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Preface

Over the past twenty years, the knowledge and
understanding of wastewater treatment has advanced
extensively and moved away from empirically-based
approaches to a fundamentally-based ‘first principles’
approach embracing chemistry, microbiology, physical
and bioprocess engineering, and mathematics. Many of
these advances have matured to the degree that they
have been codified into mathematical models for
simulation by computers. For a new generation of
young scientists and engineers entering the wastewater
treatment profession, the quantity, complexity and
diversity of these new developments can be
overwhelming, particularly in developing countries
where access is not readily available to advanced level
courses in wastewater treatment. This book seeks to
address that deficiency. It assembles and integrates the
postgraduate course material of a dozen or so professors
from research groups around the world that have made
significant contributions to the advances in wastewater
treatment.

The book forms part of an internet-based curriculum
in wastewater treatment and, as such, may also be used
together with lecture handouts, filmed lectures by the
author professors and tutorial exercises for students’
self-study. Upon completion of this curriculum, the
modern approach of modelling and simulation to
wastewater treatment plant design and operation - be it
activated sludge, biological nitrogen and phosphorus
removal, secondary settling tanks or biofilm systems -
can be embraced with deeper insight, advanced
knowledge and greater confidence.

This book and innovative learning materials were
produced under the framework of the UNESCO-IHE
Partnership for Water Education and Research
(PoWER). PoWER develops and provides demand-
responsive and duly accredited postgraduate education,
joint research and capacity building services to
individuals and organizations throughout the developing
world.

The book was made possible through the generous
sponsorship of UNESCO-IHE Institute for Water
Education and Korea Water Resources Corporation —
Kwater.

A number of individuals deserve to be singled out as
their contribution is highly appreciated: Jetze Heun,
Atem Ramsundersingh, Caroline Figueres, Jan Herman
Koster, Kyul Ho Kwak, Nahm-Chung Jung, Byung-
goon Kim, Peter Stroo, Hans Emeis, Vincent Becker,
Angela Lorena Pinzén Pardo, Loreen Ople Villacorte,
Assiyeh A. Tabatabai, Claire Taylor, Michael Dunn,
Michelle Jones, David Burns, and of course, all the
authors.

Further, we acknowledge the contributors who
allowed their data, images and photographs to be used
in this book.

Finally, the editors wish you a beneficial study of

biological wastewater treatment and its successful use in
improving sanitation worldwide.

Editors






About the book and online course

The idea of making this online learning course on Biological
Wastewater Treatment was conceived in 2003 when UNESCO-IHE
obtained a grant from the Dutch government to develop innovative
learning methods and products which resulted in the Partnership for
Water Education and Research (PoOWER). Under the framework of
PoWER, state-of-the-art video conferencing facility was constructed
at the premises of UNESCO-IHE in Delft. These soon became part
of the World Bank Global Development Learning Network which is
a partnership of over 120 recognized global institutions,
collaborating in the design of customized learning solutions for
people working in development. The POWER regulations required
that at least two partners beside UNESCO-IHE were actively
involved in the preparation of online learning courses (in this
particular case Monterrey University, Mexico, and Birzeit
University, Palestine). However, the original idea of the coordinator
of this online learning course, D. Brdjanovic, was also to involve
professors from around the world that have made significant
contributions to advances in wastewater treatment. It took three
years and the sponsorship of the Korean Water Resources
Corporation (K-water) to secure supplementary financial resources
and to start working on the preparation of materials. The conceptual
framework for the book and the online course that it is part of was
agreed upon in Beijing during the IWA World Water Congress and
Exhibition in September 2006. Besides providing chapters in the
book, authors were requested to prepare presentation slides, tutorial
exercises and to deliver video-recorded lectures at the UNESCO-
IHE studio in Delft, all compiled into a DVD package available to
those registered for the online course. IWA Publishing agreed to
publish the book and market both the book and online learning
course.

Exactly two years later in September 2008 the book Biological
Wastewater Treatment: Principles, Modelling and Design was
presented to the public at the IWA World Water Congress and
Exhibition in Vienna. In the context of the International Year of
Sanitation, the very first copy of the book was presented to HRH the
Prince of Orange, the Chairman of the United Nations Secretary-
General’s Advisory Board on Water and Sanitation.

The online course is delivered twice a year starting in spring and
autumn. The book is also used for teaching as part of a lecture series
in the Sanitary Engineering specialization of the UNESCO-IHE’s
Masters Program in Municipal Water and Infrastructure. It is
conceptualized in such a way that it can be used as a self-contained
textbook or as an integral part of the online learning course.

INTERNATIONAL MASTER OF SCIENCE PROGRAMME IN

MUNICIPAL WATER
AND INFRASTRUCTURE

Further information on this online learning course and UNESCO-IHE’s Sanitary Engineering specialization can be obtained from D. Brdjanovic
(d.brdjanovic@unesco-ihe.org) or by visiting the respective web pages: http://www.unesco-ihe.org/education/short_courses/online_courses and
http://www.unesco-ihe.org/education/msc_programmes/msc_in_municipal_water_and_infrastructure/sanitary_engineering



Contents

Chapter |

Wastewater Treatment Development 1
M. Henze, M.CM. van Loosdrecht, G.A. Ekama and D. Brdjanovic

1.1 Global drivers for sanitation
1.2. History of wastewater treatment

Chapter 2

Microbial Metabolism 9
Y. Comeau

2.1, Introduction

2.2.  Elements of microbiology
2.3.  Stoichiometry and energetics
2.4.  Kinetics

Chapter 3

Wastewater Characterization 33
M. Henze and Y. Comeau

3.4.  The origin of wastewater

3.2.  Wastewater constituents

3.3. BODand COD

3.4.  Person equivalents and person load

3.5. Important components

3.6.  Special components

3.7.  Microorganisms

3.8.  Special wastewaters and internal plant recycle streams
3.9. Ratios

3.10. Variations

3.11.  Wastewater flows

3.12.  Traditional waste from households

3.13.  Wastewater design for households

3.14. Wastewater and biomass fractionation

3.15.  Symbols list of state variables for selected models

3.16.  Characterization protocols

3.17.  Example composition of influent, bioreactor and effluent
3.18. Wastewater fingerprint

Chapter 4

Organic Matter Removal 53
G.A. Ekama and M.C. Wentzel

4.1. Introduction

4.2.  Activated sludge system constraints
4.3.  Some model simplifications

4.4.  Steady-state system equations

4.5.  Design example

4.6.  Reactor volume requirements

4.7.  Determination of reactor TSS concentration
4.8.  Carbonaceous oxygen demand

4.9.  Daily sludge production

4.10.  System design and control

4.11.  Selection of sludge age

Chapter 5

Nitrogen Removal 87
G.A. Ekama and M.C. Wentzel

5.1. Introduction to nitrification

5.2.  Biological kinetics

5.3.  Process kinetics

5.4.  Factors influencing nitrification

5.5.  Nutrient requirements for sludge production
5.6.  Design considerations

5.7. Nitrification design example

5.8.  Biological N removal

5.9. Development and demonstration of design procedure
5.10.  System volume and oxygen demand

5.11.  System design, operation and control

Chapter 6

Innovative Nitrogen Removal 139
M.CM. van Loosdrecht

6.1.  Introduction

6.2.  Impact of side stream processes
6.3.  The nitrogen cycle

6.4.  Nitrite based N-removal

6.5.  Anaerobic ammonia oxidation
6.6.  Bio-augmentation

6.7.  Conclusions

Chapter 7
Phosphorus Removal 155
M.C. Wentzel, Y. Comeau, G.A. Ekama, M.CM. van Loosdrecht and D. Brdjanovic

7.1, Introduction

7.2.  Principle of enhanced biological phosphorus removal (EBPR)
7.3.  Mechanism of EBPR

7.4.  Optimization and development of EBPR systems
7.5.  Model development for EBPR

7.6.  Mixed culture steady state model

7.7 Design example

7.8.  Influence of EBPR on the system

7.9.  Factors influencing the magnitude of P removal
7.10.  Denitrification in NDEBPR systems

7-11. Glycogen accumulating organisms

7.12.  Conclusion and perspectives

Chapter 8

Pathogen Removal 221
C.P. Gerba

8.1.  Introduction

8.2.  Types of enteric pathogens

8.3.  Occurrence of pathogens in sewage

8.4.  Removal of pathogens and indicators by wastewater treatment
8.5.  Conclusions

Chapter 9

Aeration and Mixing 245
M.K. Stenstrom and D. Rosso

9.1.  Aeration technology

9.2.  Air blower systems

9.3.  Converting manufacturers’ data to process conditions
9.4.  Sustainable aeration practices

9.5.  Aeration requirements

Chapter 10
Toxicity 273
J.H.G. Orozco

10.1.  Introduction

10.2.  Measures of toxicity

10.3.  Kinetic models for toxic substrates
10.4. Dealing with toxicity

10.5.  Concluding remarks



Chapter 11
Bulking Sludge 291
M.CM. van Loosdrecht, A.M. Martins and G.A. Ekama

11.1.  Introduction

11.2.  Historical aspects

11.3.  Relationship between morphology and ecophysiology
11.4.  Filamentous bacteria identification and characterization
11.5.  Current general theories to explain bulking sludge

11.6.  Remedial actions

11.7.  Mathematic modelling

11.8.  Granular sludge

11.9.  Conclusions

Chapter 12

Final Settling 309
|. Takacs and G.A. Ekama

12,1 Introduction

122 Settling tank configuration in practice

12.3  Measures of sludge settleability

12.4  Flux theory for estimation of settling tank capacity

12.5  Overview of the use of flux theory and other methods for design
and operation

12.6  Modelling of secondary settlers

12.7  Design examples

Chapter 13

Membrane Bio-reactors 335
S. Judd, B. Kim and G. Amy

13.1  Membrane separation principles

13.2  The membrane bioreactor process (MBR)
13.3  MBR plant design

13.4  Commercial membrane technologies

13.5  iMBR case studies

Chapter 14

Modelling Activated Sludge Processes 361
M.CM. van Loosdrecht, G.A. Ekama, M.C. Wentzel, D. Brdjanovic and C.M. Hooijmans

141 Whatis a model?

14.2 Why modelling?

14.3  Modelling basics

14.4  Stepwise development of biokinetic model: ASM1
14.5 ASM3

14.6  Metabolic model

14.7  Activated sludge model development history
14.8  Simulator environments

14.9  Conclusions

Chapter 15

Process Control 393
G. Olsson

151 Driving forces and motivations

15.2  Disturbances into wastewater treatment systems
15.3  Therole of control and automation

15.4  Instrumentation and monitoring

15.5  The importance of dynamics

15.6  Manipulated variables and actuators

15.7  Basic control concepts

15.8  Examples of feedback in wastewater treatment systems
15.9  Operating cost savings due to control

15.10  Integration and plant wide control

15.11  Concluding remarks

Chapter 16

Anaerobic Wastewater Treatment 415
J.B. van Lier, N. Mahmoud and G. Zeeman

16.1  Sustainability in wastewater treatment

16.2  Microbiology of anaerobic conversions

16.3  Predicting the CH, production

16.4  Impact of alternative electron acceptors

16.5  Working with the COD balance

16.6  Immobilization and sludge granulation

16.7  Anaerobic reactor systems

16.8  Upflow anaerobic sludge blanket (UASB) reactor

16.9  Anaerobic process kinetics

16.10 Anaerobic treatment of domestic and municipal sewage

Chapter 17

Modelling Biofilms 457
E. Morgenroth

17.1  What are biofilms?

17.2 Motivation for modeling biofilms and how to choose appropriate
mathematical modelling approaches?

17.3  Modelling approach for a biofilm assuming a single limiting
substrate and neglecting external mass transfer resistance

17.4  Example of how J¢ = F(C.r) can be used to predict biofilm reactor
performance

17.5  Effects of external mass transfer resistance

17.6  Combining growth and decay with detachment

17.7  Derived parameters

17.8  Multi-component diffusion

17.9  Implications of substrate availability on limiting substrates,
microbial competition, and reactor performance

17.10 How does 2D/3D structure influence biofilm performance?

17.11  Model parameters

17.12  Modelling tools

Chapter 18

Biofilm Reactors 493
E. Morgenroth

18.1  Biofilm reactors

18.2  Design parameters

18.3  How to determine maximum design fluxes or design loading
rates?

18.4  Other design considerations






