply the growth of microorganisms within 

the activated sludge.  Activated sludge treatment processes are quite complicated since 

they deal with a number of different species of microorganisms and many different 

organic and inorganic contaminants within the wastewater.  Activated sludge kinetics 

provide a tool to help optimize the design and operation of activated sludge treatment 

processes; however, the efficiency and reliability of these activated sludge treatment 

processes are limited by the accuracy of the activated sludge model that is used as the 

basis for the design or operational optimization of the process. 

A number of different types of mathematical models have been developed for the 

design and operation of activated sludge treatment systems.  Steady-state models, which 

are based on deterministic chemical kinetics, are commonly used for designing 

wastewater treatment systems (Gernaey et al., 2004).  Some common examples of steady-

state models include the Monod model (1949), which is the most widely used in the field 

of biological wastewater treatment; the Michaelis-Menten model (Michaelis and Menten, 

1913); the Lawrence-McCarty (1970) model, which was a further development on the 

Monod model and which introduced solids retention time (SRT) into the model of 

wastewater treatment processes; and the McKinney model (McKinney and San, 1962).  

More recently, researchers have developed a number of dynamic models that are able to 

model systems where the concentration of contaminants in the influent wastewater 
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changes over time.  By far the most widely used of the dynamic models are the Activated 

Sludge Models (ASM) No. 1, 2, 2d, and 3 (Keskitalo and Leiviska, 2012).  The ASMs are 

structured models based on Monod kinetics that predict the processes of biological 

reactions with a variety of kinetic and stoichiometric coefficients, and are commonly 

written in a matrix format. 

Despite their widespread use, the ASMs do have some limitations.  One common 

limitation of the ASMs is the representation of nitrification dynamics as a single-step 

process, and the subsequent denitrification of nitrate (Rieger et al., 2001).  Another 

problem is that the decay and degeneration processes in ASM 3 were modeled using 

direct respiration without substrate release and growth, neglecting endogenous respiration 

under anaerobic conditions (Fenu et al., 2010).  A more detailed overview of the 

limitations within the ASMs is included in Chapter 2. 

Xu (2010) developed a new model, called the Improved Activated Sludge Model 

(IASM), which can be used in the design of biological nutrient removal (BNR) processes.  

Xu (2010) claims that this IASM is more accurate and reliable than the Monod model for 

the prediction of microorganism growth.  This IASM could prove to be a beneficial tool 

for the design and operational optimization of biological wastewater treatment plants, 

since nutrient removal is one of the most important objectives of wastewater treatment.  

Nitrogen and phosphorus are the two main nutrients that contribute to eutrophication of 

lakes and rivers.  Regulatory guidelines and standards are becoming increasingly 

stringent in order to protect receiving waters, resulting in the need for existing wastewater 

treatment plants to be retrofitted or upgraded. 
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Mathematical modeling of wastewater treatment processes has become an 

important tool used to optimize the design of activated sludge systems; however, 

designing a wastewater treatment plant does not simply involve designing the activated 

sludge process.  Many commercially available simulation programs (simulators) are able 

to take into account an entire wastewater treatment system.  A simulator is a computer 

program that incorporates the biological wastewater treatment model with models for 

other unit operations and links all of these unit operations together into an overall 

treatment process (Melcer et al., 2003).  Depending on the intended use of the simulator, 

information is needed regarding the inputs, the configuration of the various treatment 

processes, and the operating conditions within each treatment process (Wilson and Dold, 

1998). 

Simulation software can also be a very useful tool to optimize the operation of 

existing wastewater treatment plants.  By using simulation software, operators can 

quickly and easily see the effects of changing operational parameters, such as influent 

wastewater flow rate and the concentration of various contaminants.  Operators and 

designers are also able to use simulation software to predict the effect of modifying a 

wastewater treatment plant's processes or configuration, such as a change in the amount 

of oxygen that is being supplied to a bioreactor.  In addition, modeling and simulation is 

valuable for operator training, since operators can be exposed to a number of potential 

scenarios, such as changes in inputs or system configuration, and are able to see how 

these changes can affect the wastewater treatment plant. 

The main objective of this study is to implement the IASM developed by Xu 

(2010) into the commercially available simulator software BioWin, developed by 
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EnviroSim Associates Ltd. of Hamilton, Ontario.  The IASM is expected to increase the 

accuracy of the predicted effluent quality from an activated sludge treatment process, 

which should improve the overall accuracy of the BioWin simulation software when 

modeling wastewater treatment plants that incorporate activated sludge processes. 

1.2  Activated sludge kinetics 

The performance of an activated sludge process depends on activated sludge 

kinetics.  A full understanding of biological and chemical reactions in wastewater 

treatment systems is necessary for the design and operation of activated sludge processes.  

In addition, an understanding of the microorganism growth processes that occur within an 

activated sludge systems is essential to set up an effective treatment process.  Activated 

sludge kinetics describe the processes of substrate utilization and microorganism growth 

in activated sludge systems.  Activated sludge kinetics also represent the effects of some 

operational conditions, such as temperature and nutrient concentrations, on the 

effectiveness of treatment facilities. 

For wastewater treatment, activated sludge kinetics can be expressed in terms of 

contaminant degradation (substrate utilization) and biomass production (microorganism 

growth).  One of the main objectives of wastewater treatment is to remove soluble 

organic matter by using an oxidation reaction that transforms the soluble organic matter 

into settleable biomass that can then be removed from the system.  The soluble organic 

matter in wastewater is considered a contaminant that needs to be removed, but it is also 

the substrate used for a number of enzymatic and biological reactions.  Substrate 

utilization kinetics are often expressed as formulas representing the reaction rate of 

substrate utilization, which represents the influence of operational conditions on the 
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speed of a biological reaction, the reaction mechanism, and its yield.  Substrate utilization 

rate equations are constructed based on substrate concentrations, biomass concentration, 

and reaction constants.  The Michaelis-Menten equation is the most common substrate 

utilization model.  This equation was originally proposed for enzymatic reactions but has 

since been applied to the field of biological wastewater treatment. 

The study of microorganism growth in an activated sludge system is an important 

part of activated sludge kinetics.  Contaminant degradation in wastewater results in the 

generation of new microorganism cells, which causes an increase in the biomass within 

the system.  Microorganism growth kinetics help to describe the influence of substrate 

concentrations on the specific growth rate of the microorganisms.  The Monod equation, 

which has the same form as the Michaelis-Menten equation, was proposed to describe 

microorganism growth within a system with a limited substrate concentration.  A number 

of other activated sludge kinetic models have also been developed to represent the 

biological processes occurring in an activated sludge treatment process.  Some of the 

other more common activated sludge kinetic models include the Eckenfelder, McKinney, 

and Lawrence-McCarty models. 

Recently, matrix type models have been developed to model the design and 

operation of activated sludge processes.  An activated sludge process is an extremely 

complicated system containing many different species of microorganisms, multiple 

substrates, and often various operational conditions.  To model such a complex system, a 

matrix type model is used, which is able to expresses various biological reactions.  The 

International Association on Water Pollution Research and Control [IAWPRC, 

subsequently IAWQ (International Association of Water Quality) and now IWA 
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(International Water Association)] developed the widely used Activated Sludge Models 

No. 1, 2, 2d, and 3 (ASM 1, ASM 2, ASM 2d, ASM 3) (Henze et al, 2000).  All of the 

ASMs use the Monod equation to describe the processes of substrate utilization and 

microorganism growth.  The ASMs have some limitations that reduce the accuracy of the 

models and might affect the performance of biological treatment facilities.  A more in 

depth review of the ASMs is provided in Chapter 2 of this document.  Due to the 

limitations associated with the ASMs, it should be feasible to improve the accuracy of 

EnviroSim Associates Ltd.'s BioWin simulator software by implementing the improved 

activated sludge process developed by Xu (2010). 

To illustrate the importance of having reliable and accurate activated sludge 

models, one can consider the costs associated with the variability in reported values of 

model parameters, most notably the maximum specific nitrifier growth rate.  Since 

significant variability exists in this parameter, designers typically use conservative 

estimates for the growth rate, resulting in over-designed wastewater treatment plants 

(Melcer et al., 2003).  According to Parker and Goehring (2002), based on planned 

expenditures for nitrification from the United States Environmental Protection Agency 

(US EPA) Needs Survey of 1997, it is estimated that over-design of wastewater treatment 

plants that provide nitrification could cost approximately $100 million annually in excess 

capital expenditures.  If designers continue to use low specific nitrifier growth rate values 

without establishing site specific model parameters, the costs associated with the over-

designing of wastewater treatment plants could represent nearly $2 billion over a twenty 

year period.  In addition, costs associated with processes such as aeration are driven up by 

the inclusion of these factors of safety (O'Brien et al., 2011). 
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1.3  Objective and scope of the study 

The main objective of this study is to implement the Improved Activated Sludge 

Model (IASM) developed by Xu (2010) into the commercially available simulation 

software BioWin, which was developed by EnviroSim Associates Ltd. based out of 

Hamilton, Ontario.  The IASM was developed to overcome some of the limitations that 

exist within other activated sludge models, such as the ASM 1, ASM 2, ASM 2d, and 

ASM 3.  Implementing the IASM within simulation software should lead to higher 

accuracy of the predicted effluent quality from the biological wastewater treatment 

process, thus improving the overall accuracy of the simulation software.  
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2. LITERATURE REVIEW 

Activated sludge systems are a type of suspended growth biological wastewater 

treatment in which the degradation and removal of contaminants within the wastewater is 

performed by microorganisms.  The process of contaminant removal involves a series of 

biochemical reactions, including substrate utilization and biomass growth.  A number of 

different models have been developed to predict the end result of activated sludge 

processes within a biological wastewater treatment system.  The most widely used of 

these activated sludge models is the Monod model, but this model has a number of 

limitations.  Recently, researchers have been trying to improve the Monod model.  The 

information contained in this literature review (1) outlines the characteristics of 

wastewater, including some of the potential contaminants in wastewater, and explains the 

need to treat wastewater, (2) describes the purpose and processes of wastewater 

treatment, (3) provides a detailed review of the activated sludge process, (4) explains the 

growth and metabolism of various microorganisms within an activated sludge, (5) 

outlines the development and limitation of several activated sludge models, and (6) 

provides a brief overview of activated sludge simulation software. 

2.1  Wastewater characteristics 

Wastewater is any water that has been adversely affected in quality by the 

influence of human activity.  Wastewater is made up of liquid waste discharged by 

domestic residences, commercial properties, industry, and/or agriculture and can contain 

a wide variety of contaminants at various concentrations.  However, most commonly, the 

term “wastewater” is used to refer to municipal wastewater.  Domestic wastewater, which 

is also referred to as “sewage,” is the wastewater produced from domestic households and 
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consists of more than 99.9% water and a wide range of organic and inorganic wastes 

(Cheremisinoff, 1996).  The major contaminant components found in a typical domestic 

wastewater include carbohydrates, proteins, amino acids, volatile acids, fatty acids, and 

other organic compounds, which make domestic wastewater especially well-suited for 

biological wastewater treatment processes (Giger, 1978; Painter and Viney, 1959).  The 

strength, or concentration of contaminants, of domestic wastewater becomes much higher 

if the domestic wastewater has mixed with industrial and/or commercial wastewater 

(Bitton, 2005). 

Wastewater characteristics can be classified using physical, chemical, and 

biological parameters (Liu, 1999).  Chemical parameters can be classified into two main 

types: organic or inorganic.  When discussing the inorganic components of a wastewater, 

one is typically referring to pH, acidity, alkalinity, metal ions, hardness, heavy metals, 

and nutrients (such as nitrogen or phosphorous).  On the other hand, organic matter in 

wastewater is usually measured by evaluating the concentration of the following chemical 

parameters: biochemical oxygen demand (BOD), chemical oxygen demand (COD), total 

oxygen demand (TOD), and total or dissolved organic carbon (TOC or DOC).  The most 

common measurement of the strength of organic wastes in wastewater is the 5-day BOD 

(BOD5) test (Gaudy 1972; Gaudy and Gaudy, 1988).  The amount of COD in a 

wastewater indicates the oxygen equivalent of organic matter in wastewater, including 

biodegradable and non-biodegradable organics (Pipes and Zmuda, 1997).  In order to 

determine the physical characteristics of a wastewater, one must consider parameters 

such as odour, colour, turbidity, temperature, total suspended solids (TSS), total dissolved 

solids (TDS), etc.  Wastewater can also include bacteriological contamination in the form 
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of pathogens, such as bacteria, viruses, protozoa, and parasites.  These infectious agents 

are often measured by counting the number of colony forming units (CFU) of either total 

coliforms or fecal coliforms. 

A number of inorganic substances are present in wastewater; however, nutrients, 

especially nitrogen, are of particular concern.  Nitrogen in wastewater is of concern when 

it is present in four forms: organic nitrogen, ammonia, nitrite, and nitrate.  Organic 

nitrogen causes issues when it is converted to ammonia in the first phase of the nitrogen 

cycle.  Ammonia is very toxic to aquatic life, with an acute toxicity of 0.48 mg/L of NH3 

and a chronic toxicity of 0.02 mg/L of NH3 (Xu, 2010).  In addition, organic nitrogen, 

ammonia, and nitrate can cause eutrophication of receiving waters, potentially leading to 

algal blooms, when nitrogen is the limiting nutrient in the receiving water.  

Eutrophication can cause the dissolved oxygen in rivers and lakes to drop below the 

levels required to support a healthy fish habitat.  Nitrite must be removed from 

wastewater prior to discharge in order to protect human health, since nitrite is a suspected 

carcinogen.  As for nitrate, excess amounts of this form of nitrogen in drinking water can 

cause methemoglobinemia in infants, which is also referred to as “blue baby syndrome” 

(Barker and Dold, 1994).  In order to protect the public, the United States Environmental 

Protection Agency (US EPA) has set a standard of 10 mg/L for nitrate in water, and the 

concentration of nitrite in water cannot exceed 1 mg/L (EPA, 1977). 

The main objective of wastewater treatment is to protect both human health and 

the environment.  These wastewater treatment objectives include (1) the reduction of the 

organic contaminants in wastewater, such as biodegradable organic compounds and 

volatile organic compounds, (2) the removal or reduction of suspended solids from 
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wastewater, (3) the reduction of nutrient pollutants, such as nitrogen and phosphorus, 

before discharging to receiving waters to minimize eutrophication, (4) the removal or 

reduction of heavy metals and trace organics that are toxic or carcinogenic, (5) the 

reduction or destruction of pathogenic microorganisms and parasites to protect public 

health, and (6) the production of treated effluent that can either be safely discharged to 

the environment or safely reused for some other purpose. 

2.2  Wastewater treatment processes 

Wastewater treatment technology is a result of social evolution and industrial 

development.  In the middle of the 19th century, the spread of waterborne diseases, such 

as cholera, led to a demand for wastewater treatment in Germany (Wiesmann et al., 

2007).  This public pressure was accompanied by legislation that required treatment of 

wastewater prior to discharge into lakes or rivers (Wiesmann et al., 2007; Gest, 1987).  

Most wastewater treatment plants (WWTPs) were designed for domestic wastewater, 

while industrial wastewater treatment processes and treatment plants were not developed 

until the middle of the 20th century (Tchobanoglous et al., 2003).  In the middle of the 

20th century, the amount of industrial wastewater treatment plants significantly increased 

due to the development of industry.  Currently, more than 15,000 wastewater treatment 

facilities exist in the United States, and thousands of wastewater treatment facilities exist 

in Canada, designed for the treatment of both domestic and industrial wastewaters (Xu, 

2010). 

The objective of wastewater treatment has changed over the years due to the 

diversification of domestic and industrial wastewater.  Originally, the purpose of a 

wastewater treatment plant was to protect public health by controlling waterborne 
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diseases.  From about 1900 to the early 1970s, the objective of wastewater treatment 

plants was to remove colloidal, suspended, and floatable material; to treat biodegradable 

organics; and to eliminate pathogenic organisms (Tchobanoglous et al., 2003).  

According to Tchobanoglous et al. (2003), from the early 1970s to about 1980, the 

objectives of wastewater treatment were based primarily on aesthetic and environmental 

concerns.  The objective of reducing biological oxygen demand (BOD), total suspended 

solids (TSS), and pathogenic organisms remained, but more attention was given to the 

removal or reduction of nutrients, such as nitrogen and phosphorus.  This shift in 

treatment objectives was based on an increased understanding of the environmental 

effects caused by wastewater discharge, a greater appreciation for the long-term effects 

caused by the discharge of some constituents found in the wastewater, and the 

development of greater public concern for the protection of the environment 

(Tchobanoglous et al., 2003).  Since 1980, wastewater treatment objectives have 

remained fairly constant, but the emphasis has changed and the focus is now on defining 

and removing constituents that may cause long-term health effects and environmental 

impacts.  In Canada, regulatory agencies now require nutrient removal from wastewater 

discharges that enter watercourses.  To meet these new regulations many communities are 

considering either retrofitting their existing wastewater treatment plants or constructing 

new facilities.  As with most regulated limits, the water quality standards set by 

provincial and federal governments are becoming more comprehensive and increasingly 

stringent. (Tchobanoglous et al., 2003) 
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2.3  Activated sludge process 

Biological treatment is one of the most cost-effective techniques for the treatment 

and removal of organic contaminants in wastewater (Tchobanoglous et al., 2003).  The 

objective of biological treatment is to remove or reduce the non-settleable colloidal 

solids, which are mainly organic compounds, from wastewater.  In a biological treatment 

system, this objective is carried out by microorganisms under controlled conditions.  The 

microorganisms convert the non-settleable colloidal solids into activated sludge, which 

can then be settled in a secondary clarifier and separated from the treated wastewater.  

Microorganisms are responsible for biological treatment since they convert the organic 

matter into various end products, such as other microbial biomass. 

The microorganisms involved in biological wastewater treatment include bacteria, 

protozoa, fungi, and algae.  Bacteria form the majority of the microorganisms used in 

biological wastewater treatment.  Protozoa are considered higher life forms than bacteria 

in natural water and soil, as well as in biological treatment systems.  Protozoa are helpful 

in controlling the population of bacteria and for producing a clear, treated effluent since 

they feed on bacteria, filamentous algae, and microfungi (Curds, 1982; Fenchel and 

Jorgensen, 1977).  Therefore, the quantity and species of protozoa in biological treatment 

systems is an important indicator of the status of the system.  Fungi are also found in 

biological treatment systems; however, typical operational conditions within a biological 

wastewater treatment process are usually not favourable to the growth of fungi.  A large 

population of fungi appearing in a biological treatment system usually indicates that the 

system is being operated under abnormal conditions.  Activated sludge systems are 

designed to limit the growth of filamentous fungi, since large populations of this type of 
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fungi will result in the poor settleability of the activated sludge, leading to poor effluent 

quality.  That being said, fungi do play an important role in nutrient removal because of 

their capacity for nitrification and denitrification. 

Biological wastewater treatment systems can be broken down into two major 

classifications:  attached growth systems and suspended growth systems.  Other terms 

used to describe attached growth systems include “fixed-film treatment processes” and 

“biofilm processes.”  Some examples of attached growth systems include trickling filters, 

rotating biological contactors, submerged attached growth reactors, and fluidized bed 

reactors.  These types of systems are referred to as "attached growth" systems because the 

microorganisms attach to the surface of a media and grow as a biofilm.  The microbial 

community within a biofilm can consist of bacteria, fungi, protozoa, algae, and even 

insects. 

Suspended growth systems, which include activated sludge processes, are the 

most common form of biological wastewater treatment.  Suspended growth systems were 

originally developed by Arden and Lockett in 1914 (Arden and Lockett, 1914).  Since 

activated sludge systems require a great deal of operational control, the operational 

conditions of the system can be adjusted in order to respond to different wastewater 

characteristics.  Activated sludge systems, which may combine aerobic, anoxic, and 

anaerobic processes, can be designed for the removal of nutrients, such as nitrogen and 

phosphorus, as well as the removal of organic matter.  According to Tchobanoglous et al. 

(2003), more than 90 percent of wastewater treatment plants adopt some form of 

activated sludge processes. 
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The term “activated sludge” refers to the flocculent biomass, or “floc,” that exists 

within a biological wastewater treatment system.  The formation of floc in these systems 

is the result of the binding of zooglea, which is a kind of exopolysaccharide produced by 

bacteria.  Activated sludge flocs are composed of microorganisms, as well as organic and 

inorganic particles.  According to Parker et al. (1971) and the U.S. EPA (1987), activated 

sludge flocs can range in size from 1 m to 1 mm.  Since individual bacteria cells are too 

small to settle out in a reasonable time in a clarifier, the successful operation of activated 

sludge systems depends on the formation of these activated sludge flocs.  The 

microorganisms found within an activated sludge floc can include bacteria, protozoa, 

fungi, and insects, much like the microorganisms that are found within a biofilm. 

A conventional activated sludge system is made up of one or more bioreactor 

tanks, with at least one of the tanks being under aerobic conditions, and a secondary 

clarifier.  Designers and researchers have come up with a number of variations to the 

conventional activated sludge process.  These variations and their corresponding 

operational conditions have been developed for specific applications of wastewater 

treatment, such as the need to remove nitrogen from the system.  A typical conventional 

activated sludge system is illustrated in Figure 2.1. 

The main part of the activated sludge system is the bioreactor tank, since this tank 

is where the main biological reactions of organic degradation take place.  As shown in 

Figure 2.1, the wastewater coming in from the primary treatment portion of the 

wastewater treatment plant enters the bioreactor tank and is mixed with return activated 

sludge (RAS).  The return activated sludge is a portion of the concentrated sludge from  
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Figure 2.1: A conventional activated sludge system 
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the secondary clarifier.  The secondary clarifier is an important component of the system 

as it separates the activated sludge from the treated wastewater.  Secondary clarifiers 

have two main functions within an activated sludge system: sedimentation of the 

wastewater and thickening of the activated sludge.  A portion of the concentrated 

activated sludge is returned (or recycled) back to the bioreactor tank and mixed with 

influent wastewater from the primary treatment system to maintain a specific mixed 

liquor suspended solids (MLSS) concentration within the bioreactor tank.  The RAS ratio, 

which is the ratio of RAS flow rate to wastewater flow rate, is an important design and 

operational parameter of activated sludge systems and should be monitored to ensure the 

system is functioning appropriately.  The microorganisms in the system actually 

reproduce at a rate that produces more activated sludge than is required to maintain the 

MLSS concentration in the system.  The excess activated sludge is wasted from the 

system either continuously or intermittently.  The portion of the activated sludge that is 

wasted is called "waste activated sludge" (WAS). 

Recently, designers and researchers have been modifying activated sludge 

systems in order to achieve the effective removal of nitrogen and phosphorus.  By 

combining one or more anaerobic or anoxic bioreactors with one or more aerobic 

bioreactors, it is possible to achieve nutrient removal using an activated sludge system.  

The typical biological nitrogen removal process is called a modified Ludzack-Ettinger 

(MLE) process (Tchobanoglous et al., 2003).  Figure 2.2 shows a typical MLE activated 

sludge system. 

In order to remove nitrogen from wastewater, wastewater treatment plants must 

provide a combination of nitrification and denitrification processes.  The nitrification  
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process, as described by Jenicek et al. (2004), is a two-step aerobic process.  In the first 

step, ammonia (NH4
+
) is oxidized to nitrite (NO2

-
) by a group of microorganisms.  In the 

second step, a different group of microorganisms oxidize nitrite to nitrate (NO3
-
).  

Denitrification is an anoxic process in which nitrate is reduced to nitric oxides, nitrous 

oxides, and finally to nitrogen gas, and requires two distinct operational conditions 

involving two groups of microorganisms (Dinc and Karg, 2000).  Most biological 

nitrogen removal processes consist of anoxic and aerobic zones (Barnard, 1998; Oldham 

and Rabinowitz, 2001). 

A number of modifications to the design and operational conditions of the 

conventional activated sludge process have been developed for the specific purposes of 

domestic and industrial wastewater treatment.  The conventional activated sludge process 

is designed with a plug-flow reactor and continuous influent wastewater.  A large number 

of variations of the conventional activated sludge process have been designed to improve 

system performance by modifying the reactor layout, aeration system, influent pattern, 

and operational conditions.  Some of the more widely used modified activated sludge 

processes include completely mixed activated sludge, step-feed activated sludge, 

extended aeration activated sludge, sequencing batch reactor (SBR), oxidation ditch, and 

membrane bioreactor (MBR) processes. 

2.4  Activated sludge microbiology 

Many different microorganisms are involved in the biodegradation of organic 

contaminants in wastewater.  In order to analyze the design and operation of biological 

wastewater treatment process, one must have an understanding of microorganism 

metabolism. 
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Bacteria, which are fairly simple life forms with either single-cell or multi-cellular 

structures, are the main microorganism used in biological wastewater treatment.  The 

metabolism of bacteria is the basic and most important step of substrate utilization in 

wastewater treatment (Tchobanoglous et al., 2003).  A variety of enzymes, including 

internal and external enzymes, are involved in the process of substrate utilization.  

Substrates, which can also be referred to as the biodegradable organic compounds, are 

first converted into simple compounds that are more readily used by bacteria and other 

organisms for metabolism and reproduction. 

The metabolic reactions of microorganisms are classified into three phases: 

oxidation, cell material synthesis, and endogenous respiration.  The degradation of 

organics in wastewater involves all three of these phases of metabolic reactions.  

Oxidation-reduction reactions, also called "redox reactions," are the processes involved in 

changing the oxidation state of atoms (Hudlicky, 1996).  For biochemical processes, the 

oxidation-reduction reactions normally deal with the oxidation state switches of carbon 

atoms.  Heterotrophic bacteria use organic matter as their carbon source by oxidizing 

proteins, carbohydrates, or fats.  Autotrophic bacteria use carbon dioxide as their carbon 

source and a non-organic source of energy for growth and reproduction.  For example, 

nitrifying bacteria obtain energy from the ammonia oxidation process under aerobic 

conditions (Argaman and Miller, 1979).  Microorganisms are able to maintain cell 

functions and reproduction by synthesizing new cell material if the necessary conditions 

for cell material synthesis are met, including the presence of a carbon source, nutrients, 

energy, and an enzyme.  Endogenous respiration is the process by which microorganisms 

consume their own cell material to obtain energy.  When food supply is very limited, 
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microorganisms can oxidize their own tissues to maintain cell functions (Tchobanoglous 

et al., 2003). 

Bacteria can be categorized into different groups based on the electron acceptors 

they use during their respiration reactions, as described by Nelson and Cox (2004).  

Aerobic bacteria degrade substrates in the presence of oxygen, since oxygen is the 

terminal electron acceptor in the respiration reaction of aerobic bacteria.  On the other 

hand, in order for the metabolic reactions of anaerobic bacteria to occur, an absence of 

oxygen is required.  In the respiration process of anaerobic bacteria, other compounds 

(such as sulphate, nitrate, or carbon dioxide) are used as electron acceptors instead of 

oxygen.  In activated sludge processes, anaerobic conditions prevail where oxygen is not 

available or has become depleted, such as in sludge storage tanks or anaerobic bioreactor 

tanks.  Anaerobic processes are most commonly used for the pre-treatment of high 

concentration industrial wastewater and for sludge digestion.  A third category of 

microorganisms, called “facultative microorganisms,” are capable of degrading substrates 

either aerobically or anaerobically. 

One category of bacteria that is fundamental for nutrient removal is denitrifying 

bacteria.  This group of bacteria is capable of using nitrate as the electron acceptor and is 

able to reduce nitrate to nitrogen gas and other end products.  Denitrification is an anoxic 

process in which nitrate is reduced to nitric oxides, nitrous oxides, and finally to nitrogen 

gas (Gujer, 2010).  A number of different microorganisms are responsible for 

denitrification, including aerobic, autotrophic, and some heterotrophic bacteria.  These 

heterotrophic bacteria are able to conduct anaerobic metabolism in the absence of 

dissolved oxygen.  Denitrifying bacteria are able to use a variety of reduced carbon 
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sources for energy and cell synthesis, including methanol, ethanol, and acetic acid 

(Tchobanoglous et al., 2003). 

In addition to bacteria, other species of microorganisms are present in activated 

sludge.  These species, such as protozoa and rotifers, are on a higher level in the food 

chain within the activated sludge system.  Compared to bacteria and fungi, protozoa and 

rotifers take a longer time to establish within an activated sludge system (Tchobanoglous 

et al., 2003).  The function of these microorganisms is to prey on bacteria and also to feed 

on the larger solid particles that cannot be consumed by bacteria.  When an activated 

sludge system contains protozoa and rotifers, improved treated effluent quality usually 

results, since these microorganisms can reduce TSS and turbidity (Tchobanoglous et al., 

2003).  One way to assess the quality of an activated sludge is to measure the relative 

quantity of protozoa and rotifers.   

The growth of bacteria in activated sludge is the result of substrate degradation 

and the synthesis of new cell material.  During wastewater treatment processes, the 

substrate in wastewater is ingested by bacteria and then degraded, producing energy and 

wastes.  A portion of the organic matter and nutrients that are ingested by the bacteria are 

converted into new bacterial growth.  Bacterial growth results in an increase to biomass 

and an increase to the bacterial population.  The degree of activated sludge bacterial 

growth can be measured using a coefficient and the growth rate, which represents the 

increase of biomass per unit time.  Doubling time, also known as generation time, is often 

used to evaluate the increase of a bacterial population (Bitton, 2005). 
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Two different types of reactors can be used in an activated sludge system: a 

continuous reactor or a batch reactor.  A continuous bioreactor has input and output 

streams that continuously supply substrate to and remove degradation wastes from the 

bioreactor.  The continuous bioreactor can be operated under steady-state or unsteady-

state conditions.  A batch reactor is considered to be a closed system since there is no 

flow into or out of the reactor.  The batch reactor system has a fixed amount of substrate 

and is considered to be completely mixed (Missen et al., 1999).  Batch reactors are often 

used to study both chemical reactions and activated sludge kinetics.  The process of 

bacteria growth in a batch reactor is illustrated in Figure 2.3. 

In Figure 2.3, the lag phase is the period of time during which the microorganisms 

become acclimatized to their new environment.  During this time period, the 

microorganisms adjust to the specific conditions within their new environment before 

they start to reproduce, resulting in a fairly consistent microbial population.  The length 

of the lag phase can be affected by a number of factors, such as culture medium (Pratset 

al., 2006). 

In the exponential growth phase illustrated in Figure 2.3, the bacterial population 

increases at an exponential rate.  In this phase, the bacteria reproduce at their maximum 

rate, which is only limited by their metabolic rate since the substrate is considered to be 

unlimited.  Temperature has a significant effect on the growth rate of bacteria.  Bacteria 

in the exponential growth phase are more readily affected by environmental changes than 

those in the next phase, declining growth.  In the declining growth phase, the substrate is 

consumed at a high rate until it becomes limiting.  This declining growth phase is also 

known as the stationary phase since the population of bacteria reaches a stationary state,  
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with new cell growth and death being approximately equal.  The metabolism of the 

bacteria then slows down to a conventional rate and eventually becomes stationary.  At 

the end of the declining growth phase, only enough substrate is left in the system to 

maintain bacterial life, but not to support new cell growth.  This lack of substrate causes 

the bacterial population to decrease.  Because the batch reactor does not have additional 

input of substrate, the lack of substrate for bacterial growth eventually becomes more 

critical.  The limited substrate eventually leads to an endogenous respiration phase, or 

death phase, where a large number of bacteria die off and other bacteria feed on the dead 

cells.  This endogenous respiration phase results in a significant decrease in biomass 

concentration (Tchobanoglous et al., 2003). 

As shown in Figure 2.3, activated sludge in the declining growth phase is 

commonly used for wastewater treatment because of the high quality of treated effluent 

that can be achieved during this phase.  In addition, activated sludge produced in the 

declining growth phase has better settleability than that produced in the exponential 

growth phase, which will benefit sludge sedimentation, treatment, and disposal, leading 

to a cost reduction associated with sludge handling and disposal.  Protozoa and rotifers, 

which are indicators of wastewater treatment performance, usually exist in the activated 

sludge in the declining growth phase, which helps to improve effluent quality 

(Tchobanoglous et al., 2003). 

To establish a highly effective and reliable biological wastewater treatment 

process, an activated sludge system with both a high contaminant degradation rate and 

good settleability is required.    The activated sludge in a proper growth phase can be 

obtained by applying a controlled continuous bioreactor.  The important parameters of the 
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bioreactor include hydraulic retention time (HRT), dissolved oxygen (DO), temperature, 

and recycling rate (Tchobanoglous et al., 2003).  Most wastewater treatment processes 

use a continuous reactor for reliable performance and convenient operation. 

2.5  Activated sludge models 

An activated sludge model is a dynamic mathematical expression that represents 

the processes of substrate utilization and microbial growth within an activated sludge 

system (Henze et al., 2000).  Biological wastewater treatment involves two basic 

processes: substrate utilization and microbial growth.  The substrate utilization process is 

the process of oxidation and degradation of organics in wastewater.  Microorganisms use 

substrate in the wastewater to synthesize new cell materials, which results in microbial 

growth and the production of more activated sludge biomass. 

In order to optimize the design and operation of activated sludge systems, 

researchers and designers need an accurate activated sludge model.  A kinetic activated 

sludge model predicts biochemical reaction rates in activated sludge systems.  This type 

of model consists of mathematical formulas that express the biochemical reactions and 

processes that occur in the system.  These models also predict how environmental 

conditions can impact the biochemical reaction rates.  The activated sludge kinetic model 

is made up of the following: (1) the expression of soluble substrate utilization rates in 

wastewater, (2) kinetic coefficients for substrate utilization, (3) an expression of biomass 

production rate, (4) kinetic coefficients for biomass production, (5) the observed yield 

and synthesis yield of biomass, and (6) the influence of temperature, dissolved oxygen, 

and nutrients on the reaction rates. 
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Many activated sludge models have been developed and applied in the design and 

operation of activated sludge systems.  Some basic kinetic models were developed based 

on chemical reactions, enzymatic reactions, or microbial systems.  Other models have 

been developed based on experimental results obtained from activated sludge systems. 

2.5.1  ASMs 

In 1983, a task group was appointed by the International Association on Water 

Pollution Research and Control [IAWPRC, later IAWQ (International Association of 

Water Quality) and now IWA (International Water Association)] to review modeling of 

activated sludge systems incorporating carbonaceous energy removal, nitrification, and 

denitrification (Melcer et al., 2003).  The task group initially developed a preliminary 

version of the “IAWPRC model” (Grady et al., 1986).  Dold and Marais (1986) then 

conducted a comprehensive evaluation on this preliminary model and proposed a number 

of changes, in particular regarding how the fate of organic nitrogen was modeled.  These 

proposed changes were later adopted in the final version of the IAWPRC Activated 

Sludge Model No. 1 [ASM 1] (Henze et al., 2000), which was based in large part on the 

"death-regeneration" theory introduced by Dold et al. (1980). 

ASM 1 was developed to describe the processes of oxidation of organic 

compounds, nitrification, denitrification, and microorganism growth and death in a matrix 

model format (Keskitalo and Leiviska, 2012).  ASM 1 includes thirteen wastewater 

components, five stoichiometric coefficients, and fourteen kinetic coefficients.  Although 

a significant first step, the ASM 1 model still had some major limitations; for example, it 

only described reactions by heterotrophic bacteria under aerobic and anoxic conditions in 

which bacteria consume carbonaceous substrates and autotrophic nitrifying bacteria 
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oxidize ammonia to nitrate, and it did not include the phenomenon of excess biological 

phosphorous removal (EBPR) (Melcer et al., 2003).  Although the process of 

phosphorous modelling had already been established when ASM 1 was developed, it was 

not included within the model since most of the wastewater treatment plants at that time 

did not incorporate phosphorous removal (Fenu et al., 2010). 

EBPR is a microbial process that involves providing environmental conditions 

that promote the growth of microorganisms that have the ability to take up phosphorous 

in excess of that required for growth (Melcer, 2003).  The benefit of this process is that 

biological wastewater treatment systems are able to reduce total effluent phosphorous 

concentration.  Phosphorus removal is achieved by the microorganisms storing excess 

phosphorus within their cells, then the microbial biomass is separated from the treated 

wastewater in the secondary clarifier.  Storage of phosphorus within microbial cells in the 

form of polyphosphate is encouraged in EBPR systems by exposing the biomass to 

anaerobic and aerobic stages sequentially, which favours the growth of polyphosphate-

accumulating facultative anaerobes. 

A number of models have been proposed to explain the biochemical behaviour 

associated with phosphorous release and uptake, as well as net phosphorous removal.  A 

few examples of this type of model include the models proposed by Wentzel et al. (1986), 

Mino et al. (1987), and Comeau et al. (1986).  Since Comeau et al. (1986) and Wentzel et 

al. (1986) first introduced their biochemical models of excess biological phosphorous 

removal (EBPR), a number of researchers have proposed variations to the original model; 

however, the essence of the original models remains (Melcer et al., 2003). 
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In municipal wastewater, the concentration of volatile fatty acids (VFA) is usually 

minimal.  In EBPR systems, the readily biodegradable COD component is transformed 

into VFAs by the non-polyphosphate microorganisms, which then becomes the source of 

VFAs for the polyphosphate organisms (Melcer et al., 2003).  Aside from this connection, 

the polyphosphate and non-polyphosphate organisms within an EBPR system are 

basically independent of one another (Melcer et al., 2003).  Using a continuous flow 

activated sludge system with acetate as the only organic substrate, Wentzel et al. (1988) 

developed “enhanced” cultures of polyphosphate organisms in order to study the kinetics 

and stoichiometry of EBPR systems without interference from the non-polyphosphate 

organisms.  Based on observations of the continuous flow systems and batch experiments 

using mixed liquor drawn from these systems, Wentzel et al. (1989a, 1989b) developed a 

kinetic model for the enhanced culture EBPR system.  This model provided a realistic 

description of the response observed in a number of continuous flow enhanced culture 

systems and the batch experiments with a single set of kinetic and stoichiometric 

parameters (Melcer et al., 2003).  The enhanced culture model was a significant step 

towards developing a general activated sludge model capable of modeling the biological 

processes of carbonaceous energy removal, as well as nitrification, denitrification, and 

excess biological phosphorous removal (NDEBPR) (Melcer et al., 2003). 

Looking to improve their model, the IWA task group modified their ASM 1 

model to include simulation of combined NDEBPR processes.  ASM 2 includes 

phosphorous-storing bacteria or polyphosphate accumulating organisms (PAO) with 

appropriate anaerobic, anoxic, and aerobic reactions, which can be used for a biological 

phosphorous removal process (Henze et al., 2000).  ASM 2 was proposed as “a 
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compromise between complexity and simplicity, and between the many viewpoints on 

how the correct model should look like; it should be used as a conceptual platform for 

further model development” (Henze et al., 2000).  Ekama and Wentzel (1999) discussed 

the limitations of ASM 2 with respect to the microbiology and biochemistry of the 

process and with respect to the anoxic process, fermentation and anaerobic hydrolysis 

(Melcer et al., 2003).  The ASM 2 model has undergone many refinements, and the 

current version is denoted as ASM 2d (Henze et al., 2000). 

At the same time as the IWA task group developed the ASM 2 model, the task 

group also developed the ASM 3 model.  ASM 3 was designed to correct some of the 

short-comings of ASM 1 and to become the new standard for ASM based modeling 

(Fenu et al., 2010).  This new model simulates carbonaceous energy removal, nitrification 

and denitrification (Henze et al., 2000).  ASM 3 replaces the death-decay process for 

heterotrophic organisms with an endogenous respiration process and also introduces 

storage of organic substrates.  According to Melcer et al. (2003), hydrolysis became 

independent of the electron donor as a result of these changes.  In addition, all processes 

other than hydrolysis run at a reduced rate under anoxic conditions compared to aerobic 

conditions, and the model also uses lower anoxic yield coefficients.  More recently, 

Rieger et al. (2001) developed the EAWAG-BioP module that was added to ASM 3.  The 

addition of the EAWAG-BioP module makes the ASM 3 model capable of modeling 

biological phosphorous removal. 

Barker and Dold (1997) developed another ASM type model, the General Model.  

The General Model has a different structure and several variations from the other ASM 

models.  The most significant of these differences is that the General Model incorporates 
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a detailed anaerobic model that provides a more detailed description of the crucial 

volatile fatty acid (VFA) generation processes in the anaerobic and aerobic zones of 

biological nutrient removal (BNR) wastewater treatment plants (Melcer et al., 2003). 

2.5.1.1  Limitations of the ASMs 

ASM 1 is a matrix model that includes thirteen components, eight processes, five 

stoichiometric coefficients, and fourteen kinetic coefficients.  Wastewater is characterized 

in terms of seven dissolved and six particulate components that are used to describe two 

forms of biomass, seven fractions of COD (organic material) and four fractions of 

nitrogen (Melcer et al., 2003).  Dissolved oxygen (DO) concentration and alkalinity are 

also included as two other wastewater characteristics.  The eight processes within the 

model include three related to the growth of heterotrophic and autotrophic organisms, two 

representing biomass decay, and three related to hydrolysis processes. 

As described by Henze et al. (2000), ASM 1 has the following assumptions and 

restrictions: 

 The temperature and pH of the system are assumed to be constant. 

However, in actual activated sludge systems, temperature and pH rarely 

remain constant but these conditions are assumed in ASM 1 to simplify 

the model. 

 The coefficients in the rate expressions are assumed to be constant. 

 The effects of limitations of nitrogen, phosphorus, and other inorganic 

nutrients on the removal of organic substrate and on cell growth were not 

considered. 
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 The denitrification correction factors are assumed to be constant. 

 The nitrification coefficients are assumed to be constant. 

 The biomass is assumed to be homogeneous and to not undergo changes in 

species diversity over time. 

 The entrapment of particulate organic matter in the biomass is assumed to 

be instantaneous. 

 Hydrolysis of organic matter and organic nitrogen are assumed to occur 

simultaneously and at the same rate. 

 Loss of biomass by decay is assumed to be unaffected by the type of 

electron acceptor. 

 The user must ensure that the activated sludge has good settleability, 

meaning the model is only valid for activated sludge systems with solids 

retention time (SRT) ranging from 3 to 30 days and organic loading must 

not cause poor settling conditions. 

ASM 2 was developed by the IWA task group to allow the modeling of EBPR 

and NDEBPR systems.  ASM 2d was later developed to address some of the limitations 

in ASM 2; in particular, ASM 2d includes two additional processes to account for the fact 

that phosphorous-accumulating organisms (PAOs) can use internal storage products for 

denitrification, whereas ASM 2 assumes PAOs to grow only under aerobic conditions 

(Melcer et al., 2003).  In addition to the limitations listed for ASM 1, the following 

limitations apply to ASM 2d (Henze et al., 2000): 
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 The model assumes the wastewater contains a sufficient concentration of 

magnesium and potassium to maintain the EBPR process. 

 The model does not consider the inhibitory effects of nitrite and nitrogen 

monoxide (NO) on the EBPR process. 

 The model is only valid for a temperature range between 10
o
C and 25

o
C. 

The IWA task group developed the ASM 3 model to address many of the 

limitations of the ASM 1 and ASM 2 models.  The IWA task group identified the 

following limitations for the ASM 3 model (Henze et al., 2000): 

 The model was developed for municipal wastewaters, so it may not be 

appropriate for use with industrial wastewaters. 

 The model is only valid for a temperature range between 8
o
C and 23

o
C 

and for a pH range between 6.5 and 7.5. 

 The model does not include any processes that describe biomass behaviour 

in an anaerobic environment. 

 Alkalinity within the system must be dominated by bicarbonate. 

 The model cannot handle elevated concentrations of nitrite. 

 The model cannot be used for activated sludge systems in which 

flocculation or adsorption of particulate biodegradable organics and 

storage may become limiting, such as systems with very high organic 

loads or with low SRTs (i.e. 1 day). 
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 The model improved predictions of solids production and denitrification 

by using a reduced heterotrophic yield for anoxic conditions. 

2.5.2  IASM 

The kinetics and stoichiometry used to describe the processes in the activated 

sludge models discussed in the previous section (ASM1, ASM2 and ASM3) are mainly 

based on Monod kinetics for all components that can influence the reaction rates (Henze 

et al., 2000).  The Monod equation represents the non-linear dependence of growth rate 

on substrate concentration using a continuous function and was developed based on the 

regression of experimental data of a microbial culture (Xu, 2010).  Since the Monod 

equation was developed by fitting a curve to experimental data, it is called an empirical 

model. 

The main limitation of the Monod model is that it was developed based on limited 

experimental data that only describes microbial growth in specific situations (Xu, 2010).  

The limit of the Monod model occurs when the substrate concentration approaches 

infinity.  Based on the analysis of many activated sludge culture experiments, errors were 

found between the observed values and the predicted values of the Monod model (Xu, 

2010).  The Monod model approaches the maximum more slowly than the observed 

pattern. 

Xu (2010) proposed an improved activated sludge model (IASM) that has fewer 

limitations than the Monod model.  The IASM is based on a conceptual model of 

enzyme-catalyzed substrate transportation and functional units on the surface of the 

bacteria.  Since the numerical development of the IASM was based on kinetic and mass 
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transfer mechanisms, the IASM is classified as mechanistic model.  Xu (2010) claims that 

the IASM is an improvement and extension of the Monod model since it can be used not 

only with low biomass reactors, but also with high biomass systems, meaning the IASM 

has better applicability than the Monod model. 

The IASM predicts the non-linear correlation between biomass growth and 

substrate utilization in activated sludge systems for biological wastewater treatment.  

According to Xu (2010), the IASM is capable of providing a more accurate description of 

the correlation in the transition phase of substrate concentration in comparison to the 

Monod model.  The IASM improves on existing activated sludge models by modifying 

the model assumptions, by taking the substrate utilization process into account, and by 

including several new critical kinetic coefficients.  Xu’s (2010) experiments show the 

IASM achieving the best fit for a much wider range of substrate concentrations in both 

batch and completely mixed cultures.  Based on the results of Xu’s (2010) experiments, 

the IASM is applicable for wastewaters with a COD concentration of up to 1200 mg/L 

and is likely applicable for concentrations even greater than that, although there have not 

yet been any tests with concentrations greater than 1200 mg/L. 

Despite the advantages of the IASM as compared to other activated sludge 

models, it is by no means a perfect model.  Activated sludge processes are extremely 

complicated systems that involve many different types of microbes and a number of 

biochemical reactions.  Many different types of substrate may also be within the 

wastewater, which further complicates the systems.  The complexity of activated sludge 

systems makes it very difficult to develop a model that is able to fully describe all of the 
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processes that are occurring within the systems.  In order to simplify the IASM, Xu 

(2010) made the following assumptions: 

 The microbial growth process is composed of two steps: transportation of 

the growth rate limiting substrate from the bulk solution of the medium to 

the microbial cells and utilization of the substrate by the microbial cells. 

 The maximum growth rate of the microbes is achieved only if the 

substrate is not limited. 

 The overall process of substrate transportation can be described as a 

biochemical reaction that follows the rules of chemical reactions. 

 Some basic identical functional units on microbial cells have binding sites 

for a specific substrate. 

 The biomass concentration in the system is much greater than the substrate 

concentration. 

2.6  Activated Sludge Plant Simulators 

A simulator is a computer program that allows the user to link the models for 

various wastewater treatment unit processes together (such as bioreactors and clarifiers) 

according to the process flow for a particular treatment plant.  The simulator then uses a 

number of individual unit process models to predict the performance of the wastewater 

treatment plant based on the specific operational and influent loading conditions provided 

by the user (Melcer et al., 2003).  Simulators often incorporate models describing unit 

processes beyond the activated sludge system, such as chemical precipitation, anaerobic 
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digesters, and sludge handling processes.  Each unit process incorporates one or more 

mathematical models. 

Significant benefits are associated with the use of simulators in the analysis, 

design, and operation of wastewater treatment systems.  Simulators can provide a better 

understanding of wastewater treatment plants since they allow users to view the response 

of the treatment systems to changes in a number of different variables.  Simulators can 

also be used to optimize wastewater treatment plants and to train plant operators. 

A number of different simulators are available, many of which allow the user to 

select more than one bioreactor model (Melcer et al., 2003).  For example, BioWin 

allows the user to select between ASM 1, ASM 2d, ASM 3, or the BioWin General 

Model.  Since each of the models is based on slightly different assumptions, the models 

often have different outputs despite having similar inputs (Mercer et al., 2003).  Because 

of the differences between models, it is important to recognize that parameters in one 

model cannot necessarily be used directly in other models, even in situations where the 

parameters might have the same name. 

2.6.1  BioWin 

BioWin v. 3.1 (EnviroSim Associates Ltd., Canada) is a comprehensive simulation tool 

for biological wastewater treatment plant design and analysis.  The software was 

developed to provide a tool for both the process designer and the wastewater treatment 

plant operators (EnviroSim Associates Ltd., Canada).  Within BioWin, the user can 

define and analyze the behaviour of complex wastewater treatment plant configurations 
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with single or multiple wastewater inputs.  An example of a simple activated sludge 

wastewater treatment plant configuration is shown in Figure 2.4. 

BioWin uses a proprietary integrated activated sludge/anaerobic digestion 

(AS/AD) model, which is referred to as the BioWin General Model.  This model is a 

combination of the ASM1, ASM 2d, and ASM 3 models, as well as an anaerobic 

digestion model (ADM) (Liwarska-Bizukojc and Biernacki, 2010).  The BioWin 

integrated AS/AD model is made up of 50 state variables and 60 process expressions 

(EnviroSim Associates Ltd., Canada).  These expressions are used to describe the 

biological processes occurring in activated sludge and anaerobic digestion systems, 

several chemical precipitation reactions, and the gas-liquid mass transfer behaviour for 

six gases.  By providing multiple models in one software package, software users are able 

to use one single model to describe a full wastewater treatment plant instead of having to 

take the output of one model and input it into another model.  Having one, all-

encompassing model reduces the complexity of modeling full wastewater treatment 

plants, especially those that incorporate many different unit processes. 
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Figure 2.4: A conventional activated sludge system, as depicted in BioWin 

(original in colour) 
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3. IMPLEMENTING IASM IN BIOWIN 

This section of the report focuses on the methodology of implementing the 

improved activated sludge model (IASM) into BioWin v. 3.1.  The intent of this chapter 

is (1) to provide the reader with an overview of the functionality of BioWin’s Model 

Builder, (2) to provide the reader with an understanding of the key differences between 

the IASM and the Monod Model currently being used in BioWin, (3) to provide the 

reader with a method of altering ASM 1 within BioWin 3.1 to use the IASM instead of 

the Monod Model, and (4) to provide the reader with a method of altering ASM 3 within 

BioWin 3.1 to use the IASM instead of the Monod Model. 

3.1  BioWin Model Builder 

The version of BioWin that has been used for this research is BioWin v. 3.1 

operating on a computer running Windows 7.  BioWin was chosen because it provides 

users with flexibility when modeling activated sludge systems.  Users are able to select 

between ASM 1, ASM 2d, ASM 3, or the BioWin General Model, which is a proprietary 

integrated activated sludge/anaerobic digestion model (AS/AD), when modeling an 

activated sludge system using the BioWin software.  Users are also able to create their 

own activated sludge models or modify the pre-installed models, using the built in 

“Model Builder” function.  This Model Builder function allows users to either edit 

existing stoichiometry and rate equations, or input new stoichiometry and rate equations 

in order to build new models.  Unfortunately, users do not have the ability to directly 

view or modify the BioWin General Model; however, since the BioWin General Model is 

based on the ASM models, improving the ASM models by using the IASM instead of the 
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Monod model for bacterial growth will show that the BioWin General Model can also be 

improved through the implementation of the IASM.   

3.2  Monod Model and IASM 

This subsection will provide more detail on the development of the Monod Model 

and the IASM proposed by Xu (2010) as well as provide a comparison of some of the key 

differences between the two models. 

3.2.1  Monod Model 

The Monod Model is an empirical model that describes the relationship between 

microbial growth and substrate concentration based on the concept of a limiting nutrient.  

The Monod Model was first developed based on the experimental data from monitoring a 

batch bioreactor and the model was then extended to continuously fed reactors with a 

single microbial species on a specific culture medium (Xu, 2010).  The Monod equation 

is as follows: 

     
 

      
 

Where:   : specific growth rate of the microorganism, 1/d 

    : maximum specific growth rate, 1/d 

  S: substrate concentration, g/m3 

    : half saturation constant, g/m3 

The half saturation constant,   , is an important parameter of activated sludge 

systems, and is determined by wastewater characteristics and reactor parameters.  By 

(3.1) 
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definition,    is the substrate concentration at which half of the maximum growth rate of 

the activated sludge is achieved.  The half saturation constant reflects the biodegradability 

of the wastewater, with lower values of    indicating that the activated sludge system 

will be able to more easily reach a high growth rate even under low substrate 

concentration conditions. 

The maximum specific growth rate,   , is another kinetic coefficient used to 

characterize an activated sludge system.  The maximum specific growth rate represents 

the potential contaminant degradation capacity and biomass growth rate of an activated 

sludge process for a given wastewater at specific operational conditions, and is affected 

by wastewater characteristics such as BOD concentration, pH, nutrients, etc. 

The kinetics of the Monod Model can also be rewritten in terms of substrate 

utilization, as shown by the following equation: 

  

   
     

 

      
 

Where:  
  

  
: specific substrate utilization rate, 1/d 

   : biomass concentration, mg/L 

    : maximum specific substrate utilization rate, 1/d 

The substrate utilization form of the Monod equation indicates that there is a non-

linear dependence of the activated sludge growth rate on the substrate concentration 

under a given set of conditions. 

(3.2) 



45 
 

As discussed, the Monod Model is an empirical model that was constructed from 

experimental culture data based on continuously-fed reactors that contained only a single 

species of microbe.  The model was created by fitting a curve to the experimental data 

obtained from running these reactors. 

The Monod equation represents the non-linear dependence of growth rate on 

substrate concentration using a continuous function.  The microbial growth rate increases 

as substrate concentration increases until it gradually approaches the maximum value.  

There are two coefficients used in the model: the maximum specific growth rate and the 

half-saturation constant.  The Monod equation was developed based on the regression of 

experimental data of a microbial culture, and is an empirical or black box model (Xu, 

2010). 

The main limitation of the Monod model is that it only describes microbial 

growth under very specific conditions because it is only supported by limited 

experimental data.  Based on the analysis of many activated sludge culture experiments, 

errors were found between the observed values and the predicted values of the Monod 

model (Xu, 2010).  Because of this difference between observed and predicted values, the 

use of the Monod model may cause errors in theoretical research. 

3.2.2  IASM 

Xu (2010) developed an improved conceptual model of activated sludge systems 

based on mass transfer.  Although the IASM has been developed to be an improvement to 

the Monod model, some assumptions were needed in order to simplify the model. 
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Within the IASM, it is assumed that the microbial growth process is composed of 

two consecutive steps.  The first step in the microbial growth process is the transportation 

of the growth limiting substrate from the wastewater into the microbial cells.  The second 

step in the process is the utilization of substrate by microbial cells for growth.  The 

second assumption used to simplify the IASM is that the overall process of substrate 

transportation can be described as a biochemical reaction that follows the rules of 

chemical reactions; therefore, the IASM was developed based on the concept that 

substrate transportation is an enzyme-catalyzed reaction process (Xu, 2010).  The IASM 

also assumes that there are some basic identical functional units on microbial cells.  

These functional units have binding sites for a specific substrate and substrate is 

transferred from the bulk solution to the surface of the microbial cells and then bound to 

these functional units.  Based on these assumptions, Xu (2010) was able to develop the 

IASM conceptual model. 

The IASM can be written in terms of substrate utilization as follows: 

  

  
    

 

 
                           

Where:  
  

  
: rate of substrate concentration change 

k: substrate utilization coefficient 

K: substrate constant 

α: biomass constant 

X: biomass concentration 

(3.3) 
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S: substrate concentration 

The IASM can also be expressed in terms of microbial growth, as follows: 

  

  
 

 

 
                          

Where:  
  

  
: growth rate of biomass 

μ: specific biomass growth rate 

Since the IASM is a mechanistic model, the coefficients in the model have a clear 

meaning in terms of physical phenomena.  The substrate utilization coefficient, k, comes 

from the microbial conversion of the bound substrate into metabolic products (Xu, 2010).  

This coefficient is similar to the coefficient of maximum specific substrate utilization rate 

in the Monod model, as it indicates the maximum treatment capacity of a specific 

activated sludge system, and can be calibrated for different substrates, such as 

carbonaceous matter, nitrogen compounds, and phosphorus or other contaminants in 

wastewater.  The substrate utilization coefficient is affected by wastewater characteristics 

and environmental conditions.  In particular, temperature has a significant impact on the 

coefficient, but the coefficient can be corrected using the van’t Hoff-Arrhenius 

relationship in order to determine the maximum specific growth rate for a given 

operational temperature, as shown by the equation below (Xu, 2010). 

         
      

 

Where:    : substrate utilization coefficient at temperature T 

(3.4) 

(3.5) 
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     : substrate utilization coefficient at 20
o
C 

   : is the temperature coefficient 

  : is the operational temperature, 
o
C 

The second coefficient in the IASM is the substrate constant, K.  The value of the 

substrate constant represents the potential growth rate that an activated sludge system can 

reach at a given substrate concentration (Xu, 2010).  The lower the value of the substrate 

constant, the easier it is for the activated sludge system to reach a high growth rate, even 

at low substrate concentrations.  The influence of the substrate constant on growth rate is 

similar to that of the half-saturation constant in the Monod model, and is a function of 

wastewater characteristics and reactor design. 

The third coefficient in the IASM is the biomass constant, α, which is the ratio of 

functional unit concentration to biomass concentration.  The value of the biomass 

constant represents the binding capacity of the microbial population to a specific 

substrate, and it varies according to the specific substrate (Xu, 2010). 

3.2.3  Comparing the IASM and Monod Model 

Both the IASM and the Monod model describe the growth rate of a microbial 

population based on the availability of a substrate.  Since the Monod model was 

developed experimentally, it is only applicable under certain conditions, such as low 

biomass situations.  Xu (2010) claims that the IASM is more reliable for applications of 

biological treatment because it is a mechanistic model that was constructed based on the 

kinetics of activated sludge systems, and can be proven by the transformation of 

mathematical expressions. 
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The Monod model is the approximation of the IASM under low substrate 

concentration conditions and can be considered a simplified form of the IASM.  Xu 

(2010) illustrated the connection between the two equations by calculating the limits of 

the IASM when biomass concentration approaches zero, as shown in the following 

equation: 

   
    

         
    

 

 
                          

                        
   

   
 

The limit of the IASM equation is identical to the Monod model.  The Monod 

model describes the dependence of microbial growth rate on substrate in a low biomass 

system.  Applying the Monod model in activated sludge systems could cause errors, since 

activated sludge systems have much higher biomass concentrations than the bacterial 

culture system that was used to develop the Monod model. 

Xu (2010) considers the IASM to be an improvement and extension of the Monod 

model.  The IASM is applicable to not only low biomass reactors but also high biomass 

systems, such as activated sludge systems. 

3.3  Implementing IASM in ASM 1 

In 1983, the International Water Association (IWA, formerly IAWQ and 

IAWPRC) formed a task group with two goals: the first to review existing activated 

sludge models and the second to reach a decision concerning the simplest mathematical 

model with the ability to realistically predict the performance of single-sludge systems 

incorporating carbon oxidation, nitrification and denitrification (Melcer et al., 2003).  The 

(3.6) 
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task group presented their results in 1987, and introduced Activated Sludge Model No. 1 

(ASM 1). 

The BioWin model has over 30 state variables, while ASM 1 has 13, so it is 

necessary to know which state variables are shared between the two models (EnviroSim 

Associates Ltd., Canada).  Table 3.1 lists the state variables that are common between 

both ASM 1 and BioWin. 

Henze et al. (2000) provide a detailed description of the main processes that are 

modeled in ASM1, while a brief description of the three process that use the Monod 

model is provided by Jeppsson (1996).  The rest of this subsection will discuss the three 

processes that will need to be modified in order to incorporate the IASM into BioWin 

using ASM 1. 

3.3.1  Aerobic Growth  of  Heterotrophs 

A fraction of the readily biodegradable substrate (SS) is used for growth of 

heterotrophic biomass while the rest is oxidized to produce energy, which produces an 

associated oxygen demand.  The aerobic growth of heterotrophic biomass is modeled 

using Monod kinetics.  Ammonia nitrogen is removed from the wastewater and used as 

the nitrogen source for synthesis and is incorporated into the cell mass.  The growth 

process is subject to double nutrient limitation, with the concentration of both SS and SO 

considered rate determining.  The growth of heterotrophic biomass is generally the main 

contributor to the production of new biomass and the removal of COD from the 

wastewater. 



 
 

 

 

Table 3.1: ASM 1 and BioWin common state variables 

ASM 1 State Variable 
ASM 1 
Symbol 

BioWin 
Symbol BioWin State Variable Units 

active autotrophic biomass XB,A ZBA autotrophic organism mass mg cBOD/L 

active heterotrophic biomass XB,H ZBH non-polyP heterotrophic organism mass mg cBOD/L 

particulate products arising from biomass decay XP ZE endogenous residue from organism decay mg cBOD/L 

slowly biodegradable substrate XS XSP slowly biodegradable particulate COD mg cBOD/L 

particulate inert organic matter XI XI particulate unbiodegradable COD mg cBOD/L 

particulate biodegradable organic nitrogen XND XON particulate biodegradable organic nitrogen mdN/L 

readily biodegradable substrate SS SBSC soluble readily biodegradable complex COD (non-VFA) mg cBOD/L 

NH4
+ + NH3 nitrogen SNH NH3-N ammonia nitrogen mgN/L 

soluble biodegradable organic nitrogen SND NOS soluble biodegradable organic nitrogen mgN/L 

nitrate and nitrite nitrogen SNO NO3-N nitrate nitrogen mgN/L 

soluble inert organic matter SI SUS soluble unbiodegradable COD mg cBOD/L 

alkalinity SALK ALK alkalinity mmol/L 

oxygen SO DO dissolved oxygen mgO/L 

 

5
1
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The process rate equation for the aerobic growth of heterotrophs is given by the 

following equation in ASM 1: 

                                  
  

      
  

  

        
      

The term: 

 
  

        
  

is a switching function, which is a concept that was introduced by the IWA task group 

during the development of ASM 1.  A switching function gradually turns process rate 

equations on and off as environmental conditions change.  Since this particular process is 

an aerobic process, the growth only occurs when there is oxygen available, so the process 

needs to turn on when there is oxygen available, but turn off when oxygen is not 

available.  A small value is selected for the saturation coefficient,     , so that the value 

of the switching function remains near unity for moderate dissolved oxygen 

concentrations but decreases to zero as the dissolved oxygen concentration approaches 

zero (Henze et al., 2000). 

Removing the switching function from the process rate equation for the aerobic 

growth of heterotrophs leaves the following term: 

   
  

      
      

which is the Monod equation. 

If we replace the Monod equation with the IASM, the term above becomes: 

(3.7) 
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It is important to note that although   and   appear in both equations, they do not 

necessarily have the same value in both equations, as they are defined somewhat 

differently in both the Monod model and the IASM. 

Now, changing from ASM 1 state variables to BioWin state variables changes the 

term to: 

   
 
                  

                      
 
                 

 Adding the switching function to the above term provides the final equation for 

the aerobic growth of heterotrophs, which becomes: 

                                
   

 
                   

                     
 
              

  

        
     

 

This new equation can be entered into the BioWin model editor to replace the ASM 1 

equation. 

(3.8) 



54 
 

3.3.2  Anoxic Growth of Heterotrophic Biomass 

In the absence of oxygen, heterotrophic organisms are capable of using nitrate as 

the terminal electron acceptor with SS as substrate, which leads to the production of 

heterotrophic biomass and nitrogen gas (denitrification).  The formation of nitrogen gas is 

a result of the reduction of nitrate with an associated alkalinity change.  The same Monod 

kinetics that are used in the aerobic growth of heterotrophs are applied, except that the 

kinetic rate expression is multiplied by a factor g which is less than 1. Henze et al. 

(2000) suggest two possible reasons for this reduced rate: either a lower maximum 

growth rate under anoxic conditions exists, or only a fraction of the heterotrophic 

biomass is able to function with nitrate as an electron acceptor.  Ammonia functions as 

the source of nitrogen required for cell synthesis. 

The process rate equation for the anoxic growth of heterotrophs is given by the 

following equation in ASM 1: 

                                  
  

      
  

    

        
  

   

        
        

The terms: 

 
    

        
     

   
        

  

are both switching functions in this equation.  Since this particular process is an anoxic 

process, growth is inhibited when oxygen is present, which is reflected by the first term.  

The same value of     is used as in the expression for aerobic growth so that, as aerobic 

(3.9) 
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growth declines, anoxic growth increases.  The second term is the switching function that 

indicates that the process only occurs when nitrate nitrogen is present. 

Removing the switching functions from the process rate equation for the anoxic 

growth of heterotrophs leaves the following term, which is the Monod equation: 

   
  

      
        

If we replace the Monod equation with the IASM, the term becomes: 

    
 
                                    

 
                    

Now changing from ASM 1 state variables to BioWin state variables changes the 

term to: 

   
 
                  

                      
 
                   

Adding the switching function to the above term provides the final equation for 

the aerobic growth of heterotrophs, which becomes: 

                              

 
   
 
                                        

 
              

  
    

        
  

     

          
  

 
    

(3.10) 
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This new equation can be entered into the BioWin model editor to replace the ASM 1 

equation. 

3.3.3  Aerobic Growth of Autotrophic Biomass 

Soluble ammonia is oxidized to nitrate via a single-step process (nitrification) 

which results in the production of autotrophic biomass.  During this process, oxygen is 

also used in proportion to the amount of ammonia nitrogen that is oxidized.  A small 

amount of ammonia is also used as the nitrogen source for synthesis and incorporated 

into the cell mass. Although the aerobic growth of autotrophic biomass has an effect on 

the pH of the wastewater, this dependency was not included in the rate equation due to 

the difficulty of predicting the pH in the bioreactor (Henze et al., 2000).  As with the 

previous two growth processes, the aerobic growth of autotrophs is modeled using 

Monod kinetics. 

The process rate equation is given by the following equation in ASM 1: 

                                 
   

        
  

  

        
      

Once again, the term: 

 
  

        
  

Is a switching function that reflects the fact that the process only occurs in the presence of 

oxygen. 

Removing the switching function from the process rate equation leaves the 

following term, which is the Monod equation: 

(3.11) 
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Replacing the Monod equation with the IASM equation gives the following term: 

    
 
                  

                      
 
                   

And then replacing the ASM 1 state variables with BioWin state variables yields 

the term: 

    
 
                   

                       
 
                   

And finally, adding the switching function to the above term provides the final 

equation for the aerobic growth of autotrophs: 

                              
    

 
                      

                        
 
                    

  

        
     

 

This new equation can be entered into the BioWin model editor to replace the ASM 1 

equation. 

(3.12) 
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With the replacement of the three growth process rate equations, ASM 1 has now 

been modified to include the IASM. 

3.4  Implementing IASM into ASM 3 

 Over the years, some deficiencies were noted with ASM 1.  In order to improve 

on the model and in order to take into account some of the advances in the research, the 

International Water Association task group proposed Activated Sludge Model No. 3 

(ASM 3) in 2000.  The goal of the task group was to create a model that corrected the 

defects noted in ASM 1 and to provide a new standard for future modeling.  ASM 3 

includes only microbiological transformation processes; however, the model was 

designed to be the core component of many different models and was created in a way to 

allow different modules to be added on to increase functionality, such as a biological 

phosphorus removal module. 

ASM 3, as with ASM 1, contains fewer state variables than are contained in the 

BioWin General Model.  As mentioned in section 3.3, the BioWin General Model 

contains over 30 state variables, far more than the 11 state variables contained in ASM 3 

(EnviroSim Associates Ltd., Canada).  In order to work with ASM 3 within BioWin, it is 

important to know which state variables are shared between the two models.  Table 3.2 

lists the state variables that are common between both ASM 3 and BioWin.  

Henze et al. (2000) provide a detailed description of the processes that are 

modeled in ASM 3.  The rest of this subsection will discuss the processes that contain the 

Monod model and that will need to be modified in order to incorporate the IASM into 

BioWin using ASM 3. 



 
 

 

 

Table 3.2: ASM 3 and BioWin common state variables 

ASM 3 State Variable 
ASM 3 
Symbol BioWin Symbol BioWin State Variable Units 

autotrophic, nitrifying biomass XA ZBA autotrophic organism mass mg cBOD/L 

heterotrophic biomass XH ZBH non-polyP heterotrophic organism mass mg cBOD/L 

slowly biodegradable substrates XS XSP slowly biodegradable particulate COD mg cBOD/L 

inert particulate organics XI XI particulate unbiodegradable COD mg cBOD/L 

organics stored by heterotrophs XSTO SPHB stored VFA mg cBOD/L 

readily biodegradable substrates SS SBSC soluble readily biodegradable complex COD (non-VFA) mg cBOD/L 

ammonia SNH NH3-N ammonia nitrogen mgN/L 

nitrite plus nitrate SNOX NO3-N nitrate nitrogen mgN/L 

soluble inert organics SI SUS soluble unbiodegradable COD mg cBOD/L 

alkalinity, bicarbonate SALK ALK alkalinity mmol/L 

dissolved oxygen SO2 DO dissolved oxygen mgO/L 

5
9
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3.4.1  Aerobic Growth of Heterotrophs 

In ASM 3, the substrate for the growth of heterotrophic organisms consists 

entirely of stored organics, XSTO.  This assumption is used to greatly simply ASM 3.  The 

aerobic growth of heterotrophic biomass is modeled using Monod kinetics.  The growth 

process is dependent not only on XSTO, but also on the concentration of oxygen (SO2), 

ammonium (SNH4), and alkalinity (SALK). 

The process rate equation for the aerobic growth of heterotrophs is given by the 

following equation in ASM 3: 

                               

    
   

        
  

    

          
  

    

          
  

    
  
 

      
    

  
 
    

The terms: 

 
   

        
    

    
          

     
    

          
  

are all switching functions in this equation.  Since this particular process is an aerobic 

process, oxygen is required for growth, which is reflected by the first term.  The second 

and third terms are the switching functions that indicate that the process only occurs 

when ammonium and sufficient alkalinity are present. 

Removing the switching functions from the process rate equation for the aerobic 

growth of heterotrophs leaves the following term, which is the Monod equation: 

(3.13) 
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Replacing the Monod equation with the IASM equation gives: 

  
 

 

          
    

  
  

             
    

  
   

 

       
    

  
      

And then replacing the ASM 3 state variables with BioWin state variables yields: 

   
 

 

            
    

   
  

              
    

   
   

 

         
    

   
       

And finally, adding the switching functions back into the above term provides the 

final equation for the aerobic growth of heterotrophs: 
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This new equation can be entered into the BioWin model editor to replace the 

ASM 3 equation. 

3.4.2  Anoxic Growth of Heterotrophs 

This process is similar to the aerobic growth of heterotrophs process, except that 

respiration is based on denitrification.  The same Monod kinetics that are used in the 

aerobic growth of heterotrophs are applied, but since only a fraction of the heterotrophic 

organisms within an activated sludge are capable of denitrification, the kinetic rate 

expression is multiplied by a factor NOX which is less than 1. 

The process rate equation for the anoxic growth of heterotrophs is given by the 

following equation in ASM 3: 

                              

        
   

        
  

    

          
  

    

          
 * 

 
    

          
  

    
  
 

      
    

  
 
    

 

(3.14) 

(3.15) 
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Again, the terms: 

 
   

        
    

    
          

    
    

          
       

    
          

  

are all switching functions in this equation.  Since this process is anoxic, growth is 

inhibited when oxygen is present, which is reflected by the first term.  The same value of 

    is used as in the expression for aerobic growth so that, as aerobic growth declines, 

anoxic growth increases.  The other three terms are the switching functions that indicate 

that the process only occurs during denitrification and when ammonium and sufficient 

alkalinity are present. 

Removing the switching functions from the process rate equation produces the 

following term, which is the Monod equation: 

      

 

 

    
  
 

      
    

  
 

 

    

Then replacing the Monod equation with the IASM equation gives: 

  
 
          

    
  
               

    
  
   

 

       
    

  
    

        

And then replacing the ASM 3 state variables with BioWin state variables yields: 
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And finally, adding the switching functions back into the above term provides the 

final equation for the anoxic growth of heterotrophs: 

                               
   

 

 

            
    

   
   

              
    

   
   

 

         
    

   
     

 
   

       
  

       

             
  

       

             
  

   

         
          

This new equation can be entered into the BioWin model editor to replace the 

existing ASM 3 equation. 

3.4.3  Aerobic Growth of Autotrophs 

During the nitrification process, soluble ammonia is oxidized to nitrate via a 

single-step process that results in the production of autotrophic biomass.  During this 

nitrification process, oxygen is also used in proportion to the amount of ammonia 

nitrogen that is oxidized.  As with the other growth processes in ASM 3, the aerobic 

growth of autotrophs is modeled using Monod kinetics. 

The process rate equation is given by the following equation in ASM 3: 

(3.16) 
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Which has the following two switching functions: 

 
   

          
     

    
            

  

The first switching function shows that the process is aerobic and only occurs in the 

presence of oxygen.  The second switching function indicates that the process only occurs 

when sufficient alkalinity is present. 

Removing the switching functions from the process rate equation leaves the 

following term, which is the Monod equation: 

   
    

            
    

Replacing the Monod equation with the IASM produces: 

  
 
                                  

               

Then switching from ASM 3 state variables to BioWin state variables changes the 

term to: 

   
 
                    

                        
                     

(3.17) 
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And finally, adding the switching functions back into the term yields the equation: 

                              
   

 
                     

                       
 
                * 

 
  

         
  

   

           
     

This new equation can be entered into the BioWin model editor to replace the 

existing ASM 3 equation, which finalizes the implementation of the IASM into BioWin 

using ASM 3. 

 

 

 

  

(3.18) 
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4. TESTING IASM IN BIOWIN 

This section provides an evaluation to determine whether replacing the Monod 

equation with IASM in ASM 1 and ASM 3 within BioWin has produced modified 

models that function within the simulation software.  It should be noted that a full scale 

calibration and validation of the four models are beyond the scope of this study.  Instead, 

the focus of this section of the thesis is to determine whether the IASM modified versions 

of the models have been input into BioWin properly.  Effluent quality from Swift 

Current’s full scale municipal activated sludge wastewater treatment plant (WWTP) was 

monitored and will be compared to the results predicted by BioWin using ASM 1, ASM 1 

with IASM implemented, ASM 3, and ASM 3 with IASM implemented. 

4.1  Swift Current Wastewater Treatment Plant 

Ideally, the modified ASM models would be tested by verifying their predicted 

results against a simplified lab-scale set up of an activated sludge process containing a 

single aerated bioreactor and a clarifier.  This lab-scale set up would simplify the 

simulation process and would allow for the best comparison between the modified and 

unmodified versions of the models.  Unfortunately, the University of Regina does not 

allow the use of municipal wastewater at facilities on campus.  Because of this limitation, 

the models will be compared to a real world activated sludge plant, which greatly 

increases the complexity of the models and will likely increase the error associated with 

the models. 

Swift Current, located approximately 250 kilometres west of Regina, is a city in 

Saskatchewan with a population of approximately 15,500.  The Swift Current WWTP  
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Figure 4.1: Simplified schematic diagram of the Swift Current WWTP 
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treats approximately 4,500 m
3
 of municipal wastewater a day using an activated sludge 

process.  Figure 4.1 shows a simplified schematic diagram of the WWTP. 

Raw municipal wastewater enters the plant at an equalization basin which 

provides a steady flow of wastewater to the rest of the plant.  From the equalization basin, 

the wastewater is split into two identical treatment trains that consist of seven bioreactor 

tanks.  After the wastewater has passed through the bioreactor tanks, it then enters a 

secondary clarifier.  After the secondary clarifier, both wastewater trains merge and pass 

through an ultraviolet (UV) disinfection system.  After disinfection, the treated 

wastewater is released to the environment.  Some of the basic physical characteristics of 

the various wastewater treatment components within the Swift Current WWTP are shown 

in Table 4.1. 

In order to simplify the BioWin model of the Swift Current WWTP, only one 

treatment train is included in the model.  As a result, the flow and the amount of WAS 

generated is cut in half for modeling purposes.  The RAS rate is maintained at a constant 

rate of 50% of the influent flow rate.  Figure 4.2 shows the layout of the BioWin model 

that was created to represent the Swift Current WWTP. 

As shown in Figure 4.2, the second bioreactor tank in the activated sludge 

treatment train is an anaerobic tank.  Since anaerobic processes are not a part of ASM 1 

or ASM 3, it is likely that the inclusion of this tank will cause significant errors when 

comparing the model results to actual results from the WWTP.



 
 

 

 

Table 4.1: Physical parameters of treatment system in the Swift Current WWTP 

Bioreactors Two Identical Trains - Seven Tanks per Train (Fourteen Bioreactors Total) 

Tank Pre Anoxic Anaerobic Anoxic 1 *Anoxic 2 Aerobic 1 Aerobic 2 Aerobic 3 

Depth of Tank (m) 5.15 5.14 5.13 5 4.85 4.84 4.83 

Length of Tank (m) 4 4 4 4 6 6 6 

Width of Tank (m) 3.1 3.1 9.4 9.4 9.4 9.4 6.5 

Area of Tank (m2) 12.4 12.4 37.6 37.6 56.4 56.4 39 

Volume of Tank (m3) 63.86 63.736 192.888 188 273.54 272.976 188.37 

DO in Tank (mg/L) residual 0 0 2.25 2.25 1.5 1 

Secondary Clarifier               

Area of Clarifier (m2) 220 
     

  

Depth of Clarifier (m) 5 
     

  

Volume of Clarifier (m3) 1100 
     

  

Underflow RAS + WAS 
     

  

Flow Splitting               

RAS Rate 50% of Primary Influent Flow 
   

  

WAS Rate 75 m3/day (37.5 m3/day/train) 
   

  

General Information               

pH in Bioreactors 6.7 - 6.8 
     

  

Temp in Bioreactors (oC) 12.0 - 12.4             
*At the time of this report, Anoxic 2 was being used as an aerated cell. 
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Figure 4.2: BioWin model of the Swift Current WWTP 

(original in colour) 
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Since the University of Regina does not allow the use of municipal wastewater in 

laboratory experiments on campus, we will continue with the comparison of modeled 

results to sampled results from the Swift Current WWTP; however, we do expect there to 

be issues with the results caused by the inclusion of the anaerobic tank. 

4.2  Swift Current WWTP Sampling Data 

The purpose of this paper is to implement the IASM into BioWin using ASM 1 

and ASM 3.  A full scale calibration and validation of all four models is beyond the scope 

of this paper, but is suggested in Chapter 6 as a possible continuation of this work.  That 

being said, the sampling results contained within this paper will provide a beneficial 

starting point for future research that looks at the calibration and validation the models 

that have been created in this paper.  The full calibration and validation will allow 

researchers to determine whether or not the implementation of the IASM produces a 

model that more accurately predicts the effluent quality of an activated sludge wastewater 

treatment process as compared to the models that contain the Monod equation. 

Since these activated sludge models are only applicable in activated sludge 

bioreactor systems, sampling was set up to minimize the effects that other treatment 

processes may have on the model.  Two composite auto-samplers were set up at the Swift 

Current WWTP to gather information required to evaluate the activated sludge models.  

The first auto-sampler was set up just after the equalization tank and just prior to the first 

bioreactor tank, "Pre Anoxic" as shown in Figure 4.2.  This composite sampler was used 

to collect a sample of "influent" for the model.  By placing the sampler after the 

equalization tank, we are able to eliminate any error that would have been created by 

modeling the equalization tank.  The second auto-sampler was set up just after the UV 
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disinfection system, prior to release of the treated wastewater to the environment.  The 

UV disinfection system was not included in the model since it has no impact on cBOD, 

TKN, or nitrate, which are the effluent parameters that were monitored. 

The two composite auto-samplers collected samples beginning at 11:00 a.m. on 

April 23, 2012 and finishing at 6:30 a.m. on April 24, 2012.  The composite samples 

provide the information required to model the activated sludge system under steady-state 

conditions.  All influent samples were analysed in duplicate and the average value was 

used in the model, while only single samples of the effluent were analysed since they are 

only used for comparison purposes.  Portions of the sampling were performed at the Swift 

Current WWTP (S. C. WWTP), ALS Laboratories in Saskatoon (ALS), and at Dr. 

Stephanie Young's laboratory at the University of Regina (UofR).  Table 4.2 shows the 

results of the sampling and the laboratory that performed the analysis. 

4.3  Comparing Results 

The Swift Current WWTP was simulated using the BioWin setup depicted in Figure 4.2.  

The simulation was run separately with each of the following models: ASM 1, ASM 3, 

and the IASM modified versions of both ASM 1 and ASM 3.  All of the simulations were 

run using a steady state simulation with seeded starting parameters and the influent 

characteristics listed in Table 4.2.  After over 2000 iterations, BioWin was unable to 

determine a solution for the simulation when using either ASM 1 or the IASM modified 

version of ASM 1.  After only 8 iterations, BioWin was able to determine a solution for 

the simulation using ASM 3, and also found a solution to the simulation using the IASM 

modified version of ASM 3 after 68 iterations.  Table 4.3 lists the results of the 

simulations. 
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Table 4.2: Influent and effluent parameters from the Swift Current WWTP 

  Influent     

Parameter Sample 1 Sample 2 Average Effluent 
Lab Performing 

Analysis 

cBOD (mg/L) 137.50 157.83 147.67 2.39 S. C. WWTP 

TKN (mg/L) 34.50 33.90 34.20 1.63 ALS 

Nitrate N (mg/L) 0.32 0.30 0.31 6.26 UofR 

Total P (mg/L) 7.88 8.04 7.96   UofR 

TSS (mg/L) 77.0 70.4 73.7   UofR 

VSS (mg/L) 62 55.2 58.6   UofR 

Alkalinity (mmol/L) 3.52 3.54 3.53   UofR 

pH 7.7 7.7 7.7   S. C. WWTP 

Temp (oC) 12.3 12.5 12.4   S. C. WWTP 

DO (mg/L) 0.96 0.82 0.89   S. C. WWTP 

Flow (m3/day) 2300 per train 2262.5 per train S. C. WWTP 
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Table 4.3: BioWin simulation results 

Parameter 
Actual 

Effluent ASM1 iASM 1 ASM 3 iASM 3 

cBOD (mg/L) 2.39 No Solution No Solution 91.6 118.96 

TKN (mg/L) 1.63 No Solution No Solution 5.55 5.54 

Nitrate N (mg/L) 6.26 No Solution No Solution 16.56 22.71 
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There are situations where a solution is not found when running simulations due 

to an inaccurate first guess used by the software.  In order to ensure that an inaccurate 

first guess was not the reason that BioWin could not find a solution using either ASM 1 

or the modified version of ASM 1, the program was run using BioWin’s General Model 

and the results of this simulation were used as the initial guess when the program was re-

run using ASM 1 and IASM modified version of ASM 1.  The BioWin General Model 

predicted effluent quality of 2.23 mg/L cBOD, 1.96 mg/L TKN, and 16.89 mg/L Nitrate 

N.  Even when using these values as the initial guess, BioWin was unable to find a 

solution for the system using ASM 1 or IASM modified version of ASM 1 after over 

2000 iterations.  

As discussed in Section 4.1 of this paper, it was expected that there would be 

some significant differences between the simulated results and the actual sampled and 

analysed results obtained from the Swift Current WWTP due to the second bioreactor 

tank in the activated sludge treatment process being an anaerobic tank.  Although the 

results of the simulations are significantly different than the actual effluent monitoring 

results, there is one main point that can be taken away from the experiment:  BioWin was 

able to run the simulations using the IASM modified versions of the ASMs.  Since 

BioWin was able to run the simulations using the modified models and no mathematical 

errors were encountered, we can conclude that the IASM was successfully implemented 

within Activated Sludge Models No. 1 and No. 3 within BioWin. 
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5. CONCLUSIONS 

In this thesis, an Improved Activated Sludge Model was implemented into an 

existing software program that uses Activated Sludge Models No. 1 and No. 3.  The 

Improved Activated Sludge Model was implemented in an attempt to improve the 

predictability of the modeling software so as to optimize the design and operation of 

activated sludge wastewater treatment plants. 

ASM 1 and ASM 3 were modified within BioWin by replacing the Monod 

equation within the models with the IASM equation.  BioWin was able to run a 

simulation of the Swift Current WWTP using the IASM modified versions of the ASMs, 

indicating that the new equations were input into BioWin in a way that did not cause any 

mathematical incongruencies within the models.  Since BioWin was able to run the 

simulation with the new models and no mathematical errors were encountered during the 

simulation, we can conclude that the implementation of the IASM into the ASMs was 

successful. 

The significance of this paper is to provide the means for future researchers to 

easily implement the IASM into existing wastewater modeling software by using the 

provided formulas and replacing the corresponding Monod equation formulas within the 

ASM 1 and ASM 3 models.  This paper also provides valuable influent and effluent 

monitoring data that will be useful as a starting point for future research related to the 

calibration and validation of the new models.  If future research shows that the IASM is 

an improvement over the currently used Monod equation versions of the ASMs, it is 

expected that the cost of building new wastewater treatment plants will be reduced since 
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there will be greater confidence in the models and less need to overdesign wastewater 

treatment plants. 
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6. RECOMMENDATIONS FOR FUTURE RESEARCH 

This thesis research has identified the equations within ASM 1 and ASM 3 that 

contain the Monod equation and has provided a method of altering those equations to 

include the IASM.  The study also verified that the modified models are valid and do not 

contain mathematical errors by running real world activated sludge system data through 

the models.  BioWin did not produce any warnings regarding mathematical errors. 

The following are suggestions for future research: 

 A simple lab-scale activated sludge treatment system that consists of a 

single aerated bioreactor tank and a clarifier should be used to compare the 

predictions of the ASM models and the IASM modified versions of the 

models and to the actual results of effluent sampling and monitoring. 

 A full scale calibration and validation of the IASM modified models 

should be conducted to determine if the IASM versions provide more 

accurate predictions of activated sludge wastewater treatment.  Liwarska-

Bizukojc and Bizukojc (2012) propose a simplified process for 

determining some of the model coefficients. 

 A phosphorus component should be incorporated into the IASM version of 

the models so that nutrient removal will be more fully modeled. 

 A model that includes anaerobic processes should be modified with the 

IASM equations to determine if the IASM is suitable for modeling 

systems with anaerobic components.  
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