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In memoriam
George A. Ekama

This book is dedicated to our late colleague, co-author
and friend, Emeritus Professor George A. Ekama. For
more than 40 years George was at the forefront of
developments in biological nitrogen
removal activated  sludge systems modelling,
filamentous bulking, secondary settling tank design,
and modelling and anaerobic systems. He was
instrumental in the process of making the first edition
of the book and the online course Biological
Wastewater Treatment: Principles, Modelling and
Design in 2008, and his contribution remained the
backbone of the book’s second edition in 2020. Many
examples and exercises from George’s extensive
archive have also been used in the present book, which
unfortunately he was unable to see published. His
legacy will continue to live on in our thoughts, books
and courses, and the many students and young
professionals worldwide who have benefitted from his
considerable knowledge and experience.

The Authors
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Preface

I am very pleased to see publication of this
compliment to the well-known textbook Biological
Wastewater Treatment: Principles, Modelling and
Design. This companion text, Biological Wastewater
Treatment: Examples and FExercises is a necessary
compliment to the textbook. The worked examples in
the ‘Examples and Exercises’ book supplement the
fundamental information presented in the textbook
and help users of these two books to better understand
both the required fundamental knowledge and how to
translate this knowledge into practice.

As described in Mogen’s preface to the second
edition of the textbook, knowledge and practice in
water management is advancing quite rapidly, driven
both by advances in the underlying science and by the
global needs for improved wastewater management. [
am quite certain that both the textbook and the
examples and exercises book will be of inestimable
value, not only to students but also to more
experienced practitioners as they continue to learn and
advance their practice. These two books will clearly
serve a broad audience.

My congratulations to the authors of this new
complement to the second edition of the textbook, as
well as the authors of the textbook itself. We are
solving our water problems and depend on a solid
understanding of the fundamentals of the technologies
we use, along with an understanding of how to apply
this knowledge.
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About the book

The first edition of the textbook Biological
Wastewater Treatment: Principles, Modelling and
Design was published in 2008 and it went on to
become IWA Publishing’s bestseller to date. In 2020,
the 2™ updated and extended edition of the
textbook was published because, since 2008, the
knowledge and understanding of wastewater
treatment had advanced extensively and moved away
from empirically-based approaches to a fundamental
first-principles approach based on chemistry,
microbiology, physical and bioprocess engineering,
mathematics and modelling. Like the first edition, for
a whole new generation of young scientists and
engineers entering the wastewater treatment
profession, the 2™ edition of the textbook assembled
and integrated the postgraduate course material of a
dozen or so professors from research groups around
the world who have made significant contributions to
the advances in wastewater treatment. While all the
chapters of the first edition have been updated to
accommodate the latest advances and developments,
some, such as granular sludge, membrane bioreactors,
sulphur conversion-based bioprocesses and biofilm
reactors which were new in 2008, have matured into
new approaches in the industry and were also included
in the 2020 2" edition. The updated edition has
already been available for more than two years and the
feedback from readers has been overwhelming — the
textbook won the IWA Publishing Best Scientific
Book Prize in 2022. This inspired the authors to

1https://www.iwapublishing.com/book5/978 1789062298/biolo
gical-wastewater-treatment-principles-modelling-and-design-
examples
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embark on a new challenge — to prepare this
complementary  book  Biological = Wastewater
Treatment: Examples and Exercises. This new book is
an extension of the 2™ edition textbook; each chapter
corresponds to a chapter in the textbook and is
structured similarly around five sections, namely,
Introduction, Learning objectives, Examples, and
Exercises, with solutions provided in an annex. The
overall objective of the book is to deepen, expand and
test the knowledge of the reader through a set of
worked out examples, followed up by exercises and
questions with provided answers. Where applicable,
the book is supplemented with MS Office Excel files.
The book is open access and can be downloaded
(together with supplements) at the publisher’s
website!. The target readership of the book remains
young water professionals, who will still be active in
the field of protecting our precious water resources
long after the aging professors who are leading some
of these advances have retired. The authors are aware
that cleaning dirty water has become more complex
but also that it is even more urgent now than before,
and offer this new book to help young water
professionals engage with the scientific and
bioprocess engineering principles of wastewater
treatment science and technology with deeper insight,
advanced knowledge and greater confidence built on
stronger competence.

The Editors
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The first edition of the textbook Biological Wastewater

Treatment: Principles, Modelling and Design (Henze et WI N N E R' PUBLISHING
al., 2008) was translated into Spanish, Chinese, Arabic,

Korean, and Russian. The 2™ edition has already been BeSt SCIE ntlﬂ C BOOk P rlZe
published in Chinese, Portuguese and Japanese. On Biological Wastewater Treatment:

behalf of 39 editors and authors, Prof. Mark van Biold Cal‘ % 2nd edition

Loosdrecht and Prof. Damir Brdjanovic received the Best SEMAETE Eited by Guanghao Chen, Mark C.M. van

Scientific Book Prize for the textbook Biological LTI Loosdrecht, GA. Ekama & Damir Brdjanovic
Was.tewater ‘T.reatment: Principles, Modelhng. and Sl Juy 2020 - ISBN 9781789060355

Design 2" edition (Chen et al., 2020) at IWA President

Dinner during the IWA World Water Congress and = —
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Wastewater treatment development

Carlos M. Lopez-Vazquez and Mark C.M. van Loosdrecht

1.1 INTRODUCTION

Chapter 1 on Wastewater Treatment Development in the book Biological Wastewater Treatment: Principles,
Modelling and Design (Chen et al., 2020) (referred to hereafter as the textbook) explains how current
wastewater treatment technologies have evolved over time. It describes the main drivers for sanitation on the
historical journey from ancient cultures, passing through the Middle Ages and into the 20" century, thus
providing deeper insight into the wastewater treatment technologies that have been developed. This chapter
aims to guide readers through the contents of Chapter 1 in the main textbook in order to emphasize the factors
that have driven and supported the development of the wastewater treatment technologies available up to now,
and also to increase their understanding of how and why new technologies and applications will be developed
in the near future.

1.2 LEARNING OBJECTIVES
After the successful completion of this chapter, the reader will be able to:

1. Describe the main purposes and drivers of sanitation and wastewater treatment technologies.

2. Discuss the development of sewage collection and wastewater treatment systems.

3. Define the main characteristics and advantages and disadvantages of existing wastewater treatment
technologies.

4. Explain the main factors that have supported and led to the development of nutrient removal
systems, instrumentation, control and automation, disinfection and micropollutant removal.

5. Distinguish different resources that have been or could be recovered from wastewater.

© 2023 Carlos M. Lopez-Vazquez. This is an Open Access book chapter distributed under a Creative Commons Attribution Non Commercial
4.0 International License (CC BY-NC-ND 4.0), (https://creativecommons.org/licenses/by-nc-nd/4.0/). The chapter is from the book Biological
Wastewater Treatment: Examples and Exercises, Carlos M. Lopez-Vazquez, Damir Brdjanovic, Eveline I.P. Volcke, Mark C.M. van Loosdrecht,
Di Wu and Guanghao Chen (Eds).
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1.3 EXERCISES
Exercise 1.3.1
What are the main global drivers for sanitation?

Exercise 1.3.2
Describe ancient practices or applications used to recover resources from wastewater.

Exercise 1.3.3
What were the sanitation conditions in the Sanitary Dark Ages?

Exercise 1.3.4
In the Modern Era, when were the first sanitary collection systems installed or put into practice?

Exercise 1.3.5
What was the first water-free vacuum collection system implemented?

Exercise 1.3.6
What were the first biological wastewater treatment systems?

Exercise 1.3.7
Why were activated sludge systems named this way?

Exercise 1.3.8
Why is the Biochemical Oxygen Demand (BOD) determined over a duration of 5 days?

Exercise 1.3.9
What was one of the first applications of mathematical modelling in the wastewater treatment field?

Exercise 1.3.10
What led to the introduction of nitrification in wastewater treatment systems?

Exercise 1.3.11
What were the first treatment systems used to perform nitrification?

Exercise 1.3.12
Describe the main disadvantage of the first wastewater treatment systems applied to perform nitrification.

Exercise 1.3.13
What is eutrophication and why is it an undesirable process in receiving waters?

Exercise 1.3.14
What was and continues to be one of the main applications of the Monod kinetic expression?

Exercise 1.3.15
What supported the development of the nitrification-denitrification processes?

Exercise 1.3.16
What led to the development of the pre-denitrification systems?
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Exercise 1.3.17
What was the first activated sludge configuration to combine the pre-denitrification and post-denitrification
processes?

Exercise 1.3.18
Describe the main characteristics of the Pasveer ditch system developed in 1959.

Exercise 1.3.19
Why is it important to also remove phosphorus in order to prevent eutrophication?

Exercise 1.3.20
Explain why it is assumed that the Enhanced Biological Phosphorus Removal (EBPR) process was discovered
by accident.

Exercise 1.3.21
What is the main characteristic of the Phoredox system developed by Barnard in 19767

Exercise 1.3.22
What led to the development of anaerobic wastewater treatment technologies?

Exercise 1.3.23
Describe the factors leading to the development of the latest biofilm-based treatment systems.

Exercise 1.3.24
How is the solid-liquid separation process carried out in a membrane bioreactor (MBR) system?

Exercise 1.3.25
What is the Nereda® process and what removal processes does it perform?

Exercise 1.3.26
What was the reason to upgrade existing wastewater treatment plants by carrying out the removal of nutrients
in the sludge treatment line?

Exercise 1.3.27
List at least five resources that can be recovered or generated from wastewater.

Exercise 1.3.28
What is the main advantage of the development and implementation of instrumentation, control and
automation (ICA)?

Exercise 1.3.29
Why have disinfection and the removal of micropollutants of emerging concern received an increasing amount
of interest in recent decades?

Exercise 1.3.30
Describe the main driver behind the use of seawater for toilet flushing and the advantages of this practice.
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ANNEX 1: SOLUTIONS

Solution 1.3.1

Mainly, good public health by minimising waterborne diseases. In addition, together with access to safe water,
it is essential to eradicate poverty, building liveable and prosperous societies.

Solution 1.3.2

In China from around 200 BC and up to the 1970s, due to recognition of its fertilizing value, the vast majority
of agricultural land was fertilized by human faeces from latrines. In the Indus valley, in the Euphrates region
and Greece, sewage and stormwater were being collected in basins outside the cities and used for irrigation
purposes and to fertilise crops and orchards from before 2000 BC.

Solution 1.3.3
In the Sanitary Dark Ages, sanitation conditions were rather precarious: waste was simply disposed of in the
streets, often by emptying buckets from second-storey windows.

Solution 1.3.4

In the Modern Era, the first sanitary collection systems were put into practice in several cities, driven by the
city dwellers who no longer wanted to put up with the stench. Carts drove through the streets to empty buckets
that were full of waste. Farmers located around the cities made use of this practice because they used the
‘humanure’ to fertilise. However, spillages during transportation and emptying did not help to reduce the
smell.

Solution 1.3.5
The Liernur pneumatic sewer system was developed by Mr. Liernur in around 1900. The system collected
toilet water using a vacuum sewer.

Solution 1.3.6
Biological filters were the first biological treatment systems to treat the sewage from towns and cities, mostly
in the United States and United Kingdom, and they were introduced between 1893 and 1901.

Solution 1.3.7

Based on fill-and-draw wastewater treatment experiments by Ardern and Locket (1914), a highly treated
wastewater effluent was produced resembling a sludge. Believing that the working principle was similar to
activated carbon, the sludge was therefore called activated sludge.

Solution 1.3.8

In the first half of the 20" century, the river into which the (treated) wastewater was discharged was
considered an integral part of the treatment process. Since the longest time that water spent in the rivers of the
UK before it reached the sea is 5 days, this was chosen as the duration of the BOD test.

Solution 1.3.9

A mathematical model presented by Phelps (1944) in the book Stream Sanitation. It was applied to calculate
the maximum organic load to a river from the oxygen sag curve. This was to prevent the dissolved oxygen
(DO) concentration falling below a minimum value at a defined point downstream the wastewater discharge
point.
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Solution 1.3.10
To decrease the oxygen demand in rivers and the toxic effect that ammonia has on aquatic species.

Solution 1.3.11
Low-loaded trickling filters plants in the USA, Europe and South Africa.

Solution 1.3.12
The low-loaded trickling filters failed to nitrify consistently throughout the year, in particular due to the lower
temperatures experienced in winter.

Solution 1.3.13

Eutrophication is the excessive growth of algae and other plants in surface water bodies due to the fertilizing
effect of nitrogen (N) and phosphorus (P). It is an undesirable process: during the day there is a large
photosynthetic production, and during the night oxygen depletion occurs and therefore plants and fish die off.
The decaying biomass contributes even more to oxygen shortage. In addition, cyanobacteria (which also
proliferate during the eutrophication processes) generate toxins that have a major deleterious effect on aquatic
organisms and this affects the use of the water body as a source of (potable) water. Consequently,
eutrophication may decrease water availability, affecting key sectors and activities (such as food production,
industry and even tourism and recreation).

Solution 1.3.14

Its application to describe the growth rate of bacteria as a function of the substrate concentration. In particular,
in 1964, Downing et al. used it to show that the nitrification process depends on the maximum specific growth
rate of autotrophic organisms (Downing et al., 1964). This demonstrated that their growth is slower than that
of ordinary heterotrophic organisms and that biological wastewater treatment systems had to be designed and
operated at sludge ages long enough to enable the growth of autotrophic organisms to achieve consistently low
effluent ammonia concentrations.

Solution 1.3.15

The advanced studies on bioenergetics carried out by McCarthy (McCarthy, 1964). He showed that nitrate
generated by the nitrification process could be used as an alternative for oxygen by certain heterotrophic
organisms and it is thereby converted to dinitrogen gas. Unaerated sections were included in activated sludge
systems to induce denitrification, thus saving aeration energy and removing nitrogen.

Solution 1.3.16

Ludzack and Ettinger (1962) proposed an unaerated stage prior to the aerated stage in order to increase the
denitrification rate by utilizing the organics present in wastewater (see Figure 5.13B in Chen ef al., 2020). This
configuration was preferred to the post-denitrification system proposed by Wuhrmann (1964) which had an
unaerated section after the aerobic nitrification stage and used methanol as its external carbon source to
increase the denitrification rate. Due to the methanol addition, the post-denitrification configuration had higher
operational costs and it was contradictory to add organics to the unaerated stage after the ones present in the
influent wastewater had been removed in the aerated section. Thus, pre-denitrification configurations became
more popular than post-denitrification ones. However, systems with post-denitrification stages are able to
achieve lower effluent total nitrogen concentrations (e.g. lower than 5 mgN/1) if required (Chen ef al., 2020).
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Solution 1.3.17

The 4-stage Bardenpho system (Barnard, 1973). This system, developed in South Africa by James Barnard in
1972, combined the pre- and post-denitrification reactors and introduced recycle flows to control the nitrate
entering the pre-denitrification unit (see Figure 5.13C in Chen et al., 2020).

Solution 1.3.18

This was a simple and economical system solely composed of one treatment tank with no primary settler or
secondary settling tank. It followed the fill-and-draw principle developed by Ardern and Locket in the UK in
1914 (Pasveer, 1959). Moreover, if operated with continuous feeding, it was able to achieve simultaneous
nitrification and denitrification. These continuously operated oxidation ditch and carrousel systems evolved
from the Pasveer system but included a secondary settling tank.

Solution 1.3.19

Because phosphorus has been identified as the main enabling element for eutrophication in several
ecosystems, removing only nitrogen is therefore insufficient to prevent it. Microorganisms (especially blue-
green algae) can use nitrogen gas as a nitrogen source, and therefore phosphorus is the main growth-limiting
compound in surface water.

Solution 1.3.20

Because the first indication of the occurrence of EBPR in activated sludge systems was observed by Srinath et
al. in India (Srinath et al., 1959) in a treatment plant where the aeration in the first stage of the activated
sludge plant was compromised. They merely noticed that the sludge showed an excessive uptake of
phosphorus (beyond that required for biomass synthesis) when it was aerated. It was also shown that it was a
biological process since it was oxygen-dependent and it was inhibited by toxic substances.

Solution 1.3.21

The Phoredox system developed by James Barnard (Barnard, 1976) consists of one anaerobic stage (that
receives the influent wastewater) followed by one aerobic reactor. Thus, mixed liquor activated sludge is
cycled through the anaerobic-aerobic configuration of the system (see Figure 6.20D in Chen ef al., 2020). This
development built on the pioneering research carried out by Levin and Shapiro (1965) who coined the term
‘luxury uptake’ to describe the induced biological phosphorus removal in excess of the metabolic needs of
activated sludge when alternating anaerobic and aerobic conditions.

Solution 1.3.22

The development of anaerobic wastewater treatment technologies was motivated by the energy crisis
experienced in the 1970s together with an increased demand for industrial wastewater treatment. Furthermore,
the invention of upflow anaerobic sludge blanket reactors (UASB) by Lettinga and colleagues (Lettinga et al.,
1980) led to a breakthrough in anaerobic treatment. Not only was this technology feasible for industrial
wastewater treatment but anaerobic treatment of low-strength municipal wastewater could also be efficiently
introduced in tropical regions of South America, Africa and Asia.

Solution 1.3.23

The main cause was the need to develop more compact wastewater treatment plants since rapid urbanization
has led to a lower availability of land. Also industries, often with land limitations, started to treat their own
wastewater. This caused the development of a whole range of new biofilm-based processes such as biological
aerated filters, fluid-bed reactors, moving-bed bioreactors and granular sludge processes, among others.
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Solution 1.3.24

The solid-liquid separation process is carried out by a membrane (either submerged in the main aerobic reactor
of the MBR system or located externally). The membrane enables the solids to be retained and produces a
clarified treated effluent (Yamamoto et al., 1989).

Solution 1.3.25

The Nereda® process is an aerobic granular sludge technology that allows a more efficient and compact
removal of nutrients. To minimize costs, it is a sequencing technology based on the fill-and-draw principles of
Ardern and Locket (1914) and Pasveer (1959) so all the biological conversion and settling processes occur in
one single reactor.

Solution 1.3.26

One of the main factors was the need to upgrade existing plants in order to comply with the new stricter
effluent discharge standards instead of building new treatment systems. Thus, it was observed that
considerable nitrogen and phosphorus concentrations were released in the sludge handling facilities, which
returned to the main-stream wastewater treatment line through internal recycle flows. The development and
implementation of different side-stream processes, which take advantage of the particular characteristics of the
side-stream streams (e.g. highly concentrated, higher temperatures and lower flow rates), promoted and
facilitated the cost-effective removal of nitrogen and phosphorus. Processes such as the high activity
ammonium removal over nitrite (SHARON®), the anaerobic ammonia oxidation (ANAMMOX®) and
Crystalactor® (for improved nitrogen removal and mineral crystallization for phosphorus precipitation,
recovery and reuse), are some of the technologies that have contributed to these developments.

Solution 1.3.27

In view of an increasing interest in the last decade, in addition to the recovery of water and biogas, cellulose,
hydrogen, polyhydroxyalkanoates, nitrogen, phosphates, proteins, extracellular polymers, and even heat, have
been identified as recoverable resources from wastewater (Van Loosdrecht and Brdjanovic, 2014).

Solution 1.3.28

The main advantage is to facilitate the operation of existing wastewater treatment plants increasing their
reliability to meet stricter effluent standards. It also contributes to a reduction in the operational costs, savings,
and recovery of resources.

Solution 1.3.29

Because water reclamation and reuse has been seen as an alternative in order to alleviate water scarcity. Thus,
for instance, UV and ozonation technologies (among others) have become increasingly interesting as
disinfection processes as well as for the removal of pollutants of emerging concern.

Answer 1.3.30

The main driver is coping with water scarcity and the need to save fresh water through the search and
implementation of alternative water sources for non-potable water related activities. This practice relies on the
fact that, in current sanitation systems, on average at least one third of the water consumed in a household is
used for toilet flushing and does not require water of drinking quality (Chen et al., 2012; Van Loosdrecht et
al., 2012).
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Basic microbiology and metabolism

David G. Weissbrodt, Michele Laureni, Mark C.M. van
Loosdrecht and Yves Comeau

2.1 INTRODUCTION

In Chapter 2 on basic microbiology and metabolism of the 2™ edition of the textbook Biological Wastewater
Treatment: Principles, Modelling and Design (Chen et al., 2020), we learned about microorganisms involved
in biological nutrient removal (BNR), their trophic groups, metabolisms, and growth systems. You should now
be able to answer:

e  What is a microbial cell and what are microbial populations?

e How do they grow and metabolically function?

e  How can a growth system be defined by a set of substrates, nutrients, and products?

e  How can microbial growth and conversions be mathematically modelled and predicted?
¢  How can microorganisms and their metabolisms be tracked in microbial communities?

In the textbook, we introduced the fundamentals of microbiology and metabolism, as well as the
mathematical formulations of stoichiometry, thermodynamics, and kinetics in order to characterise and model
microbial growth. In addition, we covered the microbial ecology and ecophysiology methods necessary to
track microorganisms and their functionalities in microbial communities of activated sludge, biofilms, and
granular sludge.

Here, you will practise the principles of microbial growth, selection, and interactions in WWTP biomasses.
This chapter focuses mainly on BNR microorganisms involved in carbon and nitrogen conversions.

© 2023 David G. Weissbrodt. This is an Open Access book chapter distributed under a Creative Commons Attribution Non Commercial 4.0
International License (CC BY-NC-ND 4.0), (https://creativecommons.org/licenses/by-nc-nd/4.0/). The chapter is from the book Biological
Wastewater Treatment: Examples and Exercises, Carlos M. Lopez-Vazquez, Damir Brdjanovic, Eveline I.P. Volcke, Mark C.M. van Loosdrecht,
Di Wu and Guanghao Chen (Eds).
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2.2 LEARNING OBJECTIVES
We will implement simple conceptual and mathematical models to open the microbial and metabolic black
box of BNR biomass. After completing this chapter, you will be able to:

1. Describe the microbiology and metabolisms of BNR microorganisms.

2. Conceptualise a BNR microbial ecosystem by linking their metabolisms.

3. Define their growth systems with appropriate C source, N source, e-donor couple, e-acceptor couple,
and partner compounds.

4. Formulate their anabolic, catabolic, and metabolic reactions, by deriving stoichiometries by elemental,

charge, electron, and/or Gibbs free energy balances.

Implement thermodynamic relations to estimate stoichiometric and kinetic parameters.

Formulate a volumetric growth process rate using saturation/inhibition switching functions.

Use Herbert-Pirt kinetic relations to predict material allocations to maintenance and growth.

Simulate simple mathematical models to predict their growth, selection, and interactions in ideal

(dis)continuous bioreactors such as batch, sequencing batch, and chemostat.

9. Propose methods to measure microbial selection and conversions.

Sl AN

Together with the other chapters of this book, this will enhance your understanding of the microbial
processes in WWTP biomasses necessary for process design, operation, monitoring and control. The examples
and exercises are solved on paper, with Excel spreadsheets, and using the Aquasim software.

2.3 EXAMPLES

Conceptual and mathematical models to describe the growth of BNR microorganisms

In a scaffolded approach, we will formulate conceptual and mathematical models to describe the growth,
selection, and interactions between ordinary heterotrophs, nitrifiers, denitrifiers, and anammox bacteria,
involved in organic matter and nitrogen removal from wastewater.

Example 2.3.1

Describe BNR organisms, their trophic groups, primary metabolisms, and growth systems

Ordinary heterotrophic organisms (OHOs), ammonium-oxidising organisms (AOOs), nitrite-oxidising
organisms (NOOs), complete ammonium-oxidising organisms (CMOs), denitrifying heterotrophic organisms
(DHOs), and anaerobic ammonium-oxidising organisms (AMOs) are used to remove organic matter and
nitrogen from wastewater. Systematics in microbial naming in wastewater engineering have been proposed
(Corominas et al., 2010). Engineering and microbiological terms are often intermixed.

a) Characterise these guilds by accurately describing their trophic group in microbiological terms by
highlighting the main dissimilation pathway (fermentative/anaerobic respiring/aerobic respiring),
energy source (chemo-/photo-), electron donor (litho-/organo-), and carbon source (auto-/hetero-)
involved in their respective metabolisms.

b) Establish their growth systems by listing the e-donor couple, e-acceptor couple, carbon source,
nitrogen source, and accompanying compounds involved in their metabolism.

Solution
In microbiology, accurate formulations of trophic groups provide hints on growth characteristics, related to the
energy-electron-carbon triangle of microbial life (Figure 2.1).
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Energy

MICROBIAL
LIFE

Electrons Carbon (nutrients)

Figure 2.1 Energy-electron-carbon triangle of microbial life: growth results from energy, electrons, and carbon (and nutrients
such as N and P).
Table 2.1 provides the terms used to accurately name trophic groups.

Table 2.1 Microbiological systematics in naming of trophic groups to highlight the main components of the basic growth
system of microorganisms along the energy-electron-carbon triangle of microbial life.

Dissimilation pathway Energy generation  Electron donor Carbon source

Aerobic respirin;

Anaerobic rzs ir%n Chemo- Organo- Hetero- troph
piring Photo- Litho- Auto- P

Fermentative

The trophic descriptions of the BNR guilds are compiled in Table 2.2. The components of their growth
systems are given, based on reflections on BNR process configurations and recirculation loops. Additional
hints are provided:

e c-donors (eD) and e-acceptors (eA) are indicated with their respective redox couple:
o Use the biochemical reference conditions: at pH 7.0, bicarbonate (HCOj5’), ammonium (NH,") and
acetate (CoH30,") are dominant chemical species according to their pK, values:
H,CO; vs. HCO5 = 6.4, HCO3 vs. COs* = 10.2; NHs" vs. NH; = 9.25; C,H405 vs. CoH30, = 4.75.
e Anammox bacteria are respiring ammonium with nitrite. Nitric oxide (NO) is however the central
intermediate which could also be integrated as the terminal e-acceptor.
e Denitrifiers can respire organics using different nitrogen oxides from nitrate (NO5’) to nitrite (NO5’), nitric
oxide (NO), nitrous oxide (N,O), eventually releasing molecular nitrogen (N). Different e-acceptors can
be considered depending on the conditions and physiologies.
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Table 2.2 Trophic groups and growth systems of microbial guilds removing organic matter and nitrogen.

Microbial guild Trophic group Energy  Electron donor  Electron  Carbon source Nitrogen
in environmental (in accurate microbiology  generation couple acceptor source
engineering terms) couple
(and its acronym)
Ordinary heterotrophic Aerobic respiring Chemical Organic matter ~Molecular Organic Ammonium
organisms chemoorganoheterotrophs redox (C11Hi505)? oxygen matter (NH4")
(OHOs) reaction / (0y) (C1H,305)?
Bicarbonate /
(HCO3) Water
(H,0)
Complete ammonium- Aerobic respiring Chemical ~Ammonium Molecular ~ Bicarbonate Ammonium
oxidising organisms chemolithoautotrophs redox (NH4") oxygen (HCOy) (NH4")
(CMOs) reaction / (02)
Nitrate (NOs") /
Water
(H,0)
Ammonium-oxidising Aerobic respiring Chemical ~Ammonium Molecular ~ Bicarbonate Ammonium
organisms chemolithoautotrophs redox (NH4") oxygen (0,) (HCOy) (NH4")
(AOOs) reaction / /
Nitrite Water
(NOy) (H,0)
Nitrite-oxidising Aerobic respiring Chemical Nitrite Molecular ~ Bicarbonate Ammonium
organisms chemolithoautotrophs redox (NOy) oxygen (0,) (HCOy3) (NH4")
(NOOs) reaction / / if remaining
Nitrate Water or
(NOy) (H,0) nitrite
(NOy)
Anaerobic ammonium- Anaerobic respiring Chemical ~Ammonium Nitrite Bicarbonate Ammonium
oxidising organisms chemolithoautotrophs redox (NH4") (NOy) (HCOy) (NH4")
(AMOs) reaction / /
Dinitrogen Dinitrogen
(N2) (N2)
Denitrifying heterotrophic Anaerobic respiring Chemical Organic matter ~ Nitrogen Organic Ammonium
organisms chemoorganoheterotrophs redox (C11H,505) oxides matter (NH4")
(DHOs) reaction / (NOx or NyO) (C,1H505)
Bicarbonate /
(HCOy) Dinitrogen
(N2)
or other
nitrogen oxides
(NOx or N,O)

3 The generic elemental formula of organic matter (C,;H;sOs or C{H, 6300.46) is given here as e-donor and C source for OHOs and

DHOs. An alternative is to indicate acetate (C,H30,), often used as a model compound in synthetic wastewater.

Example 2.3.2

Outline the growth systems of BNR guilds and conceptualise their ecosystem in a WWTP

Microbial growth and interactions are efficiently understood by outlining the growth systems of
microorganisms. This can help conceptualise the ecosystem that they can form.
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Basic microbiology and metabolism 13

a) Outline the growth system of each guild and highlight possible symbiotic and competitive interactions
between them.

b) Outline a conceptual model of an ecosystem formed by these guilds.

c) Describe technical ecosystems involving these guilds in, e.g., flocculent activated sludge, biofilm
carriers, granules, and/or hybrid systems of your choice(s).

Solution
a) Outlines of growth systems of microbial guilds
Growth systems for each guild are outlined in Figure 2.2 from the compounds listed in Table 2.2.

A) oHo - B) cmo Biomass AOO Biomass
i

Biomass =
\ y NHy H,0

C) pHO D) amo Biomass
N, (or other NO,- or N,0)

IEI Guilds:
Biomass \\ H,0 OHO ordinary heterotrophic organisms

\ / DHO denitrifying heterotrophic organisms
CMO complete ammonium-oxidising organisms
/' fommmme- : N AOO ammonium-oxidising organisms
HCO.- N iNOy =~ — =2 NOO nitrite-oxidising organisms
g / """""" \ AMO anaerobic ammonium-oxidising organisms
rganic matter
£ HCOy I:] Electron donor

NO;- (or other NO, or N,0) : Terminal electron acceptor

Figure 2.2 Outlines of growth systems of microbial guilds involved in organic matter and nitrogen removal: A) ordinary
heterotrophic organisms (OHOs), B) complete ammonium-oxidising organisms (CMOs), ammonium-oxidising organisms
(AOOs) and nitrite-oxidising organisms (NOOs), C) denitrifying heterotrophic organisms (DHOs), and D) anaerobic
ammonium-oxidising organisms (AMOs). Growth systems entail the e-donor couple, e-acceptor couple, carbon source,
nitrogen source, and biomass formed.

b) Conceptual model of an ecosystem of OHOs, CMOs, DHOs and AMOs
Growth systems of each guild are connected in Figure 2.3 to represent their symbiotic and competitive
interactions, and the ecosystem that they form.
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Biomass

Figure 2.3 Conceptual ecosystem model of symbiotic and competitive metabolic interactions between BNR guilds. The
wheels represent microorganisms and their genomes. The arrows represent flows of materials converted.

¢) Conceptual ecosystems of technical BNR processes
Design and operation rely on the selection of BNR guilds. Flow schemes of biological secondary treatments
match with chemical inputs and outputs related to their growth systems (Figure 2.4).

In an anoxic-aerobic (A/O) system operated for pre-denitrification and nitrification (see Chapter 5 in the
textbook, Figure 2.4A), DHOs anaerobically respire the organic matter supplied by the influent as e-donor and
C source using nitrogen oxides as terminal e-acceptors such as nitrate that is recirculated from the nitrification
tank where ammonium is respired aerobically by nitrifiers to the denitrification tank.

In partial nitritation and anammox (PN/A) (see Chapter 5 in the textbook) at the main line (Figure 2.4B),
organic matter is first removed by OHOs in a high-rate aeration tank prior to aerobic and anaerobic
respirations of ammonium by AOOs and AMOs, respectively.

In biofilms or granules (see chapters 11, 17 and 18 in the textbook, Figure 2.4C), microbial niches
establish along gradients of dissolved materials generated across the biofilm depth by diffusional resistances.
This is conceived in a multilayer ‘onion’ model. Heterotrophs and nitrifiers respire organics and ammonium,
respectively, in the outer aerobic biovolume. Nitrogen oxides produced by nitrifiers are used by denitrifiers to
respire organics (if not limiting) anaerobically in an internal anoxic biovolume. When e-acceptors are
depleted, residual organics can be fermented in the core by fermentative organisms and methanogens. When
substrates are depleted, biomass inactivates and decays.
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Basic microbiology and metabolism

In a hybrid biofilm-floc system (Figure 2.4D), microbial guilds occupy different niches on biofilms and
flocs depending on their growth physiologies. In single-sludge PN/A, faster-growing aerobic AOOs occupy
flocs where dioxygen and ammonium are rapidly accessed. Slower-growing and oxygen-sensitive AMOs
occupy the inner O,-depleted biovolumes of biofilms.

N, (N,0), CO . . €0,, (N,0)
NO, o0 Internal recirculation o i
A) NO,
PRIMARY DENITRIFICATION FULL NITRIFICATION SECONDARY
CLARIFIER TANK TANK CLARIFIER
Influent N0 (7 Effluent
Cy1H1g0 \ / c"H“os\{—' HCO:. \ /
N;-: 015 ’ | NHe Anoxic NH Aerobic
‘ 0, co,
Return sludge
Primary Air £ \ Excess
sludge sludge
co, €O,, (N,0) N,, €O,
PARTIAL
B) PRIMARY ~ AERATION | SECONDARY  NITRITATION ANAMMOX SECONDARY
CLARIFIER TANK CLARIFIER TANK TANK CLARIFIER
Cy1H1505 HCO, HCO, p-
Influent NH,* NH{: o N02‘3 \{ Effluent
Cy1H1505 2 NH,* i
NH,* Aerobic Aerobic Anoxic
0, | co, 0, co,
Return Return sludge
Primary Air  sludge A Excess Air g \ Excess
sludge sludge sludge
9] D)
Granular G C;1H4305
biofilm
______ X
al

Aerobic

<+

Granule

Boundary layer

Figure 2.4 Conceptual models of technical ecosystems involving microbial guilds removing organic matter and nitrogen:
flocculent sludge systems for A) pre-denitrification and nitrification and B) high-rate removal of organic matter followed by
partial nitritation and anammox (PN/A); C) granules for C/N removal, and D) hybrid floc-granule biomass for PN/A. Guilds are
displayed by wheels at locations where they are primarily active. In activated sludge flow-through systems, the biomass
moves with the water flow across all the tanks; all the microbial guilds are present (but not active) in all tanks.
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Example 2.3.3

Develop the mathematical expressions necessary to model the growth of BNR microorganisms

Predicting microbial growth, selection, and interactions is facilitated by simple mathematical models.
Formulate the growth stoichiometries and kinetics of the guilds.

a) Write in literal (non-mathematical) forms their overall growth, anabolic, and independent catabolic
reactions. Reflect on the nature of each compound participating in the metabolism.

b) Calculate their independent anabolic and catabolic reactions.

¢) Formulate their overall growth reaction by calculating the elemental, charge and/or degree of reduction
balances. If the number of unknowns is higher than the number of conservation balances, retrieve a
measured biomass yield on substrate (Yxs*) and/or any other useful observed yield (Y,°*) for the
targeted organisms from literature.

d) Calculate and compare their yield of Gibbs free energy dissipated during the growth (AGpis”') under
biochemical reference conditions (25 °C, 1 atm, pH 7.0).

e) Formulate their overall growth reactions using empirical formulas based on thermodynamics. Compare
the reactions obtained via thermodynamics with those obtained in step c. using elemental balances and
the observed yield.

f) Calculate their biomass-specific maintenance rate on the e-donating substrate (ms) and their maximum
growth rate ([max) using thermodynamic relations.

g) Formulate the Herbert-Pirt relations for each compound involved in their metabolism.

h) Formulate in literal terms the volumetric rates of their growth process using saturation (i.e., Monod
terms) and inhibition (e.g., inverse Monod terms) switching functions.

Compile their reactions and rates in a stoichiometric-biokinetic matrix (known as the Petersen matrix or
Gujer matrix) for an efficient comparison of metabolisms.

Critically address your results by reflecting on stoichiometries and kinetics to predict microbial selection
and interactions, and their integration for process design and operation.

Hint: in the calculations, organic matter is considered as acetate (C,H30,), often present in wastewater and
used as a model compound in synthetic wastewater for lab experiments.

Option 1: test the effects of temperature and pH on growth stoichiometries and kinetics.

Option 2: perform the same calculations using the elemental formula of organic matter (C; HisOs or
CiH,.6300.46) representative for real municipal wastewater.

Solution
a) Literal expressions of overall growth, anabolic and catabolic reactions

Based on the growth system defined in Table 2.2, the overall growth reaction (Table 2.3), anabolic reaction
(Table 2.4), and independent catabolic reaction (Table 2.5) can be formulated literally for each guild.

Reactions are formulated mathematically with stoichiometric coefficients (vij) for each material i and
microbial process j, that take negative (vij = —Yin; < 0, consumption) or positive (vij = Yinj > 0 , production)
yield values per unit of reference compound n (biomass in overall growth and anabolism, e-donor in
catabolism). This aids model implementation in simulation software.
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Basic microbiology and metabolism

Overall growth reactions

Overall growth reactions (Table 2.3) include materials involved in anabolisms and catabolisms.

Partner compounds (HCO5, H,O, H") are often present either as reactants or products depending on the

metabolisms and used to balance elements and charges.

Some compounds act with multiple functions. Chemoorganoheterotrophs (OHOs, DHOs) involve organics
as the e-donor and C source. With nitrifiers (AOOs, NOOs, CMOs), the N source is often the e-donor. In pre-
denitrification, ammonium is the N source, and nitrogen oxides (e.g., nitrate, nitrite) are e-acceptors
recirculated from the nitrification tank. In post-denitrification, nitrogen oxides are both e-acceptors and N

sources; an organic e-donor and C source is supplied.

The overall growth reaction formulated using stoichiometric coefficients (vi;) is:

V¢ carbon source + vy nitrogen source + vepj e-donor + vea j e-acceptor
+ vxj biomass + Vox.cpj oxidised e-donor + vred-ca j reduced e-acceptor
+ v;j partner compounds (e.g., HCOs5", H,O, H")

and by replacing them by yield values (+Yyx;) per unit of biomass becomes:

=Y ¢/xj carbon source — Ynxj nitrogen source — Yep/xj e-donor — Yeaxj €-acceptor
+ 1 biomass + Yox-cn/xj oxidised e-donor + Yied-caxj reduced e-acceptor
+ Yyx; partner compounds (e.g., HCOs, H,O, H")

Table 2.3 Overall growth reactions in literal forms. Acetate (C;HsOx") is used as the model organic compound. Several
expressions can be found in the examples in the textbook (Chen et al., 2020).

a — Metabolism of aerobic respiring chemoorganoheterotrophic OHOs

C source CoH30x

N source NH4"

eD couple C:H302 / HCO5 — Ysono CaH302” — Ynuaono NHs™ — Yooono O2

¢A couple 02/ H20 + 1 C1H1.800.5No2 + Ycovono HCOs™ + Ynzoono H20 + Yu+ono H
Biomass CiH1.8005No2

Partner compounds H"

b — Metabolism of aerobic respiring chemolithoautotrophic CMOs

C source HCOs

N source NH4"

eD couple NHs" / NOs — Ynnaano NH4™ — Yooemo O2 — Yeozemo HCOs

¢A couple 02/ H20 + 1 C1H1.800.5No.2 + Ynosemo NOs™ £ Yrzoiemo H20 + Yasemo HY
Biomass CiH1.8005No2

Partner compounds H"
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¢ — Metabolism of aerobic respiring chemolithoautotrophic AOOs

C source HCOs

N source NH4*

eD couple NHs" / NOx — Ynnaa00 NH4" — Yooa00 O2 — Ycozaoo HCO3”

eA couple 02/ H0 + 1 C1H1.800.5No.2 + Ynozaoo NO2” + Ymoraoo H20 + Yu+aoo HY
Biomass CiH1.800.5No2

Partner compounds H*

d — Metabolism of aerobic respiring chemolithoautotrophic NOOs

C source HCOs

N source NOz

eD couple NOz2 / NO3 — Ynoznoo NO2” — Yonoo Oz — Ycownoo HCOs

eA couple 02/ H0 + 1 C1H1.800.5No.2 + Ynosnoo NO3™ + Ymomoo H20 + Ya+noo HY
Biomass CiH1.800.5No2

Partner compounds H*

e — Metabolism of anaerobic respiring chemoorganoheterotrophic DHOs

C source HCOs

N source NOs

eD couple C2H302 / HCOs® - Yspro C2H302™ — Ynospro NO3™ + 1 CiH1800.5No.2

eA couple NOs /N2 + Ynopno N2 + Ycovpno HCO3™ £ Yrzomno H20 + Yu/puo H
Biomass CiH1.8005No2

Partner compounds H.0, H*

f — Metabolism of anaerobic respiring chemolithoautotrophic AMOs

C source HCOs

N source NH4"

eD couple NHs" / N2 — Ynnaamo NHa™ — Ycozamo HCOs™ — Ynozamo NO2

¢A couple NO2 /N2 + 1 CiH1.800.5No.2 + Yn2iamo N2 + Ynoszamo NO3™ £ Yrzo/amo H20
Biomass CiH1.800.5No2 + Yh+amo H

Partner compounds H20, H*

Extra compounds NO5 ?

3 From wet-lab experiments with anammox enrichment cultures (Strous ez al., 1999; Lotti et al., 2015), nitrite (NOy) is used as an
extra e-donor to reduce bicarbonate into biomass in the anabolism of AMOs, besides its main role in catabolism. The extra
oxidation of nitrite in the anabolism produces nitrate (described in the textbook).

Anabolic reactions

Anabolisms (Table 2.4) include materials involved in biomass synthesis from nutrients. However, anabolic
reactions remain redox reactions, where electrons are transferred from the substrates into the biomass. The e-
balance should be closed.

A close look at the C source and its degree of reduction (y) compared to biomass is needed. Autotrophs
need an extra e-donor to reduce the fully oxidised carbon dioxide into biomass. For heterotrophs, acetate (4.0
mol e- C-mol™!) is in a reduction state close to biomass (4.2 mol e- C-mol™"); here no extra e-acceptor is needed
in the anabolisms of OHOs and DHOs. If their C source (e.g., organic matter CH; 6300 .45, 4.71 mol e- C-mol™)
is more reduced than biomass, the electron excess is dissipated on an extra e-acceptor involved in their
anabolism.
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Basic microbiology and metabolism 19

The anabolic reaction formulated with stoichiometric coefficients (vi;*™*) is:

ve ™ carbon source + vn;*™ nitrogen source + (Vep;*™ extra e-donor) + (vea ;™ extra e-acceptor)
+ vx;™™ biomass + (Vox.en ™ oxidised extra e-donor) + (Vieqea ™ reduced extra e-acceptor)
+ v;;" partner compounds (e.g., HCO5y, H,O, H")

and with yield values (+Yyx;*"*) normalised per unit of biomass formed becomes:

~Y¢x ™ carbon source — Ynx;™™ nitrogen source — (Yepx,;*™* extra e-donor

2 2 2

— (Yeaxi™ extra e-acceptor) + 1 biomass + (Yox-cn/x;*"* oxidised extra e-donor)

+ (Y redeax ;™™ reduced extra e-acceptor) £ Yix,;*™ partner compounds (e.g., HCOs, H,O, H"
2 2

Table 2.4 Anabolic reactions in literal forms. Acetate (C;H;0:") is used as a model organic compound. The information given in
red highlights the differences in degrees of reduction of the carbon source and of the biomass. It indicates the need to
include (or not) an extra e-donor couple or e-acceptor couple in the anabolism besides the C and N sources and the partner
compounds, depending on the trophic groups.

a — Heterotrophic anabolism of OHOs

C source C2H3Ox
(8 mol e- mol! =
4.0 mol e- C-mol )

N source NH4" — Ysono™ C2H302 — Ynua/oH0™ NH4*
Biomass CiH1.800.5No.2 + 1 C1H1.800.5No.2 + Ycozono™ HCOs™ + Ymoono*™ H20
(42 mol e- C-mol'l) + Y omo®?® H

Partner compounds ~ HCOs", H20, H*

Extra eD couple -

Extra eA couple -

3 The C source used here by OHOs is acetate. It contains 4.0 mol e- C-mol-! which is lower than 4.2 mol e- C-mol"! in biomass. No
extra e-acceptor is needed in the anabolic reaction.

b — Autotrophic anabolism of CMOs

C source HCOs
(0 mol e- mol') »
)
I];Ti(s)i);l;‘gse CII‘II\II I:é)o Noa — Ycozemo™ HCO3™ — Ynuacmo™ NHs™
(4.2 mbl e-. mo.l'l) + 1 CiHi1.800.5No.2 + Ynozemo™ NOs™ £ Yizoemo H20
Partner compounds H>O, H* + Ynwemo H
Extra eD couple NH4" / NOs™ 9

Extra eA couple -

d The C source used by nitrifiers is bicarbonate (HCOj3") (y = 0 mol e- mol!) and is fully oxidised (no electrons to donate).

® Ammonium is the nitrogen source for CMOs.

9 An additional e-donor is needed to fix and condense bicarbonate into biomass (4.2 mol e- mol'). Ammonium (NH,") is assumed
to be the anabolic e-donor in addition to the N source. Although the degree of reduction of ammonium is 0 mol e- mol’!
(ammonium is used as the reference in the degree of reduction calculations), ammonium can still donate electrons by being
oxidised (contrary to bicarbonate which cannot be oxidised further). NOs" is produced from this extra oxidation of ammonium.

Downloaded from http://iwaponline.com/ebooks/book-pdf/1214750/wio9781789062304.pdf

bv auest



20

¢ — Autotrophic anabolism of AOOs

C source HCOs
(0 mol e- mol™)
N source NH4 D
. -Y ana [y C_Y] ana NH4"
Biomass C1H14005Noa co2400™™ HCO3™ — YNH4/A00 4

+ 1 CiH1.800.5No.2 + Yno3/a00™™ NO2™ £ Yh20/400 H20

4.2 mol e- mol™!
(4.2 mol e- mol”) + Yu+/aoo H*

Partner compounds ~ H2O, H*
Extra eD couple NH4" / NOy @
Extra eA couple -

 Nitrite (NO5") is assumed to be the product of the extra oxidation of NH4* in the anabolism of AOOs.
® Ammonium is the nitrogen source for AOOs.

d — Autotrophic anabolism of NOOs

C source HCOs
(0 mol e- mol!)
)
I];Ii(s)?l?;;:: Iglcl);l <00<Nos — Ycoanoo™ HCO3™ — Ynoanoo™ NOz2
(4.2 m ol é- m ol + 1 CiHi8005No2 + Ynosnoo™ NO3™ £ Yieonoo™ H20
Partner compounds ~ H20, H* + Yremoo™ H'
Extra eD couple NO2 /NO5 ¥

Extra eA couple -

¥ Nitrite is the extra anabolic e-donor and is oxidised into nitrate (NO5) to supply electrons to assimilate bicarbonate in the
anabolism of NOOs.

 Nitrite is considered here to be the N source for NOOs, assuming an initial full oxidation of the ammonium by the AOOs.

¢ — Heterotrophic anabolism of DHOs
C source C2H30
(8 mol e- mol'! =
4.0 mol e- C-mol )

— Yspro™* C2H302" — Yno3pHO™ NO3

N source NO; »
Biomass CiH1.800.5No2 + 1 CiHi1.800.5No.2 + Ycoxpro™ HCO3™ * Yr2omu0™* H20
(4.2 mol e- mol™") * Yu+puo™ H*

Partner compounds ~ HCOs", H2O, H*

Extra eD couple -

Extra eA couple -

¥ Same reasoning as for OHOs.

® Nitrate is considered as the nitrogen source, assuming full oxidations of ammonium by AOOs and nitrite by NOOs.

f — Autotrophic anabolism of AMOs

C source HCOs
(0 mol e- mol!)
+ a)
I];Ii(s)?:j;;: Cll-II\ll I:&) Noa — Ycovamo™ HCO3™ — Ynuaamo™ NH4 — Ynozamo™ NO2
(42 m 61 e-. m 0'1_1) + 1 CiHi8005No2 + Ynoyamo™ NOs™ + Yreoamo™ H2O
Partner compounds H20, H* + Yieamo™ H'
Extra eD couple NOz / NOs ™™

Extra eA couple -

3 AMOs are fed with ammonium and nitrite. Ammonium is the preferential N source since it is already in a reduction state of
proteins.

b Similar reasoning as for nitrifiers: in anammox enrichment cultures, nitrate is formed, resulting from the extra oxidation of nitrite
as the anabolic e-donor to assimilate bicarbonate into the AMO biomass.
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Independent catabolic reactions

21

Independent catabolic reactions (Table 2.5) involve materials of the e-donor couple and e-acceptor couple of

the redox reaction, and partner compounds for elemental/charge balances.

The catabolic reaction formulated with stoichiometric coefficients (v;;*) is:

Ven, e-donor + ves ;j e-acceptor
+ Vox-ep i oxidised e-donor + Vieg.ca j* reduced e-acceptor
+ v partner compounds (e.g., HCO5, H,O, H")

and with yield values (£Yep;) normalised per unit of e-donor consumed becomes:

— 1 e-donor — Yeasen,;™ e-acceptor
+ Yox-enreni™ oxidised e-donor + Yiea-earen® reduced e-acceptor
+ Yien,; partner compounds (e.g., HCO5, H,0, H")

Table 2.5 Independent catabolic reactions in literal forms.

a — Catabolism of aerobic respiring chemoorganotrophic OHOs

eD couple CH30y /HCOs 1 CH30 — Yomoro™ Os

H
eA couple Oi/ 20 + Ycozono®™ HCO3™ + Yr2o/0m0™ H20 £ Yh+ono™ H*
Partner compounds H

b — Catabolism of aerobic respiring chemolithotrophic CMOs

- -
eD couple NH4"/ NO3 — 1 NHs" - Yooemo®™ Oz

H
eA couple 02/ H:0 + Ynozemo®™ NOs™ + Yr2oiemo®™ H20 £ Ya+emo™ HY

Partner compounds H"

¢ — Catabolism of aerobic respiring chemolithotrophic AOOs

- -
eD couple NH4"/ NO2 — 1 NH4" - Youa00™ O2

H
eA couple 02/ H:0 + Ynozao0® NO2” + Yra0/a00 H20 £ Yu+/a00™ H*

Partner compounds H"

d — Catabolism of aerobic respiring chemolithotrophic NOOs

eD couple NO> / NOs 1 NO» — Younoo® On

¢A couple Oi/ H:0 + Yno3noo®™ NO3™ + Yrono0 H2O + Yr+noo™ HF
Partner compounds H

e — Catabolism of anaerobic respiring chemoorganotrophic DHOs

€D couple CAH;02 / HCOs 1 CoH302" — Ynospno®™ NO3”

eA couple NOs /N2

Partner compounds H>O, H*

+ Ycozpuo® HCO3™ + YnopHo®™ N2 £ Yr2ompno H2O + Yh+pHO HY

f — Catabolism of anaerobic respiring chemolithotrophic AMOs

"
ZE :::gllipiz §g4' // II\I\IZ — 1 NH4" - Ynowamo®™ NO
b T + Ynvamo®™ N2 + Yrooamo™ H20 £ Yuwamo®™ H*

Partner compounds H>O, H*
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Overview of metabolic, anabolic, and catabolic reactions

Table 2.6 compiles all the literal metabolic stoichiometries for each guild in a compact matrix form, analogous
to the Petersen or Gujer matrix used in activated sludge models (Henze ef al., 2000). It enables the growth and
interaction processes of microorganisms to be quickly read. Here the matrix lists the materials involved in
reactions; their elemental, charge, electron, Gibbs free energies of formation, and mass conservatives
necessary for balances; and the microbial processes that convert them, as described by their stoichiometry.

Table 2.6 Stoichiometric matrix compiling the metabolisms of OHOs, nitrifiers, DHOs and AMOs in literal form and their
anabolic and independent catabolic reactions. The nature of the compounds involved is addressed. The stoichiometric
coefficients (vi;) are provided with their yield values (+Yi;): vij = -Yi; <0 for substrates that are consumed, vij = Yi; >0 for
products that are produced (see page 23 and page 24).

Phase ¥ Solutes

Materials i Acetate Ammonium Dioxygen Bicarbonate Nitrite
Elemental formula CoH302° NH;™® [6)) HCOs Y NOy
Units © mol mol mol mol mol
Conservatives k Conservation coefficients (ki)

C (mol C mol! i) 2 0 0 1 0

H (mol H mol™' i) 3 4 0 1 0

O (mol O mol* i) 2 0 2 3 2

N (mol N mol™! i) 0 1 0 0 1
Charge + (mol + mol! i) -1 +1 0 -1 -1

y (mol e- mol' i) 8 0 4 0 6
G (kJ mol i) -369.4 -79.4 0 -586.9 -32.2
Molecular mass (gi mol™! i) 59.04 18 32 61 46
Phase ¥ Solutes Solids
Materials i Nitrate Dinitrogen Water Protons Biomass
Elemental formula NOs N2 H.O H* CiH1.800.5No.2
Units © mol mol mol mol (C-)mol
Conservatives k Conservation coefficients (ki)

C (mol C mol! i) 0 0 0 0 1

H (mol H mol™' i) 0 0 2 1 1.8
O (mol O mol* i) 3 0 1 0 0.5
N (mol N mol™! i) 1 2 0 0 0.2
Charge + (mol + mol! i) -1 0 0 +1 0

y (mol e- mol' i) -8 -6 0 0 4.2
G (kJ mol i) -111.3 0 -237.2 0 -67.0
Molecular mass (gi mol™' i) 62 28 18 1 24.6

3 Dissolved materials are metabolised by microorganisms. Biomass is a solid phase suspended in the mixed liquor.

b Calculations are primarily made under biochemical reference conditions, i.e., at 25 °C, 1 atm, and pH 7.0. Ammonium (NH,")
and bicarbonate (HCO5") are primarily involved rather than ammonia (NH;) and carbon dioxide (CO,).

9 All units are provided here in moles. Stoichiometric/kinetic/thermodynamic formulations are processed on a mole basis. In
environmental engineering, mass balances are preferred. Stoichiometric coefficients can be converted using molecular masses.

9 Yield values are normalised per unit of biomass in metabolism and anabolism, and per unit of e-donor in catabolism.
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b) Calculation of anabolic and independent catabolic reactions

Elemental, charge and/or degree of reduction balances to solve stoichiometries

Stoichiometric coefficients of anabolisms and independent catabolisms (tables 2.4 and 2.5) are obtained by
elemental balances (e.g., C, H, O, N), charge balance, and/or degree of reduction (y) balances.

The y balance is not an extra independent equation since y is calculated from elements and charges. When
using it, one other conservation equation (an element or charge) is removed from the system of equations. It
often simplifies calculations since several compounds (NHs", CO,, HCO5, H,O, H', OH’, SO, PO,*, etc.)
are references with ay = 0 mol e- mol™'. This helps verify electron flows and balances.

For all conservatives involved in a reaction: X (uc; - vij) =0 (2.1)

with u; the conservation coefficients of element k in compound i, and vjj the stoichiometric coefficient of
compound i in the microbial process j.

Stoichiometric coefficients are obtained by solving the system of conservation equations, either by hand or
using a solver that multiplies the matrix of conservatives by the vector of stoichiometric coefficients (e.g., an
online solver, Excel, MathCAD, Matlab, or Python). The mass or mol balance over the reaction is useful to
check the stoichiometric calculations. The resolution is given for the anabolism and independent catabolism of
OHOs (Table 2.7).

Table 2.7 Elemental, charge and/or degree of reduction balances to solve the anabolism and independent catabolism of
OHOs.

OHO anabolism 5 unknown stoichiometric coefficients to solve with 5 conservation equations

Anabolic reaction in literal form:
vsiono™® C2H302 + vnaa/ono™™ NHg™ + 1 C1H1.800.5No.2 + veoziono®™® HCO3™ + vizo/ono™ H20 + vi+ono™® H*
— Ysion0™™ C2H302 — Ynuaono™ NHy™ + 1 C1H1.8005No.2 + Ycozono™ HCO3™ + Ymoono®™™ H20 + Yu+ono™™ H*

Conservatives k

C 2-vs/ono™ + 1-vcozono™ + 1-(+1) =0

H 3-vsiono™ + 4-vNuaiono™ + 1-veovono™ + 2-vio/ono™ + 1-varono™ +1.8-(+1) =0
(6] 2-vsioHo™™ + 3-vcozono™ + 1-vH20/0H0*™ + 0.5-(+1) =0

N 1-vNHg/oHO™ + 0.2+ (+1) =0

Charge + (=1)-vsiono™ + 1-vNHa0HO™ + (—1) - Vcozono™™ + 1-Vu+oHo™™ = 0

Degree of reduction Yy 8.0-vsiono™ +4.2-(+1) =0

Calculated stoichiometric coefficients (mol i mol! X):

vxoHo™ = Yxix ono™  =+1 (fixed)
vs,oHo™ = —Ysx ono™ =-0.525
VNH4,0H0™ = —YNH4/x_ono™ =—0.200

vco2,0H0™ = Ycozx oo™ =+ 0.050
vH20,0H0"™ = Ym2o0/x ono®™ =+ 0.400
vVu+0HO™™ = YH+/x oo™ =-0.275

Anabolic reaction of OHOs:
—0.525 C2H302" — 0.200 Ynuaono™ NHat — 0.275 H + 1 CiH1.800.5No.2 + 0.050 HCO3™ + 0.400 H20

Conservation checks on anabolic reaction:

Charge +:  —0.525 - (—1)—0.200 - (+1)— 0.275 - (+1) +0.050 - (~1)=0 OK!
Electrons (y): —0.525 - 8—0.200 - 0—0.275- 0+ 1 - 4.2+ 0.050 - 0+ 0.400 - 0 =10 OK!
Mass: ~0.525 - 59.04 — 0.200 - 18.04 — 0.275 - 1.01 + 1 - 24.63 +0.050 - 61.02 + 0.400 - 18.02= 0 OK!
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OHO catabolism 4 unknown stoichiometric coefficients to solve with 4 conservation equations

Independent catabolic reaction in literal form:
— 1 CoH302™ + vo2iono®™ 02+ veoziono®™ HCO3™ + vizo/0H0% H2O + vi+ono®™ HY
— 1 CH302 — Yozono®™ 02+ Ycozono®™ HCO3 + Y2000 H2O + Yh+ono®™ H'

Conservatives k

C 2-(=1) + 1-vcovono™ = 0
H 3:(=1) + 1-vcorouo®™ + 2-vioono®™ + 1-vu+ono®™ = 0
0 2-(=1) + 2-voooro™ + 3-vcozoro™ + 1-vi20/0H0" = 0

Charge + (=1D(-1) + (=1)-vcozono™ + 1 -Vua+ono™ = 0

Degree of reduction y»  4.0-(=1) + (—4)-vozono™ =0

Calculated stoichiometric coefficients (mol i mol™!' S):

vsoHO™ =Ygt =—1 (fixed)
voz,oH0% = Yoost =-2
veoz,on0® = Ycoostt =+2
VH20,0HO® = YH20/s% =0
VH+O0HO = Y™ =+1

Independent catabolic reaction of OHOs:
— 1 CH302 =2 02 +2 HCOs + 1 HF

Conservation checks on catabolic reaction:

Charge +: -1-D+2-(-)+1-(+1)=0 OK!
Electrons (y): -1-8-2-(4)+2-0+1-0=0 OK!
Mass: —1-59.04-2-32.00+2-61.02+1-1.01=0 OK!

d The y balance is not independent from the elemental and charge balances. It does not provide a 6™ independent equation but can
be used instead of one of the other conservatives. It is not only useful to verify electron balances, but also often helpful to obtain
yields of biomass production, oxygen consumption, and carbon dioxide production on substrate.

Anabolic and independent catabolic stoichiometries for all guilds are compiled in Table 2.8.

Table 2.8 Anabolisms and independent catabolisms of the BNR guilds. All units are mols (for biomass (C-)mol).

° 2
3 g < L Q é §n g © gﬂ 2} 2 zg
= = = Q= = S =
=@ < O < Z Ao m T Z Z z Z Az 2o -l m o
OHOs Anabolism -0.525  -0.200 +0.050 +0.400 —0.275 +1
OHOs Independent catabolism -1 2 +2 +1
CMOs Anabolism -0.725 -1 +0.525 +0.925  +0.250 +1
CMOs Independent catabolism -1 -2 +1 +1 +2
AOOs Anabolism —-0.900 -1 +0.700 +1.100  +0.600 +1
AOOs Independent catabolism -1 -1.5 +1 +1 +2
NOOs Anabolism -1 -2.9 +2.7 +0.2 -1.2 +1
NOOs Independent catabolism -0.5 -1 +1
DHOs Anabolism -0.725 +0.450 —-0.200 +0.200 —0.475 +1
DHOs Independent catabolism -1 +2 -1.6 +0.8 +0.8 —0.6
AMOs Anabolism -0.2 -1 -2.1 +2.1 +0.4 —0.8 +1
-1 -1 +1 +2

AMOs Independent catabolism
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¢) Calculation of overall growth reactions using a measured growth yield

For calculating the overall growth reactions (Table 2.3) using elemental, charge and/or degree of reduction
balances, 6 (for OHOs, nitrifiers, DHOs) and 7 (for AMOs) unknown stoichiometric coefficients must be
computed while only 5 independent conservatives can be used. Additional information is needed from
observed yield(s) measured or retrieved from literature (Table 2.9). When retrieving measured yields reported
in literature, bear in mind the experimental conditions and do not use values obtained under different
conditions.

Table 2.9 Observed yields retrieved from literature.

Guild  Missing Observed growth yield Reference value Literature report
information  (mol X mol'! i)

OHOs 1 yield Yus 010" 1.276 0.67 g CODx g CODs Muller et al., 2004

DHOs 1 yield Yus pro®™ 1.029 0.54 g CODx g CODs

CMOs 1 yield Yxnos.cmo®? 0.100 0.24 g CODx g'!' N oxidised Henze et al., 1987,

Gujer et al., 1999;
Henze et al., 2000

AOOs  1yield Y 4,400 0.080  0.14+0.02 g VSS g! N-NH,* (Nitrosomonas) Blackburne et al.,
2007
NOOs  1yield Y xno2n00®™ 0.041  0.072+0.01 g VSS g! N-NO, (Nitrobacter)
AMOs 2 yields Yot amo®™ 0.071  0.066 to 0.071 +0.010 C-mol X mol"! N-NH,* Lotti et al., 2014;
Y no2/NH4 AMOP 1.146 1.146 mol N-NO," consumed mol! N-NH,* Lotti et al., 2015
Y Nno3/NH4.AMOP 0.161 0.161 mol N-NO;" produced mol! N-NH,*
Ynozx.amo®™ -16.140 = — Ynoznus.amo®™ / Ynos N4 aM0™

=—-1.146/0.071 mol N-NO," consumed C-mol"! X

Using measured yields of Table 2.9, overall growth stoichiometries were obtained (Table 2.10).

Table 2.10 Overall growth stoichiometries calculated by elemental, charge and/or degree of reduction balances and using the
observed yields given in Table 2.8 and highlighted here (shaded). All units are mols (for biomass (C-)mol).

° g
] 2 S 8 g g, » 22
5 Bz xS, I8  E¢ s E, 22 2. 5=
@& [ene) < Z AC mm z Z z Z Az Zm &I A0
OHOs —1/Yxs om0 -0.2 -0.518 +0.568 +04 -0.016 +1
Overall growth =-0.784
CMOs -10.2 -18.95 -1.0 +1/Y xmo3,cm0°% +104  +192  +1
Overall growth =+10
AOOs —1/Yxnuap00®® 174 —1.0 +12.3 +12.7  +23.8  +1
Overall growth =-12.5
NOOs -10.75 1.0 —1/Yxno2,400°" +24.19 +0.2 -1.2 +1
Overall growth =-24.39
DHOs —1/Yxs pro®™ +0.944 -0.5952  +0.1976 +0.3976 —0.6232 +1
Overall growth =-0.972
AMOs —1/Y xnm4.am0°% -1.0  Ynorxamo®™ +2.19 +13.92 +2821 -0.86  +I1
Overall growth =-14.09 =-16.14
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d) Thermodynamic calculations of Gibbs free energy dissipated during growths

Gibbs free energies dissipated during growths were calculated under biochemical reference conditions
(AGpiss™") using an empirical formula per trophic group (Table 2.11).

Table 2.11 Empirical formula of Gibbs free energy dissipations during growth (AGpis°") for trophic groups.

Trophic group and formula Equation

Heterotrophs:
e.g., OHOs and DHOs

AGpiss”! =200+18 - (6 — NOCCS)I'8 + exp{[(38 — YCs)2]0'16 . (36 + 04NOCC5)}

= comprised in general between 200-1,000 kJ mol!' X (textbook 2.23)

with NoCcs the number of carbon atoms in the carbon source (mol C per mol S),
and ycs the degree of reduction of the carbon source (mol e- per C-mol S).

Chemolithoautotrophs with strong inorganic e-donor:

AGpiss®  ~ 1,000 kJ mol! X (2.2)
Chemolithoautotrophs with weak inorganic e-donor (reverse electron transfer RET is

needed):

e.g., CMOs, AOOs, NOOs, and AMOs (2.3)

AGpis®! =~ 3,500 kJ mol”! X

From AGpi"! (Table 2.12), chemoorganoheterotrophs (OHOs, DHOs) grow more efficiently with 8 times
less Gibbs free energy dissipated than chemolithoautotrophs (nitrifiers, AMOs).

Table 2.12 Comparison of the Gibbs free energy dissipated (AGpiss°") by OHOs, nitrifiers, DHOs and AMOs.

Trophic group Guild e-donor C RET NoCec;s

'YCs AGDISSOI
source  needed?  (mol Cmol'S)  (mole-C-mol'S)  (kJmol!X)
Chemoorganoheterotrophs OHOs CH;0 C,H;0, 2 8.0/2=40 432
(strong)
pHos 07 cpo) 2 8.0/2=40 432
(strong)
Chemolithoautotrophs CMOs NH, HCOs5- Yes 3,500
(weak)
Aoos N HCOy Yes 3,500
(weak)
Noos N0 peos Yes 3,500
(weak)
AMos  NHa HCO5 Yes 3,500
(weak)

e) Calculation of overall growth stoichiometries using thermodynamics

Instead of using a measured yield, overall growth stoichiometries can be solved using AGpis”' as the 6™
independent conservative (Table 2.13).
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Calculation of Gibbs free energy of formation (G¢®) of non-tabulated compounds

The standard Gibbs free energy of formation (G¢°) of certain organic compounds are not provided in reference
tables (e.g., Table 2.5 in the textbook). This challenges the calculation of Gibbs free energy changes. An
alternative can be used to (roughly) estimate the G of a compound by making an enthalpy balance over its
full combustion reaction and assuming that the compound is primarily enthalpic, i.e., AGr = AHg — T-ASg =
AHg. In a combustion reaction, a standard enthalpy (AH®) of 444 kJ mol! O is dissipated. Two examples are
given for acetate (C,H;O,, for which G¢ is provided in reference tables: -369.4 kJ mol" acetate) and for
organic matter (C1H, 630045, G is absent from reference tables).

e Verification of G of acetate (C,H30,):
Full combustion reaction: —1 C;H;0, — 1 H* -2 O, + 2 CO, + 2 H,O

AGR® = — 2 mol O, mol! acetate - 444 kJ mol™! O, = —888 kJ mol™! acetate

Gibbs free energy balance over the combustion reaction:

= (vij Gi) = (1) " Geace’ + (1) * Gears® + (-2)'Gro2® + 2 Grcoo® + 2+ Gruao® = AGr” = ~888 kJ mol”
(1) - Grac + + +2(-394.4)+ 2 (-237.2) = (1) - Ggace’ — 1263.2 = 888 kJ mol”!
Giace’ = 888 — 1263.2 = ~375 kJ mol ™! C,H;0y

This estimate is not far from the tabulated reference value of —-369.4 kJ mol! C,H;0y".

e Estimation of G¢” of organic matter (C1H, 300.45), hereafter referred to as OM:
Full combustion reaction: —1 C;H;.630046—1.1775 O, + 1 CO, + 0.815 H,O

AGR’ = — 1.1775 mol O, C-mol"! organic matter - 444 kJ mol™ O, =-522.81 kJ C-mol"' organic matter
Gibbs free energy balance over the combustion reaction:

T (vij- Ge) = (-1) - Grom® + (-1.1775) * Gro2’ + 1+ Gecor” + 0.815 - Gemo® = AGR? = —522.81 kJ C-mol’!
(-1) - Grou® + +1- (-394.4)+0.815 - (-237.2) = (—1)-Ggon” — 587.718 = —522.81 kJ C-mol!
Grom® = 522.81 — 587.718 = —65 kJ C-mol! C1H,.600.46

This procedure can be used for any organic for which a reference value of G¢ is not available.

Resolution of growth stoichiometries using thermodynamics
For OHOs, nitrifiers and DHOs, the 6 unknown stoichiometric coefficients in the metabolism can be obtained

by solving the system of 6 independent conservation equations with C/H/O/N/charge (or y) and G{! (corrected
for biochemical reference conditions from the standard Gf), and using AGpis"' values. For AMOs, 7
unknowns can still not be solved with only 6 equations, but an electron balance on anabolism can help (see
Example 2.6 in the textbook).
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Metabolic reactions are calculated by combining anabolic and independent catabolic reactions (Table 2.7)
using the thermodynamics-derived multiplication factor of catabolism (Aca’):

}\mat* = (AGAn01 + AGDiSSOI) /- AGCatO1 (textbook Eq 222)
AGpis”" values were calculated in Table 2.12. AGan"' and AGcy' are calculated using standard Gt of
compounds involved in anabolisms and catabolisms, respectively, and by correcting for biochemical reference
conditions at 25 °C and pH 7.0 (AGan"', AGca™):
AGAno =3 (Ggio . Vijana)
AGax" = AGas’ + R-T vy -In (107 /1)
AGCatO =3 (Ggio . Vijcat)
AGca' = AGea + R-T vy In (107 /1) (adapted from the textbook Eq. 2.9 and Eq. 2.10)
with R the universal ideal gas constant (8.3145-107 kJ mol! K), T the temperature (298 K), vy the
stoichiometric coefficient of protons H' in the considered reaction (vp: = + Yus; if H+ consumed <0 or
produced >0). If protons are not involved in the reaction AG"' = AG°.
Table 2.14 provides an overview of the AGa,"!, AGcx”', AGpis’! and resulting A values of BNR guilds.
Chemoorganoheterotrophs (OHOs, DHOs) efficiently grow by only running their catabolic reaction 0.5
times. Chemolithoautotrophs (nitrifiers, AMOs) need to run their catabolism 10 to 48 times to grow; they
dissimilate a large amount of substrate to produce the ATP for biomass synthesis and only a few building

blocks remain for anabolism, resulting in low growth yields. Less (waste) biomass is produced, which is a
benefit for the wastewater treatment process.

Table 2.14 Calculations of Gibbs free energy changes and At” for OHOs, DHOs, nitrifiers and AMOs.

Trophic group Guild (kJArnCz)[I{]‘O X ?n?ﬁoel)) (kJArSoAf(:IX) (kJ?nci)cl?;OL:D) (kJA ffél i lX) X()

Chemoorganoheterotrophs OHOs 18.6 -804.4 29.6 -844.3 432 0.547
DHOs —88.5 -816.1 -69.5 -792.1 432 0.458

Chemolithoautotrophs CMOs 299.6 -269.1 289.6 -349.0 3500 10.859
AOOs 307.9 -190.0 283.9 -269.9 3500 14.021
NOOs 265.3 -79.1 3133 -79.1 3500 48.208
AMOs 274.8 -362.8 306.7 -362.8 3500 10.493

With the A values, the anabolic and independent catabolic reactions (tables 2.4 and 2.5) were combined
to calculate the metabolic reactions (Table 2.15). The metabolisms obtained via thermodynamics are compared
to those previously obtained with an observed yield (Step c).
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Basic microbiology and metabolism 33

/) Stoichiometric and kinetic parameters of growth calculated by thermodynamics

Thermodynamic relations provide key stoichiometric and kinetic parameters (Table 2.16).

Table 2.16 Formulas used to derive important stoichiometric and kinetic parameters using thermodynamics. The equations
are compiled from the textbook. Before using the equations, please read the explanations given in the textbook carefully to
understand the equations.

Term Symbol  Units Formula Equation
Biomass-specificrate  mg kJ h! mol! X =4.5exp(- 69/R - (1/T - (textbook
of Gibbs free energy 1/298)) Eq. 2.28)
dissipation for

maintenance

Biomass-specificrate  ms mol S h” mol”! X =~ Yss5° - mg / AGea”! (textbook
of substrate Eq. 2.29)
consumption for

maintenance

Maximum biomass- qem mol e- h'! mol”! X =3 -exp(-69/R- (1/T - (textbook
specific rate of 1/298)) Eq. 2.31)
electron transfer in

transport chain

Number of electrons ys* mol e- transferred mol' S Reflection on electron (explained
transferred per mol transferred in textbook
substrate in in catabolism. p. 68)
catabolism

Maximum biomass- qG™m= kJ h! mol'! X =™ - AGeat”' / ys* (textbook
specific rate of Gibbs Eq. 2.32)
free energy

dissipation

Maximum growth Penax mol X h'! mol! X =h! = (q6™> + mg) /~AGniss"" (textbook
rate Eq. 2.35)
Maximum yield of Yxs™*  mol X mol! S =1/Ysxm= 2.4
biomass formation on Given by calculated metabolic

substrate reaction.

Maximum biomass- ka h'! = Yxs™™ - ms (textbook
specific rate of decay Eq. 2.37)
Maximum biomass- qs™ mol S h'! mol”! X = 1/Yx5™% + pmax + Y5 - ms (adapted
specific rate of from
substrate textbook
consumption Eq. 2.25)
Maximum biomass- qim mol i h! mol! X = 1/Yx™™ * pmax + Yys© - ms (textbook
specific rate of any A mj term is only present if the Eq. 2.33)

material consumption
or production

material i participates in the
catabolic reaction.

Table 2.17 provides an overview of the parameter values calculated for BNR guilds, comparing metabolic
efficiencies. Chemolithoautotrophs (nitrifiers, AMOs) catabolise most of their substrate (as high as 94-98 %)
to produce sufficient ATP for biomass synthesis. They synthesise their own endogenous organic carbon source
by fixing/reducing CO,, at an electron and energy price. For chemoorganoheterotrophs (OHOs, DHOs), the
exogenous acetate is at a reduction state (4.0 mol e- C-mol™!) close to biomass (4.2 mol e- C-mol!), making
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biosynthesis straightforward. They catabolise only half the acetate; the other half is anabolised. They yield 50x
higher biomass production on substrate (which is less favourable for WWTP operation), grow 20x faster, but
also decay 5x faster, than chemolithoautotrophs.

Table 2.17 Comparison of stoichiometric and kinetic parameters of microbial growth of BNR guilds.

Growth parameter derived from Trophic groups and microbial guilds
thermodynamics Chemoorganoheterotrophs Chemolithoautotrophs

OHOs DHOs CMOs AOOs NOOs  AMOs
Resource allocation
Fraction of main substrate 49 % 61 % 6 % 6 % 6 % 2%
anabolised (%)?
Fraction of main substrate 51% 39 % 94 % 94 % 94 % 98 %
catabolised (%)?
Gibbs free energy changes
-AGpiss”! (kJ mol! X) -432 -432 -3,500  -3,500 -3,500 @ -3,500
AGea™ (kJ mol™! X) -844 =792 -349 -270 =719 -363
AGana®" (kJ mol! X) 30 -70 290 284 313 307
qc™™ (kJ h'! mol”! X) -158 -297 -131 -135 -119 -181
Maintenance rates
mg (kJ h'! mol”! X) 4.5 4.5 4.5 4.5 4.5 4.5
ms (mol S h'! mol! X) 0.005 0.006 0.013 0.017 0.057 0.012
Growth, substrate uptake, and decay
pmax (mol X h! mol! X, i.e., h!) 0.722 0.677 0.036 0.037 0.033 0.051
Yxs™* (mol X mol ™! S) 0.933 0.845 0.086 0.067 0.020 0.094
gs.max (mol S h! mol! X) -0.780 -0.806 -0.431  -0.573  -1.724  -0.553
kd (mol X h'! mol! X, i.e., h'!) 0.0050 0.0048 0.0011  0.0011  0.0011  0.0012

3 The fraction of substrate anabolised was obtained by dividing the stoichiometric coefficients of the substrate in the anabolic and
metabolic reactions: vs; / vg;™. The fraction of substrate catabolised is the residual: vg " / vgmet = 1 —vg;a / vg;met,

The main substrates are different for the different guilds: acetate as e-donor and C source for OHOs and DHOs; ammonium as
e-donor and N source for CMOs, AOOs and AMOs; nitrite as e-donor and N source for NOOs.

g) Herbert-Pirt relations

Stoichiometric and kinetic parameters derived by thermodynamics are used to formulate q rates following
Herbert-Pirt (gs = ms + 1/Yxs™ - p). It describes substrate allocation for cellular maintenance (ms; a purely
catabolic process) and for growth (1/Yxs™ - p; combines anabolism and catabolism). The relation is
generalised for any compound involved in the metabolism (q; = m; + 1/Yx™* - w). Only catabolic compounds
have a maintenance term (m;). Figure 2.5 summarises the maintenance rates, maximum material yields on
biomass, and maximum q rates of BNR guilds under biochemical reference conditions (298 K, pH 7.0, 1 atm).

Downloaded from http://iwaponline.com/ebooks/book-pdf/1214750/wio9781789062304.pdf

bv auest



Basic microbiology and metabolism 35

Maintenance rates Maximum yields of material conversions Maximum q rates
m; (mol i h'" mol! X) per unit of biomass produced Gi,max (Mol i h”' mol'! X)
Yix™ (mol i mol! X)

OHO DHO CMO AOO NOO AMO OHO DHO CMO AOO NOO AMO OHO DHO CMO AOO NOO AMO
CzHaoz- -0.005 -0.006 -1.07 -1.18 -0.78 -0.81
NHA’ -0.017 -0.017 -0.012 -0.20 -14.92 -14.92 -10.69 -0.14 -0.57 -0.57 -0.55
o, -0.011 -0.025 -0.025 -0.028 -1.09 -21.03 -21.03 -24.10 -0.80 -0.81 -0.81 -0.81
HCO, 0.011 0.011 114 137 -100 -1.00 -1.00 -1.00 0.84 094 -0.04 -0.04 -0.03 -0.05
NOZ' 0.017 0.017 -0.012 14.72 14.72 -12.59 0.57 0.57 -0.65
NO; -0.009 -0.93 2.10 -0.64 0.11
N, 0.005 0.012 0.37 10.49 0.25 0.54
H,0 0.005 0.017 0.017 0.025 0.40 0.57 1512 1512 0.20 21.39 0.29 039 0.58 0.58 0.01 1.11
HY 0.005 -0.003 0.033 0.033 0.27 -0.75 28.64 2864 -1.20 -0.80 0.20 -0.51 1.10 1.10 -0.04 -0.04
C1H;5005N,, 0.72 0.68 0.04 0.04 0.03 0.05

Consumption Production Consumption Production Consumption Production

Color scales min max m min max min k

Figure 2.5 Overview of maximum rates and yields of biomass growth of BNR guilds computed using thermodynamics and
Herbert-Pirt relations (g = mi + 1/Yx; - i = mi + Yix - p). Chemoorganoheterotrophs (OHOs, DHOs) grow at a 20x faster rate
(um > 0.5 h*) than chemolithoautotrophs (nitrifiers, AMOs). OHOs and DHOs minimise substrate expenditures per unit of
biomass produced. Nitrifiers and AMOs catabolise most of their resources but there is little biomass production; they grow
slowly but process rapidly the catabolic resources because of their high material consumption yield on biomass. Because of
higher catabolic requirements, nitrifiers and AMOs exhibit higher maintenance rates than OHOs and DHOs.

h) Literal formulations of volumetric rates of growth processes

The volumetric rate of a microbial growth process (p; in mmol X; h' 1", described in ASM models as the
‘process rate’) is formulated as the product of the maximum growth rate of the microorganisms (p™>, h'),
substrate saturation terms (S; (Ki; + Si)'!), possible inhibition terms (e.g., I (Iij + S;)'), and biomass
concentration of the targeted microorganism (X;, mmol X; I""). Different saturation and inhibition switching
functions can be included depending on the physiological knowledge of the organism. For the saturation term,
often one term is given for the limiting compound. If concentration conditions are not yet known, it is possible
to develop the process rates with a saturation term for each compound consumed (Table 2.18).

Values of maximum growth rates can be found in literature or calculated using thermodynamics (Table
2.17). When comparing organisms, do not intermix data obtained from literature and from thermodynamics
calculations. Affinity and inhibition constants may be found in literature. If not, rough estimates can be used
with a very low affinity constant value and a relatively high inhibition value as first guesses.
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Table 2.18 Literal expressions of volumetric rates of growth processes (‘process rates’) defined using saturation (Monod
terms) and inhibition (inverse Monod terms) switching functions.

Volumetric rate

Maximum growth rate - Saturation terms - Inhibition terms - Biomass concentration
of growth process

poHo pono™> - Ss (Ks,ono + Ss)™! + Snus (Knng,ono + Snua)! - So2 (Kozono + So2)! - Xowo
(mol Xouo h!' I'")

pcmo . pemo™ - Snas (Knng,omo + Sna)! - Scoz (Keozemo + Sco2)™! - Soz (Kozemo + Soz) ™! -
(mol Xemo h™ 1) Ky, (Kieomo + Sue)™! + Xemo

paoo . 1a00™ - Snus (Knma,a00 + Sna4) ! - Scoz (Keoz,a00 + Sco2)! + So2 (Koz,a00 + So2)! -
(mol Xaoo ™ 1) Ky, (Kir.a00 + Sue)! - Xaoo

pNoo . Noo™ - Snoz (Knoznoo + Sna4) ! - Scoz (Keoznoo + Sco2)™! - Soz (Koznoo + So2)™! - Xnoo
(mol Xnoo h™ 1)

pDHO pono™™ - Ss (Ks,pro + Ss)™! + Snos (Knos,pro + Snos)™! - Xpro
(mol Xpuo h!' I'")

PAMO . paMo™ - Sxus (Knuaamo + Snua)! + Scoz (Kcozamo + Sco2)™ - Snoz (Knozamo + Snoz)™! -
(mol Xamo h™ 1) Koz (Ko2.amo + S02)™! - Xamo

EXAMPLE 2.3.4

Simulate the growth models, and analyse the selections and conversions in the mixed culture

Implement the growth models of BNR organisms in software to simulate and analyse their
selection/interactions in ideal discontinuous (batch) and continuous-flow (chemostat) reactors.

a) Review the main principles of microbial selection and mass balances in a bioreactor.

b) Address the selection and competition in the batch. Identify the main stoichiometric and/or kinetic
parameters that impact microbial selection.

¢) Address the selection and competition in the chemostat. Identify the main stoichiometric and/or kinetic
parameters that impact the microbial selection.

Option 1: test the impact of stoichiometric and kinetic parameter values on microbial selection.

Option 2: test the effects of temperature and pH using the adapted stoichiometries and kinetics.

Solution

Using the calculated growth stoichiometries and kinetics, we can simulate the growth, selection, conversions,
and interactions of BNR guilds in bioreactors from pure cultures to mixed cultures.

a) Principles of mass balances and microbial selection in an ideal bioreactor

Two ideal, discontinuous (i.e., batch) and continuous-flow (i.e., chemostat) stirred-tank reactors are used to
simulate and analyse growths and interactions of BNR guilds.
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Mass balances in batch and chemostat
Conversions are followed by mass or mol balances:

ACCUMULATION = TRANSPORT #+ REACTION = IN — OUT + REACTION (2.5

(Mass accumulated j B [Mass transported J . [Mass converted j

per unit of time per unit of time per unit of time

Across reactor boundaries, masses enter and leave, and react over time. Material consumptions/productions
relate to negative/positive accumulation, with a negative/positive reaction term value. The generalised mass
balance is given as a differential equation over time:

Mass balance: dm; / dt =i — Miew + Ry (2.6)
d(v-Cy)/dt =Qin * Ciin— Qout * Ciout1i- V
=Qin " Ciin—Qout - Ciowt qi - Cx - V

If Qin = Qou = Q: d(V-Cj)/dt =(Ciin—Ciow) " Q+1;- V
=(Cin—Ciow) " Q+qi-Cx-V

If V is constant!: dC;/dt =(Cipn—Ciow) " Q/V+r;
= (Ciin— Ciouw) " Q/V+gqi - Cx
= (Ciin — Ciou) D+ qi - Cx

with mass flow rate of material i (ri; with dimensions®> as M; T'), reactor working volume (V as L%),
volumetric flow rate (Q as L* T'!), dilution rate (D as T"!, i.e., inverse of hydraulic retention time HRT as T),
concentration of material i (C; as M; L), biomass concentration (Cx as Mx L), total conversion rate (R; as M;
T1), volumetric conversion rate (r; as M; T"! L) and biomass-specific conversion rate (q; as M; T"! Mx™") of
material 1.

Mass balances in batch (no inflow, no outflow) and chemostat (inflow and outflow) are given in Table
2.19. These differential equations express the dynamics of materials over reactor operation. A batch is a non-
stationary and homogenous reactor: concentrations evolve over time (dC/dt # 0) but at one time point are equal
at any geographical point. No steady state is achieved, other than when conversions are stopped (e.g., when
limiting substrate is depleted, while neglecting decay). A chemostat is stationary and homogenous: at steady
state, concentrations are constant (dC/dt = 0) at any point in reactor. Influent and effluent volumetric flow
rates are equal (Qi = Qout = Q). Concentrations in effluent are equal to concentrations in the tank.

! Often the volume of a reactor is considered constant. However, in laboratory and engineering practices, volumes vary with
evaporation and sampling. Always consider mass (or mol) balances (instead of ‘concentration balances’).

2 Managing dimensions and units across all calculations is crucial. Dimensions are given as mass (M), length (L), and time (T). The
related SI units use kg (or mol), m, and s, respectively. In practice different units are used.
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Table 2.19 Mass (or mol) balance equations for ideal, discontinuous (batch), semi-continuous (fed-batch), and continuous-
flow (chemostat) stirred-tank reactors. The mass balances are developed for biomass (X) and the limiting substrate (S). The
equations can be applied to any material transported/converted in the system.

Reactor Reactor regime Mass balance equations
scheme and state variable
_ Batch Batch ACCUMULATION = REACTION
(discontinuous)
- Biomass (X) dmx/dt=rx-V=p-Cx-V
i Substrate (S) dms/dt=rs-V=qs-Cx"V
with m: mass
(gﬁﬁﬁfﬂi) Chemostat ACCUMULATION = IN — OUT + REACTION
“ox  Biomass (X) dmx / dt = Qin * Cxiin (~0) — Qout * Cxoutt1x- V=Cx:(n- V-0Q)
i " Substrate (S) dms / dt = Qin - Csn— Qout - Csour+1s -V =Q - (Csin—Cs) +qs - Cx - V
o At steady state: 0=dmx/dt=Cx - (n- V-Q) (1)
0=dms/dt=Q - (Csin—Cs)+qs - Cx- V=0 2

From(1):p=Q/V=D
From (2): the analytical solutions of Cx and Cs are obtained at steady state.

For all reactor regimes, q rates relate to Monod and Herbert-Pirt relations:
gx = W (historical term defined by Monod)

= Hmax * Cs/ (K3+C5) L/ (Ii+Ci)

Qs = gsmax * Cs/ (Ks + Cs) - I/ (Ii + Ci) (‘Monod’)

=—1/Yxs - p+ ms (‘Herbert-Pirt”)

Selection principles in mixed cultures in a batch and in a chemostat
Basic principles (Kuenen, 2019; Rombouts, et al., 2019a and 2019b) to predict microbial growth, selection,
and conversions in a mixed-culture bioreactor are briefly restated here:

e Batch: Substrate is supplied as a pulse. The substrate concentration remains much higher than the K value
during most of the batch reaction period. Substrate becomes limiting only close to the end of the batch
reaction time. Microorganisms deploy their maximum growth rate. The organism with fastest pinax
scavenges the substrate and dominates the community if the substrate is directly coupled to growth. In one
single batch, one can detect selection when starting with a low biomass concentration. In a sequencing
batch reactor (SBR), the sequence of batches drives the effective selection in the long run (see Exercise
2.4.1h).

e Chemostat: p is set by D. Only microorganisms withstanding D remain in the system (D < pima). The low
residual concentration of substrate (Cs) is a function of D and affinity properties (Mmax/Ks) of
microorganisms. The affinity for substrate is governed by both the affinity constant (i.e., highest affinity at
lowest Ks value) and the maximum biomass-specific growth rate ([max). This dictates the selection. The
organism with the highest affinity for substrate and which makes the lowest substrate concentration should
take the lead.

Implementation of model simulations in Aquasim
Growth models were simulated using Aquasim (Reichert, 1994) (Figure 2.6) to analyse the selection,
conversions, and interactions of BNR guilds in batch and chemostat mixed cultures.
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b) Batch simulations of growth, selection, and interactions of BNR guilds
Simulation conditions in batch
The simulation conditions for the batch are given in Table 2.20a.

Table 2.20a Constants used for batch and chemostat simulations: operation.

Operational conditions Symbol Units Batch Chemostat
simulations simulations

Simulation time At h 150 5,000-25,000

Reactor working volume \% 1 100 100

Volumetric flow rate Q 1h'! 0 1

Dilution rate D=Q/V h! 0 0.010

Volumetric mass transfer coefficient of Oz kra h! 100 100

Saturation concentration of dissolved oxygen Co®t mmol O I'! 0.28125

Initial concentration of biomass at inoculation Cx,o0 C-mmol X 1! 0.012

Initial concentration of acetate Cso mmol 1! 7.8125

Initial concentration of ammonium CNH4,0 mmol N 1! 3.5714®

Initial concentration of bicarbonate CHco,0 mmol 1" 2.5

Initial concentrations of all other materials Cio mmol i I'! 0

9 The reactor is inoculated with a very low amount of cells. An initial concentration of 0.01 C-mmol X I'! corresponds to 0.2 mg
VSS I'! which is about 10,000x lower than typical concentrations of activated sludge of 2-3 g VSS I'..

 Concentrations of 500 mg COD 1! of acetate and 50 mg N-NH," I'! typically used in laboratory studies with synthetic wastewater
relates to 7.8125 mmol acetate 1! and 3.57 mmol N I'!, respectively.

Conversions of acetate, bicarbonate, nitrogen compounds (ammonium, nitrite, nitrate) and dissolved
oxygen by the BNR guilds were simulated over 150 h. Other materials were not limiting, and their state
variable was not simulated. An aeration process was included to deliver dissolved oxygen in the bulk liquid
phase (eq. 2.7). Inhibitions, pH, acid-base speciation, and liquid/gas phase equilibria (e.g., CO,) were not
implemented.

Oxygen transfer rate: OTR =kia - (Cox™ — Cop) (2.7)

with volumetric mass transfer coefficient (kpa, h™), saturation concentration of dissolved oxygen (Co:™,
mmol O, I'), actual concentration of dissolved oxygen (Coa, mmol O I'!).

BNR growth processes were implemented using stoichiometric and kinetic constants (yields, maximum
growth rate, decay rate) calculated via thermodynamics (tables 2.15 and 2.17) and summarised in Table 2.20b.
Decay was assumed to generate soluble substrate (simplified here as additional acetate). Affinity constants (Ks
values) were assumed by default at 0.1 mmol I'".
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Table 2.20b Constants used for batch and chemostat simulations: stoichiometry and kinetics.

StOiCthi‘;metfiC andkinetic  gymbol  Units OHOs DHOs  CMOs AOOs  NOOs  AMOs
constants

Limiting substrate Acetate Acetate Ammonium Ammonium Nitrite Ammonium

Maximum yield of biomass Yyaee™ (C-mmol X mmol! Ace) 0.933  0.845
growth on acetate

Maximum yield of biomass vy mx (C.mmol X mmol-! N) 5 0.086 0.067 0.094
growth on ammonium

Maximum yllel.d of biomass Yxnoe™  (C-mmol X mmol! N) 0.020 0.079
growth on nitrite

Maximum growth rate max (h'h) 0.722  0.677 0.036 0.037 0.033 0.051

Decay rate kq (h'h) 0.0050 0.0048  0.0011 0.0011  0.0011  0.0012
Half saturation constant Ks (mmol S; I')) 0.1 0.1 0.1 0.1 0.1 0.1

for limiting substrate )

3 Based on the conditions of the simulations, the limiting substrate was set here as the e-donor of each guild.
b A low value ca. 100x lower than the initial concentration was considered as the Kg value. Some Kgs values can be found in
literature, but their measurement is affected by experimental conditions and diffusional resistances in bioaggregates.

Simulation results in batch

Simulation outputs in batch are given in Figure 2.7. Chemoorganoheterotrophs (OHOs and to some extent
DHOs) lead in the batch. OHOs are selected by rapidly consuming acetate over the first 10 h. They consume
ammonium up to half of its initial concentration. As soon as the acetate is depleted, OHOs stop growing. Over
the next 50 h, OHOs maintain themselves to some extent by growing on additional soluble organic matter
generated by their decay, when ammonium is still available as the N source. When ammonium is depleted
after 65 h, OHOs decay. During OHO growth, the O, transfer rate is not sufficient to compensate for the O,
consumption rate as indicated by the dip in O, profile. The aerator programmed is still relatively efficient (k.a
of 100 h'), corresponding to a lab stirred-tank reactor with agitation to break air bubbles and maximise their
surface area. You can play around with the kia value in the provided Aquasim file to test less efficient
aerations such as in shake flasks: O, concentration will rapidly drop to microaerophilic conditions during OHO
growth.

Bicarbonate is produced by OHOs and used as the C source by chemolithoautotrophs (nitrifiers, AMOs).
AOO activity is displayed by the second shoulder in the ammonium profile. AOOs grow on ammonium and
produce nitrite. Nitrite is used by NOOs, producing nitrate. CMOs consume ammonium and produce nitrate.
Nitrifiers are aerobic and use O», but are less active than OHOs, thus not significantly impacting the O, profile.
As soon as nitrite is produced by AOOs and ammonium is still available, AMOs can potentially grow by
anaerobically respiring ammonium with nitrite. In reality, AMOs are inhibited by O, and their growth does not
happen when facing the O, level present at saturation in the batch simulation. As soon as ammonium is
depleted, nitrifiers and anammox bacteria decay.

DHOs establish mainly thanks to the additional organic matter supplied by the decay of OHOs which
rapidly scavenge acetate, and by using nitrate produced by nitrifiers. When ammonium is depleted no more
nitrate is produced. When the residual nitrate is depleted, denitrifiers decay.
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Figure 2.7 Simulation of microbial growth, selection, conversions, and interactions of the BNR guilds in the batch over 150 h.
The mathematical model was implemented with growth and decay processes. An aeration process was included to transfer
0. in the liquid phase.

¢) Chemostat simulations of growth, selection, and interaction of BNR guilds

Simulation conditions in chemostat

The same 100-litre stirred-tank reactor used for the batch was simulated as a chemostat over 3 years by
including an influent and effluent flow rate (Q) set initially at 1.0 1 h™' (Table 2.20). The low dilution rate (D =
Q/V) of 0.01 h™! (or long HRT of 100 h) should allow all guilds to grow, with respect to their theoretical pmax
from 0.033 (NOOs) to 0.722 (OHOs) h™'.

Simulation results in chemostat

The simulation results in chemostat are given in Figure 2.8. Chemoorganoheterotrophs (OHOs, DHOs) rapidly
establish and predominate in the chemostat, reaching their steady-state biomass concentration after ca. 500 h
(i.e., 20 d). They consume their limiting acetate substrate to a residual concentration of 0.007 mmol I"'. OHOs
use O, which is continuously supplied and reaches a level close to saturation at steady state. DHOs grow by
respiring acetate with nitrate produced by nitrifiers. Since acetate is continuously supplied with the influent,
DHOs grow as soon as nitrifiers are active. Bicarbonate is produced by OHOs and DHOs, reaching 12 mmol
HCOs I'! at steady state. This inorganic C source supports chemolithoautotrophs (nitrifiers and AMOs). In this
multi-species culture, organisms face simultaneously multiple limitations. In simulations, all Ks values were
set at 0.1 mmol 1" for all guilds. The cumulated limitations hamper chemolithoautotrophs to achieve an
effective p (0.0056-0.0085 h') at the level of the imposed dilution rate (0.01 h™') although initially set low
versus the respective Hmax (Table 2.21). While AOOs and NOOs are selected, CMOs and AMOs display the
lowest p and cannot persist and compete for nitrogen. AMOs and CMOs are most impacted by the multiple
limitations and are outcompeted by AOOs and NOOs.
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Figure 2.8 Simulation of microbial growth, selection, conversions, and interactions of the BNR guilds in the chemostat
operated at a low dilution rate of 0.01 h" that should allow all guilds to grow (pmax = 0.033-0.722 h™). Simulations were
performed over 3 years (25,000 h) to reach steady states for all microbial guilds. The mathematical model was implemented
with growth and decay processes. An aeration process was included to transfer O, in the liquid phase.

Table 2.21 Cumulated effects of multiple limitations on growth rates of guilds studied in the chemostat.

Hmax Cumulated Resulting p (h!) Dilution rate D
(h'h Monod terms effect ¥ = Umax * Monod terms (h'h

Chemoorganoheterotrophs 0.01

OHOs 0.722 0.016 0.0114

DHOs  0.677 0.022 0.0148

Chemolithoautotrophs

CMOs 0.036 0.229 0.0082

AOOs  0.037 0.229 0.0085

NOOs 0.033 0.257 0.0085

AMOs  0.051 0.109 0.0056

9 Calculated as the multiplication of Monod terms (M; = S; (K; + S;)!") for an organism:

OHOs: Mace * Mo * Mua ; DHOS: Mace © Moz ; CMOs and AOOs: Mg © Mo * Moz ; NOOs: Mo, - Moz - Mcos ;
AMOs: Mxu4 * Moz - Mcoz

Variations of Q (and D) were tested on microbial selections (Table 2.22). OHOs are selected on most of
the D values (<0.7 h') until D becomes too close to their pma. At 0.03 h'', OHOs, AOOs and AMOs are
selected. NOOs and CMOs are outcompeted: nitrate is not produced and DHOs cannot grow. By neglecting
O»-inhibition, AMOs use nitrite produced by AOOs. This is the only condition in which AMOs grow.

Downloaded from http://iwaponline.com/ebooks/book-pdf/1214750/wio9781789062304.pdf

bv auest



44

At 0.01-0.02 h!, OHOs, AOOs, NOOs and DHOs are selected. DHOs thrive on nitrate supplied by NOOs.
At 0.005 h!, CMOs also establish. At 0.001 h!, only OHOs are selected with the limited supply of substrates.

Table 2.22 Effect of the dilution rate (D) on the selection of BNR guilds in the chemostat. Legend: selected guilds (‘+’) and
washed-out guilds (‘).

\A()) Q@hMh D (h") OHOs DHOs AOOs NOOs CMOs AMOs

100 70 0.700 - - - - = =
60 0.600 + = = = = =
50 0.500 + = = = = =
5.0 0.050 + = = = = =
4.0 0.040 + = = = = =
3.0 0.030 F - + = = +
2.0 0.020 F + + + = =
1.0 0.010 F + + + = =
0.5 0.005 I I + + + =
0.1 0.001 + = = = = =
0 0 — - - - - -

Outlook from growth simulations
Simulations highlight the power of simple growth models to analyse microbial selection and interactions in a
BNR mixed culture and predict microbial processes at higher scale in WWTPs.

The implemented models can be used to address questions on microbial selection that you can address
critically, creatively, and collectively by exchanging with peers. You might test effects of, e.g., reactor regimes
(different D in a chemostat), physiological parameters values ([max, Ks, K4), environmental conditions (T, pH),
and number and type of microbial guilds present (from pure to co- and mixed cultures), among many other
possibilities.

Model development and testing requires a structured investigation approach. Write down all the
implementations and modifications in an (electronic) lab journal. Just as wet-lab experiments, dry-lab
computations require an ‘experimental’ design and traceability.

As for any mathematical model, calibration of model outputs with experimental data is important: see
chapters 14 and 17 in the textbook on modelling of activated sludge processes. Building the model at the start
of the investigations can provide a preliminary understanding of microbial phenomena. This helps to reflect on
the key variables, parameters, and factors to elucidate, and supports the design of experiments for measuring
these to improve the model.

Example 2.3.5

Propose measurements for the microbial conversions and selections in the BNR mixed culture

Propose analytical methods to measure the conversions of materials, the selection of microorganisms, and their
ecophysiologies in the BNR mixed culture. Highlight the pros/cons of the methods identified.

Option: outline the bioreactor system and your analytical plan.
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Solution

Measurements of microbial conversions and selections

Conversions of materials can be measured from the liquid, solid, and gas phases of the bioreactor using
physicochemical analyses either in-line (e.g., pH and dissolved oxygen sensors), on-line (e.g., O, CO», N, and
N,Oy from the off-gas by FT-IR and MS gas analysers) or oft-line (e.g., dissolved substrates and products by
colorimetric kits and liquid or ion chromatographs; biomass by measurements of total/inorganic/volatile
suspended solids) (Table 2.23).

Table 2.23 Analytical methods to measure targeted materials involved in the metabolisms of BNR organisms.

Phase Material Formula In-line sensors On-line analysers  Off-line measurements

Gas Dioxygen 0, (g)

FT-IR spectrosco
Carbon dioxide CO (g) : "

. Micro-GC
Dinitrogen N; (g)

- - Mass spectrometer
N,O, intermediates  NO, N>O (g)

Liquid Temperature (T)®» - Temperature sensor
Redox (rH) ¥ - Redox sensor
Electrical - Electrical conductivity
conductivity (c) ¥ sensor
Protons H* (aq) pH sensor
Dioxygen ¥ 0, (aq) Dissolved oxygen sensor
Bicarbonate HCOs" (aq) Alkalinity measurement
Organic matter CiH,.630045 COD
Acetate C,H;0," (aq) colourimetric ~ HPLC,
kits, TOC Ion chromatograph
Ammonium NH4* (aq) Ion selective electrode ©
Nitrite NO; (aq) Ion selective electrode? ©
Nitrate NOs (aq) Ton selective electrode © NH,", NO,",
Phosphate H2POy, Phosphate-selective NOy’, PO Discrete analyser,
HPO.* (aq) polymer membrane colourimetric ~ Ion chromatograph
electrode? 9 kits
Electrical conductivity
sensor? 9
Solid  Biomass C1H, 300.5Np> (s) TSS, ISS (ash), VSS measurements

¥ Dioxygen and carbon dioxide can be measured from both the gas and liquid phase.

® Temperature, redox, and electrical conductivity measurements can provide important additional information on the bioreactor
environment of microorganisms.

9 Ton selective electrodes (ISEs) are handy for in-line measurements of dissolved ammonium and nitrogen oxides. However, since
ISEs tend to progressively drift on a continuous process, these measurements mostly provide trends and should be verified by
punctual off-line measurements. ISEs are frequently used in WWTPs for process control based on ammonium and nitrate
measurements. Nitrite ISEs have lately been developed for use in laboratories.

9 Phosphate is an important additional parameter to measure. Although not modelled here, phosphate is an important component of
wastewater as: (i) a nutrient pollutant that needs to be removed, (if) an important medium component since assimilated in biomass,
and (iii) a buffer capacity agent. ISEs are not available for phosphate measurements. Recently, phosphate-selective polymer
membrane electrodes have been developed for implementation for wastewater analyses. An alternative is to measure phosphate
indirectly by electrical conductivity: this works well for EBPR systems where phosphate evolutions mostly compose the
conductivity profile; but this is more challenging in full BNR since conductivity is impacted by the sum of ions present.
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For further information, refer to standard methods for the examination of water and wastewater (APHA-
AWWA-WEEF, 2012) and experimental methods for wastewater treatment (Van Loosdrecht et al., 2016).

Analytical targets can be identified from growth stoichiometries (Table 2.15) and simulations (figures 2.7
and 2.8). Measuring the limiting substrate and biomass helps to derive rates and verify yields. Measuring
organics helps to track chemoorganotrophic activities (OHOs, DHOs). Ammonium, nitrite, and nitrate help to
follow conversions by nitrifiers, denitrifiers, and anammox (either directly from the reactor or in separate
batch tests), and check nitrogen removals and balances. Accurate on-line measurements of gas compounds
help to verify stoichiometries.

Molecular biology analyses help track microbial populations in the mixed culture. A first set of 3-4 simple
methods (microscopy, amplicon sequencing, JPCR and/or FISH) is suggested to measure microbial selection
on top of chemical conversions.

Microscopy. Phase-contrast microscopy provides a first overview of the aspect of the microbial community. It
delivers information on the predominance of prokaryotic or eukaryotic cells, and on the aspect of
microorganisms (e.g., if unfavourable filamentous bacteria are present).

Amplicon sequencing. 16S (archaea, bacteria) and 18S (eukaryotes) rRNA gene amplicon sequencings provide
fingerprints of microbial communities. The DNA pool is extracted from mixed liquor samples. Primers for
PCR amplification of hypervariable regions of rRNA genes are tested upfront in silico for their taxonomic
coverage. Main populations forming the BNR guilds are identified among other flanking lineages, together
with their relative abundance.

gPCR and FISH. Quantitative PCR (qPCR) and rRNA-targeted fluorescence in-situ hybridisation (FISH) track
and localise specific populations over time and in bioaggregates, using specific qPCR primer pairs and FISH
probes. qPCR provides high sensitivity to detect microbial selection early. Although called ‘quantitative’,
qPCR is prone to variations depending on operators, labs, and protocols (Agrawal et al.,2021). FISH provides
a visual, semi-quantitative information on relative abundances of guilds/populations in the biomass and their
localisation in bioaggregates (Nielsen et al.,2009). Advanced meta-omics can then provide a deep scientific
understanding of metabolic processes.

Meta-omics. Metagenomics provides the overview of microbial populations and functional genes present in
the biomass. Metagenome-assembled genomes can be binned and annotated to uncover the functional genetic
potential of single lineages. Analysing genetic expressions into RNA (RT-gPCR, metatranscriptomics) and
proteins (metaproteomics) gives information on metabolic activation and regulation of populations (Cerruti et
al, 2021). RNA and protein sequences are associated with functions (genes, enzymes) and populations.
Combining metagenomics and metaproteomics can be used, e.g., to identify denitrifiers active on the
denitrification pathways. When imposing reactor perturbation (e.g., temperature), metagenomics and time-
resolved metatranscriptomics can provide information on the up/down-regulation of catabolic pathways of
populations of the nitrogen cycle. Intermediate intra/extra-cellular metabolites can be tracked by mass
spectrometry (metabolomics). However, relating metabolites to specific lineages remains challenging.

All molecular methods are susceptible to biases, notably related to the extraction of the highly ordered
informational macromolecules (e.g., DNA, RNA, proteins) from biomass.
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Ecophysiology. Metabolic traits of microbes are tracked by ecophysiology. Biomass samples are incubated
with a labelled substrate. Stable isotope probing (SIP) uses non-radioactive labels (e.g., *C, N).
Microautoradiography uses radioactive heavy isotopes (e.g., C, 3H, 3¥33P, 33S). It is possible to identify
populations that assimilate (anabolism) the (in)organic carbon and nitrogen resources. SIP followed by
sequencing (DNA-SIP, RNA-SIP) or mass spectrometry (protein-SIP) help identify these active populations.
Microautoradiography and FISH help localise them.

Continuous and batch experimentations in the lab serve to validate hypotheses derived from the theoretical approach
proposed in this chapter, or to estimate unknown parameters that can be used in modelling, and to calibrate mathematical
models (photo: IHE Delft).
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2.4 EXERCISES
From individual metabolisms to ecosystem interactions

Exercise 2.4.1

Microbial competition

In this exercise, you study the competition for a single, growth-limiting substrate between
chemolithoautotrophic anammox bacteria (AMOs; hereafter referred to as AMX) which reduce nitrite with
ammonium as e-donor, and chemoorganoheterotrophic denitrifiers (DHOs; hereafter DEN) which reduce
nitrite with acetate as e-donor.

First, all the required stoichiometric and kinetic parameters to describe the metabolism and growth of the
two guilds are derived. Subsequently, the obtained parameters are implemented into simple mass balances for
stirred-tank reactors. Finally, the competition outcomes for continuous-flow stirred-tank reactors (CSTR, or
chemostat) and sequencing batch reactors (SBR) are compared. For the chemostat, the results of both the
dynamic and the steady-state analyses are discussed.

All solutions are provided in Annex 1. The calculations are implemented in three interactive spreadsheets
provided as online supplementary material (SI Chapter 2 AMX DEN [...]xlsx). An overview of the
spreadsheets structure is provided in Figure 2.9, where the stoichiometric and kinetic parts build on the
approach proposed by Kleerebezem and van Loosdrecht (2010).

a) Stoichiometry and growth-limiting compound

Derive the individual stoichiometry of the catabolic and anabolic reactions of AMX and DEN. Next, derive the
stoichiometry of their overall metabolism using the thermodynamic-based method to estimate the maximum
biomass yield. Consider that the two guilds differ in their anabolic carbon source: AMX are autotrophs
(inorganic C source) and DEN are heterotrophs (organic C source). Assume that both use ammonium as the
anabolic nitrogen source. The operational temperature is 30 °C. Based on the derived stoichiometries, identify
the growth-limiting compound for both guilds in the case of an influent containing 1 mmol 1" of nitrite
(i.e., 14.0 mg NOy-N 1), 1.05 mmol I"' of acetate (i.e., 70.4 g COD 1), and 1.2 mmol I"' of ammonium
(i.e., 16.8 mg NH,-N I'!).

Note: the proposed concentrations are in the range of those encountered in aerobically pre-treated
municipal wastewaters used as influents to mainstream anammox applications (Laureni et al., 2015).
Nevertheless, these concentrations were primarily chosen in this exercise because they give the best visual
display of the conversions in the output graphs.

b) Kinetic parameters estimation

Derive the biomass-specific maximum uptake rate for the identified growth-limiting compound j (gi"*), and
the biomass-specific substrate consumption rate for maintenance (ms) for both guilds. For the affinity constant
for the identified growth-limiting compound j (K;), assume a value of 0.4 mmol I"' for AMX and 4 mmol I"! for
DEN.

¢) General mass balance
Establish the general mass balance equation for any soluble compound (C;) or suspended material (Xj),
involved in the active biological reactions, in a stirred-tank reactor with coinciding influent and effluent flows.
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d) Mass balances for the biomass and the growth-limiting compound

Establish the two mass balances that define the behaviour of the entire system, i.e., for the biomass and the
growth-limiting compound, and subsequently derive the mass balances for all the other non-limiting
compounds for each guild.

e) Chemostat dynamics: individual guild

Consider an influent containing 1 mmol I"' of nitrite, 1.05 mmol I"! of acetate, and 1.2 mmol I"! of ammonium,
and an operational temperature of 30 °C. Resolve how the concentrations of the biomass and the growth-
limiting compound evolve over time in a chemostat run at a dilution rate D of 0.03 and 0.10 h'. Assume that
AMX and DEN are individually inoculated at 0.2 mmolx I"!, and that the initial concentrations of ammonium,
nitrite and acetate in the reactor (C; at t=0) equal the ones in the influent (C{). Hint: if you approximate the
derivatives with finite differences, you can use a simple spreadsheet to visualise the results.

/) Chemostat dynamics: multiple guild competition
Building on the previous task le, resolve the competition dynamics in the same chemostat when AMX and
DEN are inoculated simultaneously at an initial concentration of 0.2 mmolx 1! each.

g) Chemostat steady state: single and multiple guilds

Individually resolve for AMX and DEN the steady-state concentrations of the different compounds (i.e.,
ammonium, nitrite, acetate, and biomass) for D ranging between 0-0.3 h™!. Based on the results, identify the D
value marking the transition from an AMX-dominated to a DEN-dominated enrichment.

h) SBR dynamics: multiple guild competition

Resolve the competition outcome between AMX and DEN in a SBR operated with the same initial conditions
(i.e., 1 mmol I"! of nitrite, 1.05 mmol I"! of acetate, and 1.2 mmol I'! of ammonium, and 0.2 mmolx I"' for each
guild) and fed with the same influent at a D of 0.03 h'. Consider a SBR cycle length of 4 h and compare the
results with the chemostat case. Hint: for the SBR, in order to impose a desired D similarly to the chemostat
case, you can make the following assumptions:

o the feeding and discharge steps are instantaneous;

o the SBR cycle does not comprise a settling phase, thus the bulk is always homogeneous;

o the hydraulic and solids retention times coincide (HRT = SRT), and are a direct function of the fraction
of homogeneously mixed bulk volume removed at the end of each cycle;

e the fraction of biomass and any other dissolved compound instantaneously removed at the end of each
cycle is equal to the product of the selected cycle length (h) and the imposed D (h). For example, at a
cycle length of 4 h and a D 0of 0.03 h!, 12 % of each compound is removed at the end of a cycle;

o the feeding results in a concentration increase for each compound at the beginning of each cycle
equivalent to its influent concentration, e.g., AC = C) o, = 1.0 mmol O7,1’I .

Exercise 2.4.2

Microbial commensalism

In this exercise, you explore the metabolic interaction between ammonium-oxidising bacteria (AOO; hereafter
AOB) and nitrite-oxidising bacteria (NOO; hereafter NOB). Both guilds use dissolved oxygen as the terminal
e-acceptor in their catabolism, yet their e-donors differ. AOB use the ammonium present in the influent, while
NOB rely on the nitrite resulting from ammonium oxidation by AOB. Assume that the provided oxygen is not

Downloaded from http://iwaponline.com/ebooks/book-pdf/1214750/wio9781789062304.pdf

bv auest



50

limiting (i.e., AOB and NOB do not compete for it): this is a typical example of microbial commensalism,
where one guild relies on the product of another guild that remains unaffected.

Just as in Exercise 2.4.1, all the stoichiometric and kinetic parameters are derived first, and subsequently
implemented into a simple mass balance for a chemostat. After solving the dynamic behaviour of the system,
use the steady-state analysis to reflect on the different (co-)existence regions defined by the chosen dilution
rate D.

The solutions are provided in Annex 1. Calculations are implemented in an interactive spreadsheet with the
same structure as in Figure 2.9, provided as online supplementary material (SI_Chapter 2 AOB NOB
_Chemostat_dynamics.xIsx).

a) Stoichiometry and kinetics

Any microbial growth system can be fully described by one stoichiometric and three kinetic parameters.
Enumerate and estimate, for each guild, the three parameters for which a thermodynamic-based estimation
framework is available. Assume an operational temperature of 25 °C and that the system is oxygen replete: the
dissolved oxygen concentration at any given time exceeds by far the oxygen affinity constant of both AOB and
NOB. Under these conditions, ammonium and nitrite become the growth-limiting compound for AOB and
NOB, respectively. Assume a value of 0.5 mmolNHA{l’1 and 0.5 mmolNOZ,l’1 for their respective affinity

constants. For the benefit of graph readability, the suggested values are significantly higher than the ones
commonly reported in literature (Vannecke and Volcke, 2015).

You are encouraged to repeat the calculations with different values.

b) Chemostat dynamics and steady state

Consider a fully aerated chemostat operated at 25 °C and receiving an influent with 1.0 mmol I of
ammonium. AOB and NOB are inoculated at 0.2 mmolx I"' each. The initial ammonium concentration in the
bulk equals the influent one.

Just as in Exercise 2.4.1, (i) resolve how the concentrations of nitrite and the two AOB and NOB
biomasses evolve over time at a D of 0.012 h!, and (ii) discuss the steady-state concentrations of nitrite and
the two biomasses for D in the range 0-0.3 h™'.

Subsequently, consider the case of an influent containing 1.0 mmol I'' of both ammonium and nitrite, and
discuss the implications on NOB abundance in the absence or presence of an accompanying AOB population.
Resolve the dynamics of nitrite and biomass concentrations over time for two D of 0.017 and 0.022 h*', prior
to discussing their steady-state concentrations for D in the range 0-0.3 h™'.
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ANNEX 1: SOLUTIONS TO EXERCISES
From individual metabolisms to ecosystem interactions

Solution 2.4.1

Microbial competition

a) Stoichiometry and growth-limiting compound

The values of all the stoichiometric coefficients and the sign preceding them in each reaction are derived from
elemental and charge balances (see the online supplementary material: SI Chapter 2 AMX DEN
_Chemostat_dynamics.xIsx and Figure 2.9):

o first, the elemental balance of the central atom of the e-donor and e-acceptor couples is closed by manually
defining the corresponding stoichiometric coefficients (e.g., —1/+0.5 for NO,/Ny; values in blue font);

e next, the elemental balances for O, H, and the charge are balanced by calculating the required
stoichiometric coefficients for H,O, H" and €, in this given order;

e finally, the balanced half reactions are used to derive the full stoichiometry of each reaction and its
thermodynamic properties.

The anammox stoichiometry is derived and discussed in examples 2.12 and 2.13 in the textbook. The
overall metabolism derived from thermodynamics is reiterated here:

-10.7NH," ~12.6 NO, ~HCO; -0.8 H" + 10.5 N, + 2.1 NO; + CH, {0, 5N, +21.4 H,0 =0
witha AG" (30 °C) = —327.9 kI molj, . .

The metabolism of the chemoorganoheterotrophic denitrifiers oxidising acetate (i.e., the catabolic e-donor
and anabolic C source) with nitrite as e-acceptor, and growing on ammonium as the N source is calculated like
this:

Cat: - C,H,03 -2.67 NO, -1.67 H"+ 1.33 N, + 2 HCO; + 1.33 H,0 =0
An: —0.53 C,H,0; —0.2 NH," —0.28 H'+ CH, ;O,sN,, + 0.05 HCO, + 0.4 H,0 =0

Based on the derived stoichiometries, one can calculate AGZ, (30 °C)= —968.9 kJ mOIEiH3O'2 and
AGY (30 °C) =29.2 kJ moly', and AGY =432.1 kI mol,' . Importantly, AGY and AGY. always need to
be corrected for the actual temperature, while AGY) can be considered temperature-independent (Tijhuis et

al.,1993). Accordingly, Ag, equals 0.48 mol - moly' and the overall denitrifiers metabolism at 30 °C

03

becomes:

~C,H,0; -1.27NO, -0.2 NH," ~1.07 H'+ CH, (0, ;N,, + 0.63 N, + HCO; + 1.03 H,0 = 0

with an associated AG"'(30 °C) = -432.1 kJ molg1 io: €xpressed per mole of acetate substrate, and a
203V2
max — -1 H 3 H
YX/C2H3O'2 = 0.5 moly C—molcszo_2 consistent with reported experimental values.
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Based on the two derived growth stoichiometries of the anammox and denitrifiers, and on the defined
influent characteristics, the limiting influent compound can be identified. Anammox and denitrifiers need
12.6/10.7=1.18 mol _ . mol;I]H{ and 1.27 mol - mol”’

o » Tespectively. The influent contains less than one
2H3V2

mole of nitrite per mole of ammonium or acetate. Therefore, nitrite is the limiting compound for both guilds.

b) Kinetic parameters estimation

A maximum biomass-specific growth rate (p7o, ) of 0.162 h'' (30 °C) has been estimated for anammox in

Example 2.17 in the textbook. It will be used for the calculations in the following sections. Be aware that the
estimated value is one order of magnitude higher than the one experimentally observed under optimal
conditions (e.g., 0.0142 h'! at 30 °C) (Lotti et al.,2015; Zhang et al.,2017).

Similarly, the maximum biomass-specific growth rate of denitrifiers (pup%, ) at 30 °C can be calculated

based on eq. 2.35 in the textbook, considering a catabolic Gibbs free energy change (AGY (30°C)) of

-967.8 kJ mol:z o, » @ Gibbs energy dissipation (AGY,_ ) of 432.1kJ moly, and the eight electrons that are
transferred in the oxidation of acetate to CO; ( y; =8 mol, mol:H‘ o ):
-967.8 kJmol' _
mx | AGey 3 mol_ mol, h™' - G0 4 45K moll! h!
e - tmg ¢ Foen 8 mol. mol! Yoy
max _ S — € C,H;0,"
-AGY, —432.1kJ mol

-1
exp 69 kJ mol § 1.( 11 j:mnhl
0.008314 kJ mol ' K™ (303K 298K

In this case as well, the value is higher than the ones commonly reported in literature (e.g., 0.086 h' at 20

°C) (van den Berg et al., 2016). Yet, pp% remains in all cases consistently higher than p7 . As we will see

later, this provides DEN with a strong competitive advantage in environments where the growth rate plays a
prominent role.

As an additional exercise, you could explore the competition outcome with the experimentally determined
values. Pay attention to the temperature at which the parameters were determined.

Next, the biomass-specific substrate consumption rate for maintenance can be calculated based on egs.
2.28 and 2.29 in the textbook. At 30 °C, for anammox it becomes:

m — _YCat . mg
AMX,NH,* NH,* AGOI -
NH,* Cat

45K mol” b 69 kJ mol™ 1 1
mOl : mo. Xamx T eXpy -~ -1 o -
NH, | | 0.008314 kJ mol™ K 303K 298K

)
mOlNl_l4+ -363.3kJ molNH4+

= |1

=0.02 mol mol! h™

NH,* Xamx
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Similarly, the acetate consumption rate for maintenance for the denitrifiers (m ) at 30 °C is

DEN,C,H;0,”

0.007 mol_ , - moly h™".

max

xoy ) can now be

The biomass-specific consumption rate for the growth-limiting compound (i.e., nitrite; q
calculated for both guilds based on eq. 2.25 in the textbook and the respective p™> and ms calculated above.

The resulting rates at 30 °C equal 2.06 mol ,mol;(IAMX h™' for AMX and 1.68 mOINOZ,mol;DEN h™ for DEN.

In these calculations, you should pay attention to the units of all the individual terms in the equations and
to the involved stoichiometric yields.

Lastly, to fully characterise the growth systems, the affinity constant for the growth-limiting substrate
(K,,-) is needed. However, there is no bioenergetic framework for its estimation. Thus, K = needs to be

determined experimentally or taken from literature. For this exercise, and for the benefit of graphical
readability, we assume Kﬁg),(: 0.4 mmol 1" and KEENI 4 mmol, 1. Note that one order of magnitude

difference in affinity constant values is often reported in literature.

You are invited to further explore the impact of different values of the affinity constants on the competition
outcome, e.g., 0.002-0.3 mmolNO’, 1" for anammox (Oshiki et al., 2016) and 0.015 rnmolNO 1" for denitrifiers

(Hiatt and Grady, 2008).

All the calculations can be found in supporting information (SI Chapter 2 AMX DEN
_Chemostat_dynamics.xIsx).

¢) General mass balance
The mass balance for any compound i in a biologically active stirred-tank reactor with equal incoming and
outgoing liquid flows is defined as follows:

dC,
V. —2=Q. (C'-C) + (£q) -C, -V

dt Q ( i i ) ( ql ) X
where, V is the working volume of the reactor (1), Q is the influent and effluent volumetric flow rate (1 h™'), C;°
and C; are the concentration of compound 7 in the influent and bulk, respectively (mol; I'), q; is the biomass-
specific consumption or production rate of compound i (mol; molx™! h'), and Cx is the biomass concentration
of the guild catalysing the reaction (molx I''; hereafter referred to as X).

The q; rates are the ones derived in task b. By definition, the rate values are positive. A preceding positive
or negative sign is used if compound i is produced or consumed, respectively.

If the volume is constant, the same mass balance equation can be rearranged as follows:
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dC,
=D . (C'-C.) + (+q) - X 2.8

m (€-¢) + (£q) 2.8)
where D is the dilution rate (Q/V in h"). D makes it possible to discuss the system without the need to define a
volumetric flow or reactor volume.

d) Mass balances for the biomass and the growth-limiting compound

We assume here a single growth-limiting compound j (not necessarily coinciding with the catabolic e-donor)
for each guild. In this framework, the overall behaviour of any growth system is defined by the mass balances
of the growth-limiting compound and the biomass (catalyst), whose growth is limited by it. The growth-
limiting compound is identified based on the given influent concentrations and the derived growth process
stoichiometry. The behaviour of all the other compounds is then directly derived based on the overall growth
stoichiometry.

Considering that q, = (molx molx™ h™' orh™), the biomass mass balance is defined as:

%:D-(XO—X)ﬂJ-X

According to the Herbert-Pirt equation (eq. 2.25 in the textbook), the biomass-specific consumption rate of
any compound i can be defined as follows:

q :YX‘- no+ Y;:‘- m (textbook Eq. 2.33)

iCat (mol; mols™) are the stoichiometric coefficients of compound i in the
S

where Y," (molx molx') and Y
s %

overall metabolic and catabolic reactions defined per unit biomass and substrate, respectively;

ms (mols molx™! h'') is the biomass-specific substrate (catabolic e-donor) consumption rate for maintenance.

Y?t , often equal to unity (when i = S), is here explicitly included for the general case where the limiting
S

compound does not coincide with the e-donor of the catabolism (i = j= S). The maintenance-related term

equals zero when compound i is solely involved in the anabolism.

Also, we know that the biomass-specific consumption rate of the growth-limiting compound (q;) is a
function of the actual concentration of the growth-limiting compound (C;):

C.
q;=9q;" C +JK. (2.9; adapted from the textbook Eq. 2.30)
]

]

max

where q is the maximum biomass-specific consumption rate of the growth-limiting compound

j (mol; moly™" h"), and K; is the affinity constant for the growth-limiting compound j (mol; 1"). By combining
eq. 2.33 in the textbook with eq. 2.9 here, the biomass-specific growth rate can be expressed as:
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1 Cj Cat
. mx, 34 Y .m 210)
ym {ql C,+K, K °° (

and the mass balance for the biomass becomes:

C.
. max ] _ Y_Ca‘ . X 2.11
[qj C +K. % msJ ( )

J J

dX

o (x"-X) +

Y max

%

where commonly X’=0 (i.e., influent is devoid of biomass). Similarly, by combining egs. 2.8 and 2.9, the
mass balance for the limiting compound j becomes:

dc.
e

. C
C/~C)~q -X=D-(C'-C)+ [_ 9 - C.+JKJ X @12
J J

where a negative sign precedes the reaction term as compound j is consumed. Differently, the sign is positive
in eq. 2.11 as the biomass is produced. Moreover, as discussed in Exercise 2.4.2, when more guilds are
involved, the growth-limiting compound j consumed by one guild might be produced by a co-existing guild.

Similarly, the mass balance of any other non-limiting compound 7, as previously mentioned, is now simply
derived by stoichiometry, combining eq. 2.8 here with eq. 2.33 from the textbook:

dcC.
—=D . (C'-C) + (Y?““ . Yo . ) - X 2.13
dt ( i 1) %( u + % mS ( )

Importantly, the above derived equations highlight how any microbial growth system is fully described by
one parameter defining the overall growth stoichiometry, such as the maximum yield of consumption of the

growth-limiting compound j per biomass produced ( Y?X ), and three kinetic parameters related to the growth-
X

max

limiting compound j, namely the maximum biomass-specific consumption rate (q;"" ), the biomass-specific

consumption rate for maintenance (m; = Y?t -my ), and the affinity constant (Kj).
S

Specifically, considering the derived stoichiometries and the given influent concentrations, nitrite ( NO,")
was already identified as the limiting compound for both AMX and DEN. Using AMX as an example along
with the stoichiometric and kinetic values previously calculated, the mass balances for the AMX biomass and
nitrite become:
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dX 0 1 max CNOz Caf
—d‘:MX =D - (XAMX—XAMX) T e | Qamxonos 'C + KWK - Notg/ I N X
NO}/ NO; NO; NH;
X
1
=D (X%x—-X + 2.14
( AMX AMX) 12.6 molNO,molg(lAMX ( )
- 2.06 mol I h - Cro, ~ 1'mol I - 0.02 mol I h' X
' mo NO; mo Xamx CN()? + 04 molN(ylfl mo NOEmO NH; : mo NH}mO Xamx AMX
and
dC_ C. .
NO, _ 0 max NO;
dt D (CNO2 - CNoz) + [_ Qamx,No; cC  + K/\MXJ'XAMX
N (2.15)
C.
=D-(C° —-C_ |+ |-206mol_moly h'. N0 X
( NO; NOZ) [ NO; Xamx (:NOE + 04 m01N0£1_1 AMX

For AMX, the catabolic substrate is ammonium (S = NH," ). Analogous equations can be derived for DEN

with acetate instead being the catabolic substrate.

e) Chemostat dynamics: individual guild

The dynamics of the biomass and growth-limiting compound can be easily followed directly in a spreadsheet
by solving the differential eqs. 2.11 and 2.12 by approximating the derivatives with finite differences (i.e.,
dC/dt = AC/ At) (see supporting information, SI Chapter 2 AMX DEN Chemostat dynamics.xIsx).

For AMX (eq. 2.14 and eq. 2.15), this approach results in:

dXAMX ~ XAMX (t + At) - XAMX(t)
dt At
1 max CNO; (t) “a (2 1 6)
=D- (_XAMx(t)) + e : qAMX,Nog' C t L+KAMX - Yrgotg/ 'mAMX,NH; Kax (D)
NO% No;( ) NO; NH;
and

dC,  Cy (t+A) - C ()

NO;

dt At

2.17
0 max CNO; (t) ( )
=D~ (CNOE - CNO; (t)) - Qamx no; C. (t) + KO Xaux (D)
NO; NO;

0

where no biomass is assumed to enter with the influent ( XS,

=0 ), and the two boundary conditions for the

initial concentrations of biomass (0.2 mmolx 1) and nitrite (1 mmol I''; equal to influent) are considered.
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The same approach is used for DEN.

Figure 2.10 is obtained by explicitly calculating (and plotting) the concentrations at time t + At as a
function of the ones at time t.

You are invited to explore the impact of the chosen At in the finite differences approximation by increasing
the used value of At=0.5hto, e.g., 2 h.
Figure 2.10 shows how higher steady-state concentrations of nitrite (C, ) are required to sustain the

growth of both AMX and DEN at higher D, while resulting in lower biomass concentrations (X). In the next
sections, you will see if this apparent monotonic relationship holds true for both the biomass and the growth-
limiting compound over the entire range of D enabling growth.

At a dilution of 0.03 h!, the residual concentration of nitrite (0.096 mmol I"'; Figure 2.10A) resulting
from AMX growth is lower than the one resulting from DEN growth (0.143 mmol_ 1"; Figure 2.10B). The
opposite is true for a D of 0.1 h"', with 0.654 mmol 1" for AMX and 0.383 mmol 1" for DEN (Figure
2.10D,E). As a result, one may expect AMX to win the competition at 0.03 h™' and DEN at 0.1 h™'. This will be

further discussed in the next section.

You are invited to study the effect of D close to 0.06 h™' on the time needed to reach the steady state. At
this D, the conditions favouring the two guilds are very similar and thus the washout of the least-fit guild takes
much longer.
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Figure 2.10. Dynamics of nitrite and biomass concentrations for the cases where AMX [A) and D)] and DEN [B) and E)] are
individually present, or co-exist [C) and F)], at the two distinct dilution rates of 0.03 and 0.1 h". For convenience, the
concentrations of all soluble compounds at time zero (boundary conditions) are assumed equivalent to the ones in the
influent (SI_Chapter_2_ AMX_DEN_Chemostat_dynamics.xIsx).
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/) Chemostat dynamics: multiple guilds competition

The approach presented in task le can directly be applied to study the competition between AMX and DEN in
a chemostat (see SI_Chapter 2 AMX DEN Chemostat dynamics.xIsx). The mass balance equations for the
two biomasses (Xamx and Xpen), now initially co-existing in the reactor, remain the same and depend on the
actual nitrite concentration. The only difference lies in the mass balance equation of nitrite, which is now
consumed simultaneously as the growth-limiting compound by both AMX and DEN:

dCy  Cy (t+A) = C () .
a At =D ( xo; ~ Cnos (t)) (2.18)
PR LN Yoy ) APV L VRt |
,NO; AMX AMX ,NO; DEN DEN
AMX,NO! CNOE (t) + I<NO5 DEN,NO CNOE (t) + KNOE

The flexibility of this approach allows any additional nitrite-consuming or nitrite-producing guild k to be
directly included in the equation by simply adding the corresponding q, . term preceded by a negative or

positive sign, respectively, while leaving the accumulation and transport term unchanged. In general, for any
compound 7 the mass balance equation becomes:

% =D - (ciO— ci) + (£ Xy) (2.19)
k

where gy is calculated according to eq. 2.33 in the textbook if compound i is not limiting the growth of guild
k, oreq. 2.9 if i is the growth-limiting compound for guild k.

This is equivalent to the stoichiometric-biokinetic matrix approach previously discussed in Example 2.3.3a
(Table 2.6) and further detailed in Chapter 14 in the textbook on modelling of activated sludge processes: the
overall consumption rate of any given compound results from the sum of the individual consumption or
production rates across all the microbial processes involving it.

According to Figure 2.10C and F, and as hypothesised in the previous task le, AMX and DEN prevailed at
a D of 0.03 and 0.1 h', respectively. Both were present at the start and the nitrite concentration was
significantly above their corresponding steady-state nitrite concentration. Interestingly, under these conditions,
both guilds grew ‘enthusiastically’ at the beginning of the operation and considerably reduced the nitrite to
below the minimum concentration required to sustain their respective growth at the given D. Progressively,
each guild then reached its steady state or was washed out.

You are invited to calculate and plot the actual biomass-specific growth rates of AMX and DEN as a
function of the concentration of nitrite in the bulk (eq. 2.10), and to compare the dynamics of this kinetic
parameter over time with the imposed (constant) D.

g) Chemostat steady state: single and multiple guilds
The steady-state concentration of each compound can be analytically calculated by setting the accumulation
term to zero in egs. 2.11, 2.12 and 2.13, and by considering that L =D is obtained from the biomass balance
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at steady state in a chemostat. All the calculations can be found in the supporting information
(SI_Chapter 2 AMX DEN _Chemostat_steady-state.xlsx).

If a single guild is involved, the effluent concentration of the growth-limiting compound is obtained from
the mass balance equation of the biomass (eq. 2.11):

1 Cat j
D+ — -|Y) m
vy ( %o
=K - (2:20)
. max _ YCat . m J _ D
Y}nax (q S

%

Importantly, the residual concentration of the growth-limiting compound (C;) is independent from its
concentration in the influent (C;°) and from the actual biomass concentration in the reactor (X).

Similarly, the steady-state concentration of biomass can be derived from the mass balance of the growth-

limiting compound (eq. 2.12):

X=D. (Cjo_ Cj) -D. (Cjo_ Cjzax' (Cj + Kj) -D. (Cjo_ Cj) 2.21)
q; q™ - C, [Y D 4 Yo msj
% %

Here, instead, the biomass concentration directly depends on the concentration of the growth-limiting
compound in the influent (C;°). An increase in the substrate concentration in the influent leads to an increase in
the biomass produced: the higher the influent concentration of substrate, the higher the biomass concentration

in the reactor for a given D.

For all other non-limiting compounds 7, their steady-state concentration is directly derived from eq. 2.13:

D.C’ J_rx-(Yy"“* D+ YS! -ms)
) % (2.22)

C =
D

For AMX, the derived equations become:

1

Cat
D + 7 max YNo; mAMX,NH;
NO% NHj
_ AMX | AMX
CNO; - KNO; ) ’
max Cat
7 max qAMX,NO; NO; mAMx,NH} D
NO% NH;
XAMX
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Kwx = D M =D (C%OE _ CNOE) . (CNo; * Kzzlj()

AMX : max
ClAMX,NOE qAMX,NO; CNO}

and, considering ammonium to exemplify a non-limiting compound:

0 max
. + . Y
D -C + X AMX N HV
C Xamx

NH} D

D+ Y© m
N

at .
Hj AMX,NH;
NHj

For AMX, the effluent concentration of acetate will inevitably be equal to the influent one, as this
compound is not consumed in the described AMX metabolism.

Similarly, all steady-state concentrations can be derived for DEN.

The resulting steady-state concentrations as a function of D are presented in Figure 2.11A-B. Consistent
with what was previously hypothesised, the residual NO, concentration increases monotonically with D;
higher steady-state nitrite concentrations are required to sustain growth, in other words, to guarantee that the
actual growth rate is at least equivalent to the imposed dilution rate (n = D). Conversely, the biomass does not
follow a monotonic trend. Initially, the biomass increases for increasing D, i.e., there is more substrate
provided per time unit to sustain growth. For higher D, the increasing wash-out outweighs the benefits of
higher substrate inflows, and the biomass starts to decrease until the critical D is reached. Above this D,
conversion and growth no longer occur (Figure 2.11A-B), and all the effluent concentrations equal the influent
ones.

The value of D demarcating the shift between AMX and DEN can be identified by comparing the
minimum residual nitrite concentration required by each guild to grow at the different D. According to Figure
2.11B, the minimum residual nitrite required by AMX is lower than the one of DEN up to a D 0of 0.061 h™', and
for higher D values DEN can grow at lower nitrite concentrations. Thus, as a function of D, the metabolic
system initially comprising AMX and DEN will behave according to Figure 2.11C. In the same figure, the two
competition outcomes of Figure 2.10C and F are highlighted with red and blue marks, respectively.
Importantly, for D higher than 0.249 h!, DEN are also washed out; their actual growth rate is lower than the
imposed D even for nitrite concentrations equivalent to the influent one. This is evident from Figure 2.11D
where the actual growth rate of both AMX and DEN are calculated according to eq. 2.10 as a function of the
residual nitrite in Figure 2.11C.

X

You are invited to perform the same calculations with the experimentally determined p™

both AMX and DEN as provided in the kinetic section.

and K o for

Downloaded from http://iwaponline.com/ebooks/book-pdf/1214750/wio9781789062304.pdf

bv auest



64

A) C)
1.4 ~0.7 1.4 ~0.7
Anammox Anammox vs. Denitrifiers
T 1.2 0.6 1.2 4 f0.6
3 E >
g 1.0 - 05 ~ g 1.0 - fo.s—._
= = = I~ 3
(] o (]
E 0-8 1 — Xamx -0-4 E & 0.8 4 N\ XDEN 04 E
@ — NO: E 3 £
® 0.6 — NHi 0.3 o B 0.6 / NO 0.3 3
+:E" E + NHZ £
Z 0.4 0.2 5 Z 0.4 AN ‘1023
@ a \ — Acetate
202 1 0.1 0.2 - / \ 0.1
0.0 : : 0.0 0.0 — 0.0
0.0 0.1 0.2 0.3 0.0 0.2 0.3
B)
1.4 - ~0.7 D)3
Denitrifiers /
T 1.2 1 0.6 o
3 N ~
g1.04 0.5 =
= e . 2
5081/ ~ X ["*E
© — NO2 (AMX) a
) \ \, [
® 0.6 1\ = — N3 (DEN)[ 03 8
g [ N\ — NHi 02 2
.y 0. o
=z 0.4 | \ Acetate
202 0.1
0.0 | ‘ \ 0.0 0.1 ‘ ‘ |
0.0 0.1 0.2 0.3 0.0 0.1 0.2 0.3
D (h) D (h)

Figure 2.11. Steady-state concentrations of ammonium, nitrite, acetate, and biomass as a function of the imposed dilution rate
D for the cases of A) AMX and B) DEN alone, and C) when they compete. In panel C), the steady-state concentrations for the
two cases discussed in Figure 2.10C and F are highlighted. In panel D), the actual growth rate of each guild is calculated based
on eq. 2.10 and the resulting nitrite concentration calculated in panel C) (SI_Chapter_2_AMX_DEN_Chemostat_steady-
state.xIsx).

i) SBR dynamics: multiple guilds competition

Based on egs. 2.11, 2.12 and 2.13, a batch system can be simulated by setting the dilution rate D to zero, i.e.,
there is no influent and no effluent flow. Considering an initial AMX and DEN biomass concentration of 0.2
mmolx 1!, and initial concentrations of 1 mmol 1" of nitrite, 1.05 mmol 1" of acetate, and 1.2 mmol 1" of
ammonium, a single batch results in the concentrations profiles displayed in Figure 2.12.

The operation of a SBR consists of subsequent batches as in Figure 2.12. Part of the volume is removed at
the end of a batch and is replaced by new feed at the start of the following one. The length of the batches (i.e.,
the frequency of discharge and feeding), and the fraction of reactor volume that is exchanged determine the
hydraulic retention time (HRT in h). In the absence of a settling phase, the sludge retention time (SRT in h)
can be approximated reasonably well by the HRT for most engineering applications. In real settings, the
concentration change of any compound after feeding is directly proportional to the volume exchanged and the
concentrations in the influent. For the sake of simplicity, we assume here that the concentration increase at the
beginning of a cycle is equal to the concentration in the influent.
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Figure 2.12. Biomass and nitrite concentration profiles over a single batch for A) AMX and B) DEN individually, and C) for the
co-inoculation case (SI_Chapter_2_AMX_DEN_SBR_dynamic.xlsx).

According to Figure 2.13, DEN are enriched under the imposed conditions, namely a D of 0.03 h' and a
SBR cycle length of 4 h. This contrasts with the chemostat case where AMX prevailed at a D of 0.03 h™'. This

max

is explained by the fact that the maximum biomass-specific growth rate (L™ ) plays a much more prominent

role in batch operation where all substrates are present at non-limiting concentrations for most of the time.
Conversely, the affinity for the growth-limiting compound (Kj) is the main selection driver in a chemostat.

You are invited to identify the highest D that allows for the retention of AMX in the SBR with all other
conditions unchanged (answer: 0.0105 h™).

Following the cycle definition adopted here, for a given D, an increase in the cycle length results in a
proportional increase in the fraction of biomass and dissolved compounds instantaneously removed at the end
of each cycle. Also, longer cycles result in less frequent feeding events and thus a lower substrate load.
Consequently, the pseudo steady-state concentration of biomass decreases in response to the reduced substrate
availability.
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You can use the provided spreadsheet (SI Chapter 2 AMX DEN SBR_dynamics.xlsx) to assess the
impact of longer SBR cycle lengths and discuss how different cycle durations impact the pseudo steady-state
concentrations in the effluent.
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Figure 2.13. Concentration profiles of biomass and nitrite during A) the first cyc