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Lecture outline
MODELLING TREATMENT
PROCESSES
Reactors and hydraulics
Reactions
Mass balances

EXERCISE BREAK
Using dynamic input in SUMO
Homework 1: 1&2

MODELING BIOLOGICAL
PHENOMENA
Main biological processes
Process kinetics (Monod)
Principles of biological
models

ACTIVATED SLUDGE
MODELS
Gujer matrix
ASM model family

EXERCISE BREAK
Using dynamic input in SUMO
Homework 1: 3



Reactions and
mass balances
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Reaction rate
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Examples of reaction rates



Determining reaction rate constants
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General mass balance
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Mass balance and system boundaries
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Control volumes
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Marking the control volumes
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Example: Thickener
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Steps of calculating the mass balances
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Reactors and
hydraulics in
models



Reactor types



Batch reactor
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Continuous flow stirred tank reactor,
CFSTR or CSTR
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CSTR (continues)
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Plug flow reactor PFR
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Ideal reactors
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Sequencing batch reactor SBR
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Reactor hydraulics

• Usually real reactors have  a
character between a completely
mixed and a plug-flow reactor (≠
ideal reactors)

• Split in “N zones”
• Based on dimensions, flow,

turbulence
• Empirical (i.e. flow varies)
• N can be measured (dye test)



Modeling biological
phenomena
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Model Processes in full plant models
• Biological processes

– Biological growth processes
– Decay processes
– Hydrolysis reactions
– Fermentation
– Ammonification
– Phosphorus release / uptake

• Physico-chemical processes
– Precipitation
– Gas-liquid transfer
– Settling
– Mixing



Classification of bacteria

24/04/2019
26

Carbon source Energy source Relationship to
oxygen

Temperature

- Autotrophs
- Heterotrophs

- Light
- Chemical

compounds

- Aerobic
- Anaerobic
- Facultative

- Psychrophilic
- Mesophilic
- Thermophilic



Biological processes in water and
wastewater treatment
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Basics of mass balance and biological
reactions
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Qin Qout

Cin Cout

Produced
and/or

consumed
biomass

Reactor

Substrate Nutrients (Oxygen) Biomass Energy

Bacterial reactions in modelling the
wastewater treatment processes are
based on bioaccumulation and
bacterial metabolism

Growth and

decay

Substrate
consumption

Monod Kinetics

Applied from M. Mulas



Typical growth curve for microbial
population in batch reactor



Monod’s kinetics
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State and Composition Variables
• State variables are fundamental variables in the modelled biological

reactios and they are calculated in each juction point in the model

• For state variables S refers to soluble and X to particulate material or
substrate
– Ss = soluble substrate
– Snh = soluble free and ionized ammonia
– Xs = particulate substrate etc.

• Composition variables are formed as follows:
– COD = Ss + Xs + Si + Xi + Xii

• Depending on the model, there might be from 19 to 65 state variables!
– The more state variables, the more laborous calibration…
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Michela Mulas

Activated sludge –
a typical plant
model



Modelling activated sludge process
A simple bioreactor model

The basic principles in biological
wastewater treatment are based on the

physical-biological phenomena,
bioflocculation, and a purely

biological phenomenon, the bacterial
metabolism

Growth

Decay

Monod kinetics

Biomass
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Modelling activated sludge process
Single nutrient

The microorganisms absorb the
nutrient for the wastewater
using it to grow and to produce
more biomass

= , − , +

= , − , +

Biomass

Substrate



Modelling activated sludge process
Single nutrient

= , − , +

= , − , +

Biomass

Substrate



Modelling activated sludge process
Carbon removal

The carbonaceous nutrient and
dissolved oxygen are assorbed
by the microorganisms which
grow to produce more biomass

Biomass = , − , +

Substrate = , − , +

Oxygen = , − , + + , −



Gujer Matrix
• Commonly applied matrix to present biological reactions
• Employed in the Activated Sludege Models (ASM1, ASM2 and

ASM3)

• Consists of three parts:
– Stoichiometric matrix

• Includes the stoichiometry of each reaction, usually
expressed in the same unit

– Compositions matrix
• Includes the balance of the variables composition

– Kinetic rates
• Kinetic rates for each reaction in the matrix
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The Gujer matrix (Guidelines for using Activated Sludge Models, 2013)



Understanding the Gujer matrix
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Three components

X – Particulate
C – Colloidal
S – Soluble



Modelling activated sludge process
Carbon removal



Modelling activated sludge process
Nitrogen removal

The simplest example of carbon
and nitrogen removal involves:
q Heterotrophic biomass
q Autotrophic biomass
q Ammonia
q Oxygen
q Nitrate

The aerobic growth of autotrophs consumes soluble carbon, ammonia
and dissolved oxygen to produce extra biomass and nitrate in solution.
This steps can be further divided into two steps: producing nitrites and
oxidizing the nitrites to nitrates

The anoxic growth of heterotrophs uses as source of oxygen and
produce extra biomass and nitrogen gas



Gujer Matrix
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· Reactions taking place in the activated sludge processes
– Aerobic growth
– Anoxic growth
– Nitrification
– Denitrification, etc.

Saturation function

Inhibition function
Electron equivalence

Decay factor

Maximum rate

Matrix: M. Mulas



About the Kinetics
• Saturation function is used to increase the kinetic rate in certain

environmental conditions
• Inhibition function is used to decrease the kinetic rate in certain

environmental conditions

• Electron equivalence is calculated based on the stoichiometry of each
reaction
– Eg. It requires 4.57 g O2 to convert 1 g of NH4 to NO3

• Different growth factors and maximum growth factors
– Each reaction has their own factors

– Usually they can be obtained empirically
– Important: Normally when modelling there is no need to calibrate the

kinetic rates!
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Modelling activated sludge process
ASM’s family
In 1987, the International Association on Water Quality formed a task
group to promote the development and facilitate the application of practical
model for design and operation of biological wastewater systems

ASM1

ASM2

ASM3
Organic and Nitrogen removal
q 13 State Variables
q 8 Reaction Rates
q 19 Parameters

Organic, Nitrogen and Phosphorus removal
q 19 State Variables
q 19 Reaction Rates
q 64 Parameters

ASM2d



Commonly Applied Activated Sludge
Models

• ASM1
– Activated Sludge Model NO 1
– The first activated sludge model, published in the 80’s
– Employs 8 reactions and 13 state variables

• In Gujer matrix this converts to 8 rows and 13 columns (+ title row
and rate column)

• ASM3
– Activated Sludge Model NO 3
– The latest activated sludge model, published in 2001
– Employs 12 reactions and 13 state variables

• In Gujer matrix this converts to 12 rows and 13 columns (+ title row
and rate column)

– In addition to the reactions in ASM1, the storage reactions are
considered
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Model Processes in full plant models

• Biological growth processes
• Decay processes
• Hydrolysis reactions
• Fermentation
• Ammonification
• Phosphorus release / uptake
• Precipitation
• Gas-liquid transfer
• Settling
• Mixing



Modelling practices
International Water Association

IWA is a global reference point for water professionals, spanning
the continuum between research and practice and covering all
facets of the water cycle.

http://www.iwa-network.org/

The IWA network facilitates multi-level cooperation among its diverse
membership groups, and sharing of the very best of knowledge on water
science, research and management worldwide.



Modelling practices
Good modeling practice

GMP is a small team of modelers with wide
international experience. Their goal is to
collect the experience and knowledge on
activated sludge modeling with the clear
aim to provide guidance to practitioners.
https://iwa-gmp-tg.irstea.fr/

Mathematical modeling has become a
widely accepted tool for plant design and
operation, training of process engineers
and operators and a research tool.


