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INTRODUCTION
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Introduction and problem statement
1

INTRODUCTION

Water is the most precious component on earth and more than 70 % of the blue planet’s surface is
covered by it, making a total volume of 1.36 109 km3. Water is used as solvent for nutrients that
are taken up by plants, animals and humans. It is used for basic hygiene, recreation and religious
purposes. Electrical energy is created with the help of water in hydro-electric, thermic and
nuclear power stations. However, only 0.6 % of all available water can be used for these
purposes. Careful use, management and recycling of this water is therefore essential, especially in
view of the ever growing world population.
This concern is already centuries old, but only the last 30-40 years attention has been given to it.
In 1970, the United States of America (USA) established the Environmental Protection Agency
(EPA). In the sixties and seventies several countries in Western Europe started issuing
environmental laws. Further, in the seventies the European Union (EU) started issuing different
regulations and directives with the aim of developing an environmental policy. These regulations
are documents of general importance, binding and directly applicable in the whole European
Union, while the directives are documents not directly applicable but needing an adequate,
binding integration in every national body of laws. The most recent directive of the EU is the
water framework directive (2000/60/EC) that takes an integrated approach to water management
throughout the EU.
One of the elements of concern in wastewater is nitrogen, especially since the use of synthetic
nitrogen fertiliser produced from atmospheric N2 by the Haber-Bosch process has increased
tenfold over the last 40 years. The human contribution to nitrogen pollution, for example in the
form of urine, is ever increasing in view of the growing world population. Discharge of this
nitrogen into the natural waters can lead to, amongst others, eutrophication, oxygen depletion and
blue baby syndrome.
In most modern wastewater treatment plants (WWTP) nitrogen, which is generally in the form of
ammonium or organic nitrogen, is removed by biological nitrification/denitrification. As a first
step ammonium is converted to nitrate (nitrification). In a second step nitrate is converted to
nitrogen gas (denitrification). Benefits of the process are the high potential removal efficiency,
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high process stability and reliability, relatively easy process control, low area requirement and
moderate cost (Metcalf and Eddy, 1991). A major stress factor on this nitrogen removal is reject
water from sludge digesters, which is recycled back to the main WWTP. This reject water can
represent up to 25 % of the total nitrogen load, but only 1 to 2 % of the volumetric load (Janus
and van der Roest, 1997). Treating this return stream separately by nitrification/denitrification
would become expensive and non sustainable as this treatment would require large oxygen
consumption and the addition of a carbon source because of the high nitrogen concentrations (up
to 2 gN L-1) and the unfavourable carbon-to-nitrogen (C/N) ratio for denitrification
(Pynaert, 2003).
The ANaerobic AMMonium OXidation (Anammox) process, which was discovered 10 years ago
(Mulder, 1992) but already predicted to exist 30 years ago (Broda, 1977), could offer an
alternative for the treatment of this return stream. Also, other streams with high nitrogen and low
carbon content such as landfill leachates and evaporator condensates could be treated. In the
Anammox process ammonium is oxidized under anoxic, i.e. oxygen depleted, conditions with
nitrite as electron acceptor. Ammonium and nitrite are consumed on an almost equimolar basis.
The Anammox process should always be combined with a partial nitritation process, such as the
SHARON process (van Dongen et al., 2001a&b), where half of the ammonium is oxidized to
nitrite. Both autotrophic processes will increase the sustainability of wastewater treatment as the
need for carbon addition (and concomitant increased sludge production) is omitted and oxygen
consumption and the emission of nitrous oxide during oxidation of ammonia are largely reduced
(Jetten et al., 1997). As such, the combined process (partial nitritation and Anammox) was
termed autotrophic nitrogen removal process.
The incorporation of such an autotrophic nitrogen removal process treating reject water from a
sludge digester into the overall scheme of a waste water treatment plant is depicted in Figure 1.1.
Different research groups have studied the biochemistry, microbiology and physiology of the
autotrophic nitrogen removal process. For this quite a number of lab and some pilot scale reactors
were operated. Several questions still remain however towards the upgrade of the process to full
scale, for example:
•

How is the process operated optimally under different process conditions of influent
concentration, pH and temperature?

•

How long does it take to start-up such a system?

•

What inoculum should be used for start-up?

•

How necessary is control of the process?

•

Should the process be engineered in 1 reactor, where both partial nitritation and
Anammox are active, or in two reactors, thus separating nitritation and Anammox?
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Some of these questions were tackled in this thesis. The core of the research has been the modelbased analysis and simulation of the autotrophic nitrogen removal process, but considerable
experimental work with lab-scale reactors has been performed as well.
Effluent

Influent

Main WWTP

Settler

Return sludge
Waste sludge

Autotrophic nitrogen
removal process

Sludge digester

Figure 1.1. Autotrophic nitrogen removal process implemented in the return stream of a
waste water treatment plant.
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OUTLINE OF THE THESIS

The different chapters in this thesis can be grouped in six main parts. In the first part the outline
of the thesis is introduced. The second part consists of a literature survey describing the different
aspects and recent developments of autotrophic nitrogen removal. In a third part the model
building, development and calibration process with the WEST® modelling and simulation
software is discussed. The fourth part describes the results from lab-scale experiments with the
process, with the focus on the first, partial nitritation, step. In the fifth part data from lab-scale
reactors are compared with simulation results. Based on these results predictions on behaviour of
the system are formulated. The performance of a one-reactor system is evaluated with the use of a
model. Finally, in a sixth part the most important conclusions are drawn and perspectives towards
further research are formulated.
PART 1: Introduction
In this part the outline of the thesis is introduced.
PART 2: Literature survey
Chapter 2 starts with the description of the origin and effects of nitrogen pollution. Further the
different techniques for nitrogen elimination from wastewater are discussed. The rest of the
chapter is focussing on the autotrophic nitrogen removal process. Different methods of obtaining
an Anammox suited influent are given. The microbiology and physiology of Anammox are
presented. Finally the practical implementation of the autotrophic nitrogen removal process is
discussed
PART 3: Model building and development with WEST®
Chapter 3.1 presents the modelling and simulation environment WEST® (Vanhooren et al., 2003)
that was used throughout the thesis for model building, simulation, parameter estimation and
sensitivity analysis. New developments such as the implementation of a stiff solver for
calculations with the biofilm model are discussed.
Chapter 3.2 discusses the mathematical model for the autotrophic nitrogen removal process and
competing processes, as well as the biofilm model developed for simulation in this thesis. Special
emphasis is given to the fact that ammonia (NH3) and nitrous acid (HNO2) are considered as the
actual substrates for nitrification. In this respect distinction is made throughout the thesis between
the charged form of these components (ammonium (NH4+) and nitrite (NO2-)), the uncharged
form (ammonia (NH3) and nitrous acid (HNO2)) and the sum of both (total ammonium nitrogen
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(TAN) and total nitrite nitrogen (TNO2)). The organisms responsible for the biological
conversion are however still termed ammonium and nitrite oxidizers as generally done in
literature. Further in this chapter the need for adequate calibration and validation of the model is
stressed.
PART 4: Experimental study on autotrophic nitrogen removal
Chapter 4.1 shows the construction, start-up and operation of a partial nitritation SHARON
reactor in view of coupling this reactor with an Anammox reactor. Different practical
considerations are discussed. The reactor was operated at different influent concentrations
investigating the effect of this on reactor performance. The main part of this chapter was
presented as an oral presentation at FAB2003, Ghent, Belgium, September, 18-19, 2003 (Van
Hulle et al., 2003b).
Chapter 4.2 verifies the assumption that ammonia is the actual substrate for nitrification by
dedicated batch tests at different temperatures and pH levels. The inhibition of nitrous acid on
nitrification is also investigated as well as direct temperature and pH effects. The main part of this
chapter was presented as an oral presentation at the IWA World Water Congress and Exhibition,
Marrakech, Marocco, September, 19-24, 2004 (Van Hulle et al., 2004b).
Chapter 4.3 investigates the use of an inexpensive and easy to automate titrimetric measurement
technique for the monitoring of a SHARON-Anammox process and shows how this measurement
can be used for controlling the process. This chapter is in preparation for publication.
PART 5: Simulation and optimization of autotrophic nitrogen removal
Chapter 5.1 describes the modelling of a partial nitritation membrane bioreactor (MBR). After
comparing of experimental results with simulated data, the model is used for scenario analysis.
The performance of the reactor at different temperatures, hydraulic and sludge residence times
was investigated. This chapter was published in Biotechnology & Bioengineering (Wyffels et al.,
2004b).
Chapter 5.2 describes the modelling of the start-up and operation of an Anammox sequencing
batch reactor. Qualitative and quantitative experimental data are compared with modelling
results. This chapter was published in the Journal of Chemical Technology & Biotechnology
(Dapena-Mora et al., 2004c).
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Chapter 5.3 estimates the necessary start-up times of an Anammox reactor under different
operational conditions such as temperature, hydraulic residence time and initial Anammox
biomass concentration. This chapter is in preparation for publication.
Chapter 5.4 describes how, based on simulation results with the biofilm model, more information
concerning the parameter values of the Anammox biofilm process can be gained by measuring
under certain experimental conditions. This chapter was published in Water & Environmental
Management Series: Young Researchers 2004 (Van Hulle et al., 2004a).
Chapter 5.5 describes the influence of operational conditions on Anammox and competing
processes in a biofilm. The effect of different hydrodynamic conditions, COD and TAN influent
concentrations and nitrite inhibition was investigated. Parts of this chapter were presented as a
poster presentation at the IWA Biofilm symposium, Cape Town, South Africa, September, 14-18,
2003 (Van Hulle et al., 2003a).
PART 6: Discussion and conclusions
Chapter 6 draws the most important conclusions and discusses future research work that is
necessary for further improvement of autotrophic nitrogen removal systems.
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ABSTRACT
In this chapter an overview of the origins and effects of nitrogen pollution is given. From this
overview it becomes clear that a diverse range of nitrogen streams exists. For streams containing
high nitrogen (100-5000 mgTAN L-1) and low COD concentration, the autotrophic nitrogen
removal process is proposed as a state-of-the-art and sustainable alternative to conventional
nitrification/denitrification. The key process within this autotrophic nitrogen removal is the
Anammox process. Hence, the (micro)biological, technical and engineering aspects of this
Anammox process are presented. As this process requires a preceding partial nitrification step,
the different aspects of (partial) nitrification are presented too, with a focus on the conditions that
help producing an Anammox suited influent.

Chapter 2

1

ORIGINS AND EFFECTS OF NITROGEN POLLUTION

Nitrogen is needed by all organisms for their synthesis of proteins, nucleic acids and other
essential N containing compounds. Although it makes up 78 % of the earth’s atmosphere as N2
and is therefore abundantly present, this form of nitrogen cannot be used directly, except by a few
specialised organisms (Pynaert, 2003). In many situations, fixed N is the limiting nutrient because
its availability is usually much smaller than the potential uptake by, for instance, plants.
The supply of protein food for the global population by agriculture is therefore nowadays largely
dependent on the use of synthetic nitrogen fertiliser produced from atmospheric N2 by the HaberBosch process. In the last century the world’s annual industrial output of nitrogenous fertiliser
increased from 10 Mt N in 1960 to about 90 Mt N in 1998 (Mulder, 2003). The global estimate
for biological nitrogen fixation is in the range of 200-240 Mt N, which shows that the
anthropogenic mass flows for nitrogen have a major impact on the global nitrogen cycle (Gijzen
and Mulder, 2001).
The consumption of protein will ultimately result in the discharge of the protein nitrogen in
wastewater. In European countries approximately 18% of fertiliser nitrogen ends up in
wastewater in the form of ammonium (TAN) or organic nitrogen (Mulder, 2003). Other polluting
nitrogen compounds are nitrite (TNO2) and nitrate. Nitrate is primarily used to make fertilizer,
although it is also used to make glass and explosives and other chemical production and
separation processes. TNO2 is manufactured mainly for use as a food preservative, and both
nitrate and TNO2 are used extensively to enhance the colour and extend the shelf-life of
processed meats (WHO, 2004). An overview of wastewaters containing nitrogen is presented in
Table 2.1 and discussed in the next paragraph. It must be noted that these streams have one thing
in common, a high nitrogen content, but differ considerably in other characteristics. Also some
streams initially have a favourable carbon-to-nitrogen ratio, e.g. a sugar production wastewater
(Austermaan-Haun et al., 1999), but are treated first by anaerobic digestion. Hence, most of the
COD that can be used for denitrification is removed by this step and a stream with a high nitrogen
content, but unfavourable carbon-to-nitrogen ratio remains.
The discharge of these nitrogen compounds into the receiving waters would lead to several
environmental and health risks. Ammonia is an essential plant nutrient and, after nitrification to
nitrate, responsible for eutrophication, i.e. undesirable growth of aquatic plants and algae. The
breakdown of these cells when they die can cause a depletion of oxygen in the water, which can
take a heavy toll on fish. In addition, aquatic plants (including algae) influence the oxygen and
pH of the surrounding water. The greater the growth of algae, the greater the fluctuations in levels
of dissolved oxygen and pH. This can upset metabolic processes in organisms, which can result
in disease or death. Also, blue-green algae can produce algal toxins, killing animals and
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poisoning freshwater reservoir supplies. Ammonia itself is also toxic to aquatic organisms at
concentrations as low as 0.03 mgNH3-N L-1 (Solbe and Shurben, 1989). Nitrate pollution impedes
the production of drinking water. Nitrites in drinking water can lead to oxygen shortage of newly
borns (‘blue baby syndrome’) and, during chlorination of drinking water, carcinogenic
nitrosamines may be formed by the interaction of nitrite with compounds containing organic
nitrogen. Nitrogen compounds therefore needs to be removed from the wastewater. For this
removal of nitrogen a wide variety of biological and chemical removal systems are available
(Henze et al., 1995) as discussed further.
2
2.1

OVERVIEW OF HIGH NITROGEN CONTAINING WASTEWATERS
Reject water

Waste sludge from a wastewater treatment plant (WWTP) can be treated by anaerobic digestion
followed by dewatering. This results in dewatered sludge which can be burnt and reject water
containing high concentrations of TAN. This reject water is normally recycled to the influent of
the WWTP, but separate treatment becomes interesting in view of the more stringent discharge
legislation. An analysis of the nitrogen balance of the WWTP Dokhaven in Rotterdam (The
Netherlands) revealed that the reject water accounted for only a few percentages of the total flow,
but 15 % of the nitrogen load (Mulder et al., 2001; van Dongen et al., 2001a&b). Hence, reducing
the nitrogen load coming from the digesters can significantly help reduce the nitrogen
concentration in the effluent of the main wastewater treatment plant. This way ever reducing
discharge limits for nitrogen concentrations can be met.
2.2

Piggery manure

In certain regions an excess of piggery manure is produced. This means that manure can no
longer be used completely as soil enhancer, but has to be disposed as waste. Raw manure is
usually separated into a thick and a thin fraction. The thick fraction can be used as soil enhancer
while the thin (liquid fraction) is treated. The composition of this thin fraction can vary and
depends on the separation method and the composition of the animal feed (Feyaerts et al., 2002).
However, large amount of COD, nitrogen and phosphorus can be expected.
2.3

Landfill leachate

In Flanders domestic solid waste is normally burnt, but this is not everywhere the case. In Russia,
for example, 96% of all domestic waste is put on landfills (Kalyuzhnyi and Gladchenko, 2003).
The leachate of these landfills is heavily polluted and has to be captured and treated. Often this
leachate is recycled, decreasing the COD content and increasing the nitrogen content because the
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n.m.: not mentioned
(1) After treatment in anaerobic lagune
(2) After treatment in anaerobic digester

Pectine industry waste water

Slaughter house waste
processing
Starch production

Tannery waste water

Landfill leachate

3000
5000–10000
15000–22000
8100

232–12587
390–2720
610
n.m.
3969
9000–13000
6456
2000–5000
n.m.
1300–1600
9660–20560
300–1400
1940–2700
1400–2400

Reject water

Thin fraction piggery manure

COD

Type wastewater

990
2000–5000
n.m
n.m.

81–750
n.m.
140
2912
1730
n.m.
n.m.
1500–4000
45
n.m.
n.m.
n.m.
n.m

BOD5

1060
800–1100
1280–2990
1600

260–958
943–1513
910
707
1700
3100–4300
695
500–1000
310
160–270
780-1080
50–200
123–185
170–200

Total nitrogen

210
170–230
n.m
11

33–207
n.m.
n.m.
55
147
20–40
91.8
20–50
n.m.
n.m.
20–51
n.m.
n.m
35–55

Phosphorus

Abeling and Seyfried (1992)(2)
Abeling and Seyfried (1993)(2)
Austermann-Haun et al. (1999)
Deng Petersen et al. (2003)

Gil and Choi (2004)
Jenicek et al. (2004)
Wyffels et al. (2003)
Chen et al. (2004)
Obaja et al. (2003)
Poo et al. (2004)
Tilche et al. (1999)
Chung et al. (2003)
Ilies and Mavinic (2001)
Jokela et al. (2002)
Kalyuzhnyi and Gladchenko (2004)
Carucci et al. (1999)
Murat et al. (2003)
Keller et al. (1997)(1)

reference

Table 2.1. COD, BOD, N and P concentrations (in mg L-1) in waste streams with high nitrogen content (after Donckels, 2004)
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landfill acts as an anaerobic bioreactor (Clabaugh, 2001). Similar to reject water this landfill
leachate is characterized by a high TAN and a low COD content (Ilies and Mavinic, 2001).
2.4

Industrial wastewaters

Industrial processes can also generate streams with high nitrogen content. Also, industrial streams
with a high COD content can lead to highly loaded nitrogen streams if they are first treated in an
anaerobic digester. Examples can be found in the pharmaceutical industry (Carrera et al., 2003),
tanneries (Murat et al., 2003), slaughterhouse waste processing (Keller et al., 1997), potato
processing industries, alcohol and starch production (Abeling and Seyfried, 1992) and
formaldehyde production (Campos et al., 2003; Garrido et al., 2001). An additional problem is
that these streams often contain recalcitrant and/or toxic components, resulting in a high effluent
COD concentration. Despite the favourable C/N ratio there is still a need for carbon addition to
allow the necessary denitrification. Carucci et al. (1999) report a minimum C/N ratio of 8 for
tannery wastewater, which is much higher than the normally applied ratio of 4 to 6 (Mulder,
2003). This tannery wastewater also contains chromium, sulphide and chloride, all resulting in
negative effects on the nitrification process (Murat et al., 2003; Ros and Gantar, 1998).
Wastewater of formaldehyde production, characterised by a high organic COD content, partially
inhibits both nitrification and denitrification (Garrido et al., 2001) and will thus lead to more
difficult operation.
3

NITROGEN ELIMINATION FROM WASTEWATER

For a specific application the available alternatives need to be evaluated on cost aspects, chemical
and energy requirements, operational experience, process reliability and environmental impact.
The selection of the best alternative is generally based on cost-effectiveness. However, in practice
the selection of either a biological or a physiochemical method is determined by the nitrogen
concentration of the wastewater. Three concentration ranges can be distinguished (Mulder, 2003):
•

Diluted wastewater with TAN concentration up to 100 mgTAN-N L-1. In this range biological
N-removal is the preferred process based on cost-effectiveness. Domestic wastewater is
within this range.

•

Concentrated wastewater with TAN concentrations in the range of 100-5000 mgTAN-N L-1.
A typical example is sludge reject water for which, after extensive investigations, biological
treatment is to be preferred (Janus and Van der Roest, 1997). Although ammonia stripping
and producing MgNH4PO4 were identified as interesting alternatives for resource recovery,
these options are not cost-effective (Siegrist, 1996; Priestley et al., 1997; Janus and Van der
Roest, 1997). Recently developed biological nitrogen removal processes for these
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concentrated streams are the SHARON-Anammox process (van Dongen et al., 2001a&b), the
OLAND process (Kuai and Verstraete, 1998) and the CANON process (Hao et al., 2002a&b).
All these processes will be discussed further in detail.
•

3.1

Concentrated wastewater with TAN concentrations higher than 5000 mgTAN-N L-1. In this
range physicochemical methods are technically and economically feasible. A successful
example is the steam stripping of a wastewater with high TAN concentration followed by
TAN recovery which has been in operation on industrial scale since 1985 (Harmsen et al.,
1986)
Biological nitrogen removal systems

Since the nitrogen concentrations in the streams studied in this PhD are always below 5000
mgN L-1, the focus will be on biological treatment systems. A short review redrafted after Mulder
(2003) is presented here. The following systems are considered here and presented in Table 2.2.
•

Activated sludge with conventional nitrification and denitrification. Around the world the
activated sludge system with nitrification and denitrification is the most widely used system
for nitrogen removal. It is available in many design variations (Henze et al., 1995). In the
nitrification process TAN is converted to nitrate via TNO2. This nitrate is subsequently
reduced to nitrogen gas. Per kg nitrogen removed about 4.57 kg O2 and 3-6 kg COD are
necessary.

•

Activated sludge with nitrification/denitrification via TNO2. In this process TAN is oxidised
into TNO2. This TNO2 is subsequently reduced to nitrogen gas. Per kg nitrogen about 3.2 kg
O2 and 2-4 kg COD are necessary.

•

Activated sludge with autotrophic nitrogen removal. Recently, the Anammox process in
which TAN is oxidised under anoxic conditions with TNO2 as electron acceptor was
discovered (Mulder et al., 1995). This Anammox process thus requires a partial oxidation of
TAN. Per kg nitrogen removed only 1.71 kg O2 and no COD are necessary, indicating the
sustainability of this nitrogen removal process because much less energy and chemicals are
necessary compared to other nitrogen removal processes.

•

Constructed wetlands, algal and duckweed ponds. In constructed wetlands, algal and
duckweed ponds ammonia is assimilated into algal biomass. The energy use in the algal pond
is required for mixing and pumping.
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13
>200-700

15-30
3-4
3-26

Algal ponds

duckweed ponds

Constructed
wetlands

200-700

200-700

N-load
[kgN ha-1 d-1]

Activated sludge
with autotrophic
nitrogen removal

Activated sludge
with nitrification
denitrification via
nitrite

Activated sludge
with conventional
nitrification and
denitrification

System

<0.1

<0.1

0.1-1

0.9

1.7

2.3

Energy
consumption
[kWh kgN-1]

2-7

28

6-7

0

2-4

3-6

COD/N
ratio

-

20-26

10-15

<0.1

0.8-0.9

1-1.2

Sludge
production
[kgDW kgN-1]

30-70

74-77

23-28

>75

>75

>75

Removal
efficiency

Haberl et al. (1995)

Alaerts et al. (1996)

Oswald (1995)

Mulder et al. (1995)

Abeling and Seyfried (1992)

Henze et al. (1995)

References

Table 2.2. Typical values of specific operational parameters of biological nitrogen removal systems (after Mulder, 2003)
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The last option is low in energy consumption compared to the first three. However, the removal
capacity is also much lower. The most promising and sustainable option in terms of minimal
energy consumption, absence of need for organic matter for denitrification, low sludge
production, high nitrogen load, area requirement and N2O emission is autotrophic nitrogen
removal. This system will be discussed in detail.
3.2

Autotrophic nitrogen removal

Autotrophic nitrogen removal is the combination of partial nitrification and anaerobic ammonium
oxidation (Anammox). Anammox oxidizes TAN with TNO2 as electron acceptor. The molar
TAN:TNO2 consumption ratio of this process is about 1:1.32 (Strous et al., 1998; Wyffels et al.,
2003). The Anammox process is therefore not a stand-alone process, but should always be
combined with a partial nitrification process that produces this ratio. The updated nitrogen cycle
with Anammox is depicted in Figure 2.1 (after Jetten et al., 1999). In what follows both steps of
the autotrophic nitrogen removal process will be discussed in detail.

Figure 2.1. The updated nitrogen cycle with Anammox (after Jetten et al., 1999)
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3.2.1

(Partial) nitrification

3.2.1.1 General aspects
Nitrification is the aerobic oxidation of NH3 to NO3-. It consists of two sequential steps carried out
by two phylogenetically unrelated groups of aerobic chemolithoautotrophic bacteria. Some
heterotrophic bacteria can also oxidize ammonium to nitrate, but this is only a very small
contribution to the overall ammonia oxidation (Pynaert, 2003). First, NH3 is oxidized to HNO2 by
the aerobic ammonia-oxidizing bacteria (XNH). This step is also called nitritation. Approximately
2 moles of protons are produced for every mole of TAN oxidised. Ammonium oxidation is
therefore an acidifying reaction. The second step where HNO2 is oxidized to NO3- by the nitrite
oxidizing bacteria (XNO) is called nitratation. No single known autotrophic bacterium is capable
of complete oxidation of NH3 to NO3- in a single step (Abeliovich, 1992).
In Table 2.3 an overview of the main physiological and kinetic characteristics of both types of
nitrifying organisms is given as summarised by Pynaert (2003). Values reported for all these
parameters can vary significantly, depending on process conditions such as influent
concentrations, temperature (T) and pH. It is therefore essential that in view of simulation studies
the parameters are determined specifically for the system under study.
Table 2.3. Some important physiological parameters of the aerobic ammonia-oxidizing
(XNH) and nitrite oxidizing bacteria (XNO) (Pynaert, 2003)
Parameter
Maximum specific growth rate (µmax)
Biomass yield (Y)
Affinity constant for TAN (KTAN)
Affinity constant for TNO2 (KTNO2)
Affinity constant for oxygen (KO2)
Temperature range
pH range

Unit
-1

d
gVSS gN-1
mgTAN L-1
mgTNO2 L-1
mgO2 L-1
°C
-

XNH

XNO

0.3-2.2
0.04-0.13
0.06-27.5
0.03-1.3
4-42
4.5-8.5

0.2-2.5
0.02-0.08
0.1-15
0.3-2.5
4-46
4.5-9

The difference in values for maximum specific growth rate can be attributed by incorrect
assessment of autotrophic decay rates, as this leads to errors in maximum specific growth rate
estimation (Dold et al., 2004).
The varying value for TAN and TNO2 affinity constant can be explained by the fact that
ammonia (NH3) rather than ammonium (NH4+) and nitrous acid (HNO2) rather than nitrite (NO2- )
are the actual substrates for ammonium oxidizer and nitrite oxidizer growth, respectively (Suzuki
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et al., 1974; Anthonisen et al., 1976), although not everybody agrees with this statement
(Groeneweg et al., 1994).
It is generally accepted that nitrifiers grow optimally at slightly alkaline pH (7.2-8.2) and
temperatures between 25 and 35 °C (Sharma and Ahlert, 1977). At a pH below 6.5, no growth of
XNH was observed, probably due to the limited NH3 (substrate) availability at this low pH value
(Burton and Prosser, 2001). The optimal dissolved oxygen (DO) level for ammonia and nitriteoxidizers is 3-4 mg O2 L-1 (Barnes and Bliss, 1983).
In view of autotrophic nitrogen removal of concentrated streams these boundaries for
temperature, pH and dissolved oxygen concentration have been shifted to more extreme values.
Operating temperatures for partial nitrification are between 30 and 40°C. Ammonium oxidisers
were grown in a chemostat reactor for more than 1 year at a pH of about 6.8 (van Dongen et al.,
2001a&b; Van Hulle et al., 2003b). Dissolved oxygen levels of 0.5 mgO2 L-1 (Hanaki et al.,
1990) and even 0.1 mgO2 L-1 (Wyffels et al., 2003) and 0.05 mg L-1 (Abeliovich, 1987) supported
significant rates of ammonia-oxidation.
Both groups of bacteria are chemolithoautotrophic and are considered obligatory aerobic.
Autotrophic means they have to fix and reduce inorganic CO2 for biosynthesis, which is an
energy-expensive process explaining their low yield values compared to aerobic heterotrophs.
The fact that they use a nitrogen electron donor even lowers their cell yield because of the lower
energy release per electron equivalent compared to organic electron donors. As a consequence,
nitrifiers are considered slow growers. Oxygen is used for respiration and as a direct reactant
(aerobic bacteria).
Details about ecology and phylogeny are summarised by Kowalchuk and Stephen (2001).
3.2.1.2 Environmental conditions affecting (partial) nitrification
The most important environmental parameters influencing nitrification are the free ammonia (FA)
and free nitrous acid (FNA) concentration, the temperature, pH and DO concentration. Other
nitrogen components such as hydroxylamine also influence nitrification, but to a lower extent.
Further, nitrification is partially inhibited by volatile fatty acids (Eilersen et al., 1994) and other
organic matter, phosphate and light (Philips et al., 2002). The difference in sensitivity of
ammonium and nitrite oxidisers towards these influences determines whether there will be TNO2
accumulation in a nitrifying system. Indeed, generally nitrite oxidisers are more sensitive to
detrimental environmental conditions than ammonium oxidisers.
In view of coupling a partial nitrification unit with an Anammox unit, nitrite oxidising activity
should be suppressed and TAN should only be oxidised for about 50 % to TNO2. The different
influencing factors discussed hereafter can be used for this purpose.
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3.2.1.2.1 Free ammonia and nitrous acid concentration
The uncharged nitrogen forms are considered to be the actual substrate/inhibitor for ammonium
and nitrite oxidation. The amount of ammonia and nitrous acid present in the reactor can be
calculated from the temperature and pH using the following equilibrium equations:
Ke
NH4+ ←⎯
⎯→ NH3 + H +

(2.1)

Ke
HNO2 ←⎯
⎯→NO2− + H +

(2.2)

NH

NO

+
With TAN = NH3 + NH4+ and KeNH = NH 3 ⋅ H the fraction of total ammonium present in the form
+

NH 4

of uncharged ammonia (NH3) is calculated as
CNH3 =

CTAN
10− pH
1+ NH
Ke

(2.3)

+
With TNO2 = HNO2 + NO2- and KeNO = NO2 ⋅ H the fraction of total nitrite present in the form of

HNO2

uncharged nitrous acid (HNO2) is calculated as
C HNO2 =

CTNO
K
1+
10

(2.4)

2

NO
e
− pH

Anthonisen et al. (1976) proposed temperature (T in K) dependencies for the equilibrium
−6344

−2300

constants: KeNH = e T + 273 and K eNO = e T + 273 . Further, Helgeson (1967) proposed a temperature
dependency for the ammonia/ammonium equilibrium: K eNH = 10

⎞
⎛ 2835.8
−⎜
− 0.6322 + 0.00123(T + 273 ) ⎟
⎠
⎝ T + 273

. These

equations can be used to compare equilibrium concentrations at different temperatures. Basically,
a higher temperature and/or a higher pH results in a higher ammonia concentration and a lower
nitrous acid concentration.
The concentrations of NH3 and HNO2 as function of total ammoniacal nitrogen
(TAN=NH4+ + NH3) and total nitrite concentrations (TNO2=NO2- + HNO2) and pH are presented
in Figure 2.2. From these, boundary conditions of zones of nitrification inhibition were
determined (Anthonisen et al., 1976). A range of boundary conditions, depending on various
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operating conditions, delimits each zone. Zone 1 (NH3 > 10–150 mgNH3–N L-1) marks the
inhibition of XNH and XNO by free ammonia, while in zone 2 (0.1–1.0 mgNH3–N L-1 < NH3 <
10–150 mgNH3–N L-1) NH3 only inhibits XNO. Complete nitrification is possible in zone 3 (NH3
< 0.1– 1.0 mgNH3–N L-1 and HNO2 < 0.2–2.8 mgHNO2-N L-1). In zone 4 XNO are inhibited by
free nitrous acid (HNO2 > 0.2–2.8 mgHNO2-N L-1). Because the concentrations of these two
forms depend on the solution pH, NH3 is the main inhibitor of nitrification at high pH (>8),
whereas HNO2 is the main inhibitor at low pH (<7.5). Prakasam and Loehr (1972) obtained 0.02
mgHNO2-N L-1 as a threshold concentration of nitrite oxidation inhibition, which is lower than
the threshold boundary range concentrations of 0.2–2.8 mgHNO2-N L-1 or 0.06–0.83 mgHNO2-N
L-1 found by Anthonisen et al. (1976).
In any case, NH3 and HNO2 inhibition can be used to outcompete nitrite oxidisers and produce an
Anammox suited effluent. However the potential of using only NH3 and/or HNO2 inhibition to
obtain stable TNO2 formation seems somewhat limited since adaptation of the nitrite oxidizing
bacteria has been reported (Turk and Mavinic, 1989).

Figure 2.2. Relationship between concentrations of ammonia (FA) and nitrous acid (FNA)
and inhibition to nitrifiers at ambient conditions. The dashed lines mark the lower limit and
the solid lines mark the upper limit of the range of boundary conditions of zones of
nitrification inhibition. (Anthonisen et al., 1976).
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3.2.1.2.2 Temperature
Temperature is a key parameter in the nitrification process, but the exact influence is hard to
determine because of the interaction between mass transfer, chemical equilibria and growth rate
dependency. A temperature rise creates two opposite effects: increased NH3 inhibition as
explained above and activation of the organisms according to the Arrhenius principal. This
increased activity only holds up to a certain critical temperature above which biological activity
decreases again.
Experiments with pure cultures gave an optimal temperature of 35°C for XNH and 38°C for XNO
(Grunditz and Dalhammar, 2001) as can be seen from Figure 2.3. Brouwer (1995) indicates an
optimal temperature range of 35-42°C for sludge cultivated at 30°C, but only investigated shortterm effects. Long term exposure to temperatures above 40 °C is expected to lead to deactivation.

(a)

(b)

Figure 2.3. (a) Effect of temperature on the activity of ammonium oxidizers. (b) Effect of
temperature on the activity of nitrite oxidizers (Grunditz and Dalhammar, 2001).
Literature values for activation energy of ammonium and nitrite oxidisers range from 72 to 60
kJ mol-1 and from 43 to 47 kJ mol-1 respectively (determined in studies from 7 to 30°C) (Jetten et
al., 1999; Helder and De Vries, 1983; Knowles et al., 1965; Stratton and Mc Carty, 1967). This
indicates that the activity of ammonium oxidisers will increase faster than the activity of nitrite
oxidisers. The SHARON process (Single reactor High activity Ammonia Removal Over Nitrite)
is based on this principle. In this process, nitritation of TAN to TNO2 is established in a
chemostat by working at high temperature (above 25°C) and maintaining an appropriate sludge
retention time (SRT) of 1 to 1.5 days, so that ammonium oxidizers are maintained in the reactor,
while nitrite oxidizers are washed out and further nitrification of TNO2 to nitrate is prevented
(Figure 2.4).
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In order to produce an Anammox suitable influent only half of the TAN should be oxidized. In
case the SHARON influent contains TAN and bicarbonate on an equimolar basis, the protons
produced during conversion of half of the TAN are balanced ‘exactly’ via carbon dioxide
stripping. For the high-concentrated streams to which the SHARON process is typically applied,
the protons produced during TAN conversion above 50% would destroy the bicarbonate buffer
system and cause a significant pH drop, preventing further nitrification.

Figure 2.4. Effect of temperature on the minimal required cell residence time for ammonia
and nitrite oxidation. Above 25°C it is possible to wash out the nitrite oxidizers (-) while
maintaining the ammonium oxidizers (..). Calculated with parameter values described in
chapter 3.2.
3.2.1.2.3 pH
Despite a wide divergence of the reported effects of pH on nitrification, there seems to be a
consensus that the optimum pH for both XNH and XNO lies between 7 and 8. As an example the
results from Grunditz and Dalhammar (2001) are depicted in Figure 2.5.
An explanation for the preference of XNH for slightly alkaline environments could be the fact that
these organisms use NH3 as substrate (Suzuki et al., 1974). This optimum pH range is also linked
with the pH dependent NH4+/NH3 and HNO2/NO2- equilibria, where NH3 and HNO2 can exhibit
inhibitory effects starting from a certain pH, as explained above. Apart from the influence of pH
on chemical equilibria, also pure pH effects exist. Below pH 7, the nitrification rate will decrease,
although high nitrification rates at low pH were detected in a fluidized bed reactor with chalk as
biofilm carrier (Tarre et al., 2004). In this system the chalk probably acted as a local buffer
system.
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By working at pH between 7.5 and 8 growth of ammonium oxidisers is favoured over growth of
nitrite oxidizers because of substrate availability and NH3 inhibition. Baten et al. (1993) tested
this strategy by applying a pH around 8 and a NH3 concentration of 28 mgNH3-N L-1 to
outcompete the nitrite oxidizers in a nitrifying system treating ammonium rich waste water.

(a)

(b)

Figure 2.5. Effect of pH on the activity of ammonium oxidizers (a) and nitrite oxidizers (b),
the activity at pH 8.0 was used as the reference activity (Grunditz and Dalhammar, 2001).

3.2.1.2.4 DO
When it comes to nitrification, the dissolved oxygen concentration is of utmost importance for
both XNH and XNO (Philips et al., 2002). XNH seem to be more robust towards low DO than XNO.
Accumulation of TNO2 at low DO is usually explained by the difference in oxygen half saturation
constant DO (KO) for XNH and XNO (Hanaki et al., 1990). In other words, oxygen deficiency due
to low DO influences the activity of XNO more significantly than that of XNH (Philips et al.,
2002).
According to Hunik et al. (1994) the half-saturation constant for O2 is 0.16 mgO2 L-1 and 0.54 for
Nitrosomonas europaea and Nitrobacter agilis respectively. However, values for the halfsaturation constant given in literature for activated sludge vary in the range of 0.25–0.5 mgO2 L-1
and 0.34–2.5 mgO2 L-1 respectively (Barnes and Bliss 1983). This variation is probably due to the
fact that the oxygen concentration inside a sludge floc or biofilm not necessarily equals that of the
water phase. The half saturation constant is therefore dependent on the biomass density, the floc
size, the mixing intensity and the rate of diffusion of O2 in the floc (Münch et al. 1996).
Imposing oxygen limiting conditions can thus be considered another way to outcompete nitrite
oxidizers. However, it is also suggested that free hydroxylamine inhibition rather than a
difference in affinity constants causes TNO2 build-up in nitrifying systems at low DO (Dissolved
Oxygen) concentration (Yang and Alleman, 1992).
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The OLAND process (Oxygen Limited Autotrophic Nitrification Denitrification) (Kuai and
Verstraete, 1998) and CANON (Completely Autotrophic Nitrogen removal Over Nitrite)
(Sliekers et al., 2002) processes are based on this oxygen limitation. In these systems the amount
of oxidised TAN can be controlled by varying the amount of oxygen supplied to the system.
3.2.1.2.5 Lag time
Literature also mentions a lag time for nitrification (Peng et al., 2004). If a reactor is operated
with alternating anoxic and oxic phases, then TNO2 peaks are noticed after the switch from the
anoxic to the oxic phase. Hyungseok et al. (1999) report that nitrate formation can effectively be
prevented by frequent switching between oxic and anoxic phases. Prolonging the aeration phases
can lower the stress on nitrite oxidisers. This strategy was tested by Katsogiannis et al. (2003) in
an SBR.
3.2.1.2.6 Other influencing factors
According to Hu (1990) hydroxylamine exhibited acute toxicity to Nitrobacter and this may also
cause TNO2 build-up in a nitrifying system. Hydroxylamine has been found to severely inhibit
nitrite oxidizers (Castignetti and Gunner, 1982; Stüven et al., 1992).
Formic, acetic, propionic and n-butyric acid all inhibited TNO2 oxidation, but exhibited no
significant effect on TAN oxidation (Eilersen et al., 1994).
TNO2 oxidation might also be affected by phosphorus deficiency (Nowak et al., 1996). In a
biological pre-treatment plant treating highly nitrogenous wastewaters (T > 25°C), TNO2
oxidation was substantially reduced at phosphate levels below 0.2 mgPO43--P L-1. Indeed, the
phosphate half-saturation coefficient for XNO is about one order of magnitude higher than for XNH
(0.2 mgPO43--P L-1 for XNO and 0.03 mgPO43--P L-1 for XNH) (Nowak et al., 1996). Nitrite
oxidizers are especially unable to oxidise TNO2 to nitrate in the absence of phosphates, the socalled phosphate block.
Of a dozen compounds tested by Tomlinson et al. (1966), only chlorate, which is used to stop
nitrite oxidation (Surmacz-Gorska et al., 1996), cyanide, azide and hydrazine were more
inhibitory to the oxidation of TNO2 than TAN.
Light is inhibiting both XNH and XNO, through the oxidation of cytochrome c caused by light in
the presence of O2.
Other toxic components that influence TNO2 oxidation are bromide and chloride (Peng et al.,
2004).
It can be concluded that an Anammox suited effluent can be produced by selection of the
appropriate temperature, pH, substrate availability and NH3 and HNO2 inhibition level in order to
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washout nitrite oxidisers from the system. In view of the Anammox stoichiometry, care should
further be taken that only half of the TAN is oxidised.

3.2.2

Anammox

3.2.2.1 General aspects
When Mulder et al. (1995) observed unexplainable nitrogen losses in denitrifying fluidized bed
reactors the idea was put forward that this could be attributed to ANaerobic AMMonium
Oxidation (Anammox). Twenty years before Broda (1977) predicted that this process was
possible on the basis of thermodynamic calculations. van de Graaf et al. (1995) showed by
inhibition experiments that Anammox is a microbially mediated process and not the chemical
Van Slyke reaction (Van Slyke, 1912).
First, it was assumed that nitrate acted as electron acceptor. However, van de Graaf et al. (1997)
showed with 15N-labeling experiments that TNO2 is the actual electron acceptor. The key reaction
is therefore given by equation 2.5.
+

−

NH 4 + NO2 → N 2 + 2 H 2 O

(2.5)

Note that this equation implies that the name anaerobic ammonium oxidation should actually be
anoxic ammonium oxidation since TNO2 is present as electron acceptor.
Anammox micro-organisms were cultivated by van de Graaf et al. (1996) on a synthetic medium
containing bicarbonate with TNO2 and TAN as only electron acceptor and –donor. Addition of
organic carbon source was detrimental for the Anammox organisms because under such
circumstances these anaerobic chemo-litho-autotrophs could not compete with heterotrophs.
It was found that TNO2 was not only used for the oxidation of TAN, but it was also oxidised to
nitrate. This oxidation was believed to generate the reducing equivalents necessary for carbon
fixation (van de Graaf et al., 1996; van de Graaf et al., 1997). Consumption and production of
TNO2, TAN and nitrate have the relation (van de Graaf et al., 1996) given by equation 2.6.

[

]

[

]

∆ NO3
∆ TNO2
∆[TAN]
−
=−
=
[1]
[1.31± 0.06] [0.22 ± 0.02]
−

(2.6)

The low growth rate and the difficulty in obtaining axenic cultures strongly hindered Anammox
research. This low growth rate is attributed to the low TAN consumption, possibly because of the
‘kinetic difficulty’ of the metabolic strategy of Anammox (Strous et al., 1998).
Strous et al. (1998) concluded that a sequencing batch reactor (SBR) is most suitable for the
enrichment and cultivation of Anammox organisms. By making mass balances over the reactor a
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number of kinetic parameters (Table 2.4) and the global stoichiometric equation using carbon
fixation were determined as expressed in equation 2.7.
+

−

−

−

NH 4 + 1,32 NO2 + 0,066 HCO3 + 0,13H + → 1,02 N 2 + 0,26 NO3 + 0,066CH 2O0,5 N 0,15 + 2,03H 2O (2.7)

Table 2.4. Parameters of anaerobic ammonium oxidation (after Jetten et al., 2001)
Parameter

Unit

Anammox

∆G

kJ/mol

-357

Ea
µmax

kJ/mol
h-1

70
0,003

Doubling time
Aerobic rate
Anaerobic rate
KTNO2
KTAN

d
mgN/g protein/min
mgN/g protrein/min
µM
µM

10,6
0
0,7
<0.07
0.07

In the mean time, Anammox activity has been discovered in different installations treating
wastewater with high nitrogen load at low DO concentrations (Hippen et al., 1997; Helmer and
Kunst, 1998; Siegrist et al., 1998; Helmer et al., 2001; Toh et al., 2002). Dalsgaard and
Thamdrup (2002), Dalsgaard et al. (2003) and Kuypers et al. (2003) showed that Anammox
contributes significantly to the nitrogen cycle as it was found in Skagerrak, Golfo Dulce (Costa
Rica) and the Black Sea. Depending on the organic load up, to 70 % of the N2 production in
marine sediments can be attributed to Anammox (Dalsgaard and Thamdrup, 2002; Thamdrup and
Dalsgaard, 2002). Further, Anammox activity was also found in sediments along the Thames
estuary (Trimmer et al., 2003), Arctic marine sediments (Rysgaard et al., 2004) and an African
freshwater wetland (Jetten et al., 2003). This indicates that Anammox is present in different
natural environments.
Anammox biomass has a brown-reddish colour, which is probably due to the high cytochrome
contents (Jetten et al., 1999).
3.2.2.2 Phylogeny
Strous et al. (1999a) showed that the bacteria responsible for the Anammox process are new
members of the order of the Planctomycetes. Schmid et al. (2003) further placed the Anammox
genera (Figure 2.6). In this Figure the phylogenetic tree reflecting the relationships of the
Anammox organisms, other Planctomycetes and other reference organisms is represented
(Schmid et al., 2003). The triangles indicate phylogenetic groups. Phylogenetic analyses for this
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Figure were performed with maximum likelihood, neighbour joining and maximum parsimony
methods with 50% sequence conservation filters for Bacteria as well as Plantomycetes. Since no
differences between all calculated trees in terms of branching order could be observed the tree
based on maximum likelihood analysis with the 50% conservation filter for Bacteria is presented
here. Filled circles indicate parsimony bootstrap values higher than 75%. Empty circles refer to
values between 50 and 75%. The bar represents 10% estimated sequence divergence.

Figure 2.6. Situating the Anammox bacteria (after Schmid et al., 2003)
The G-negative Anammox bacteria (van de Graaf et al., 1996) were called Candidatus Brocadia
anammoxidans (Strous et al., 1999a). After analyses of 16 rDNA of ‘Anammox microorganisms’ found in nitrifying rotating biological contractors (RBC) (Siegrist et al., 1998) a new
genus was discovered. This genus was named Candidatus Kuenenia stuttgartiensis (Schmid et
al., 2000). A third genus was detected both in Rotating Biological Contractors in a WWTP in
Pitsea (UK) (Schmid et al., 2003) and in the Black Sea (Kuypers et al., 2003). The two members
of the genus discovered in the UK were called Candidatus Scalindua brodae and Candidatus
Scalindua wagneri. The Black Sea member was called Candidatus Scalindua sorokinii. With its
detection in two very different habitats, “Scalindua” is possibly the most widespread Anammox
genus identified so far. Since Anammox bacteria of different genera rarely occur in the same
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WWTP or enrichment culture, it seems that they all occupy their own niche and environmental
conditions select for only one of the different genera (Schmid et al., 2003).
3.2.2.3 Compartmentalization in Anammox bacteria: the anammoxosome
Anammox, as most Planctomycetes, lack peptidoglycan and have a proteinaceous cell wall
instead (König et al., 1984) and have a complex compartmentalization. This
compartmentalization involves a single intracytoplasmic membrane defining a major cell
compartment (van Niftrik et al., 2004). Their cell wall is not surrounded by one membrane on the
outer and one membrane on the inner side of the cell wall as is the case for other gram-negative
bacteria. Instead, there are two membranes on the inner side and no membrane on the outer side
of the cell wall. One of these membranes is closely positioned to the proteinaceous cell wall. This
membrane has been defined as the cytoplasmic membrane based on the finding of RNA in the
‘paryphoplasm’ compartment bounding its inner side. The other, innermost, membrane has been
defined as an intracytoplasmic membrane as it is within the cytoplasm defined as any region of
the cell containing RNA. A compartment – the paryphoplasm – is thus formed bounded by the
cytoplasmic membrane on one side and the intracytoplasmic membrane on the other (Lindsay et
al., 2001). In Anammox bacteria, the compartment bounded by the intracytoplasmic membrane
contains yet a second membrane bounded compartment (Figure 2.7), that is bounded by a single
bilayer membrane. It is the site where catabolism takes place and is called the anammoxosome
(van Niftrik et al., 2004). This anammoxosome makes up for 29 to 61 % of the cell volume
(Strous, 2000). The cytoplasm in Anammox bacteria is thus divided into three compartments
separated by single bilayer membranes: (1) the outer region, i.e., the paryphoplasm, occurs as an
outer rim defined on its outer side by the cytoplasmic membrane and cell wall and on the inner
side by the intracytoplasmic membrane, (2) the riboplasm, containing the nucleoid and (3) the
inner ribosome-free compartment, the anammoxosome, bounded by the anammoxosome
membrane.

Cell wall
Cytoplasmic membrane
Paryphoplasm
Intracytoplasmic membrane
Riboplasm
Anammoxosome membrane
Anammoxosome
Nucleoid

Figure 2.7. Cellular compartmentalization in Anammox bacteria (van Niftrik et al., 2004)
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Anammox bacteria contain a variety of abundant unconventional membrane lipids (Sinninghe
Damsté et al., 2002). The lipids occur in a wide variety of types and derivatives. Among these,
unique structures have been found. They contain one, two or both of two different ring-systems,
X and Y (Figure 2.8). Ring-system X is composed of three cyclobutane moieties and one
cyclohexane moiety substituted with an octyl chain, which is ether-bound at its ultimate carbon
atom to the glycerol unit. Ring-system Y is composed of five linearly concatenated cyclobutane
rings substituted with a heptyl chain, which contains a methyl ester moiety at its ultimate carbon
atom. All rings in ring-systems X and Y are fused by cis-ring junctions, resulting in a staircaselike arrangement of the fused rings, defined as ladderane. Lipids containing ladderane moieties X
and Y are abundant membrane lipids in anammox bacteria. They represent 34% of total lipids in
Candidatus Brocadia anammoxidans. The structure of the ladderane membrane lipids is unique
in nature. Ladderane membrane lipids have so far been found only in Anammox bacteria. This
raises the question of the functional significance of the ladderane lipids (van Niftrik et al., 2004).
Possibly these lipids help to form a very tight membrane to protect the cytoplasm from toxic
intermediates produced in the anammoxosome (Jetten, personal communication).

Figure 2.8. Structures of three characteristic ladderane lipids: I ladderane fatty acidcontaining ring-system Y. II ladderane monoalkyl glycerol ether-containing ring-system X.
III ladderane glycerol ether/ester containing both ring-systems, X and Y
(van Niftrik et al., 2004)
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3.2.2.4 Biochemistry
Two possible pathways were hypothesized by van de Graaf et al. (1997) for the Anammoxprocess:
• Oxidation of ammonium to hydroxylamine, that reacts with nitrite yielding N2O-gas. N2O is
then further reduced to nitrogen gas. Hydroxylamine-formation from ammonium via the
ammonium monooxygenase, however, seems unlikely because of the strong oxygen
inhibition (van de Graaf et al., 1996; Jetten et al., 1999).
• Partial reduction of nitrite with the formation of hydroxylamine (NH2OH), that reacts
further with ammonium to form hydrazine (N2H4). This hydrazine is further converted to
nitrogen gas. This oxidation would give the necessary reducing equivalents for the initial
reduction of nitrite.
15
N-labeling experiments showed that this second possibility is the correct one (van de Graaf et
al.,1997). The addition of labelled hydroxylamine led to the formation of labelled nitrogen gas, in
contrast to the addition of 15N2O. Sustained growth on hydroxylamine or hydrazine is however
not possible (Schalk et al., 1998). Strous et al. (1999b) did notice that the addition of at least 50
µM of these intermediates resulted in complete recovery of the Anammox activity after
inactivation with TNO2. Schalk et al. (2000) succeeded in purifying and characterizing the
hydroxylamine oxidoreductase/hydrazine reductase (HAO/HZO) of an Anammox culture. The
HAO/HZO was able to oxidize both hydroxylamine and hydrazine under anoxic conditions to
respectively NO, N2O en N2. The HAO/HZO made up 9 % of the total soluble protein fraction of
the Anammox species Candidatus Brocadia anammoxidans. Schalk et al. (2000) also found that
hydrazine strongly inhibits the oxidation of hydroxylamine. Kuenen and Jetten (2001) therefore
suggested the most plausible hypothesis for the mechanism. Nitrite reduction by a nitrite reducing
enzyme leads to the formation of hydroxylamine. An unknown hydrazine hydrolase converts
ammonia and hydroxylamine to hydrazine that is converted to nitrogen gas by HAO/HZO. This
oxidation would give the necessary reducing equivalents for the initial reduction of nitrite (Figure
2.9).
In the biochemical model, the Anammox reaction establishes a proton gradient by the effective
consumption of protons in the riboplasm and production of protons inside the anammoxosome, a
mechanism known as separation of charges. This results in an electrochemical proton gradient
directed from the anammoxosome to the riboplasm.
Based on isotopic carbon analysis Schouten et al. (2004) concluded that different Anammox
bacteria, such as Candidatus Scalindua sorokinii and Candidatus Brocadia anammoxidans use
identical carbon fixation pathways, which may be either the Calvin cycle or the acetyl coenzyme
A pathway.
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Figure 2.9. Biochemical pathway (Kuenen and Jetten, 2001)

3.2.2.5 Environmental conditions affecting Anammox
3.2.2.5.1 TAN, TNO2 and NO3- inhibition
The Anammox process is not inhibited by TAN or by the by-product nitrate up to concentrations
of at least 1 gN L-1. In the presence of more than 100 mgTNO2-N L-1, Strous et al. (1999b) found
that the Anammox process was completely inhibited. Fux (2003) showed in a long term
experiment that maintaining a TNO2 concentrations of 40 mgTNO2-N L-1 over several days led to
the inactivation of the Anammox organisms.
Remarkable is also the difference in tolerance for TNO2 between the different Anammox genera.
The inhibition experiments conducted by Strous et al. (1999b) were performed with Candidatus
Brocadia anammoxidans. Experiments of Egli et al. (2001) with Candidatus Kuenenia
stuttgartiensis showed that the Anammox process was only inhibited at concentrations higher
than 182 mgTNO2-N L-1. Furthermore, experiments by Strous et al. (1999b) showed that
increasing the TNO2 concentration changed the stoichiometry of TAN and TNO2 consumption
from 1.3 gTNO2-N/gTAN-N at 0.14 gTNO2-N L-1 to almost 4 gTNO2--N/gTAN-N at 0.7 gTNO2N L-1. From the distorted stoichiometry at high TNO2 concentrations, it can be concluded that the
micro-organisms under these conditions did not only use TAN as the electron donor but also must
have generated an internal electron donor to reduce the TNO2. This changing stoichiometry was
also noticed at higher temperatures.
3.2.2.5.2 Oxygen
The anaerobic ammonium oxidation is strongly influenced by a number of physical and chemical
factors. Oxygen completely inhibits the process at concentrations above 0.01 mgO2 L-1 (van de
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Graaf et al., 1996) although Anammox has catalase and superoxide dismutase (Strous, 2000). It
became clear from experiments with intermittent oxygen supply that this oxygen inhibition is
reversible (Figure 2.10) (Strous et al., 1997a). The horizontal bars below the graphs in this Figure
indicate whether influent was supplied (shaded portion of bar) and whether air or argon was
sparged through the reactor (shaded portions of bars). The dotted lines show the TAN and TNO2
profiles that were expected when no Anammox activity occurred. Since the actual concentrations
are lower than the expected concentrations it can thus be concluded that Anammox activity
recovers from aerobic conditions.
This reversible inhibition makes partial nitrification and Anammox possible in one reactor
(Strous et al., 1997a). Both aerobic and anaerobic ammonium oxidisers can grow under oxygen
limited conditions (Third et al., 2001).

Figure 2.10. Anammox process under alternating aerobic and anaerobic conditions: TNO2
(squares), TAN (circles), oxygen (triangles) and expected concentrations in absence of
Anammox (dotted lines). Figures (A) and (B) represent different influent supplies (after
Strous et al., 1997a).

3.2.2.5.3 Phosphate
Similarly to TNO2 inhibition a difference in tolerance for phosphate exists between Candidatus
Brocadia anammoxidans and Candidatus Kuenenia stuttgartiensis. van de Graaf et al. (1996)
experienced a loss of activity for Candidatus Brocadia anammoxidans at phosphate
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concentrations above 155 mgPO43--P L-1, while Egli et al. (2001) did not see any inhibitory effect
of phosphate when a culture of Candidatus Kuenenia stuttgartiensis was supplied with up to
620 mgPO43--P L-1. However, in batch tests using sludge from a highly loaded lab-scale rotating
biological contactor containing Candidatus Kuenenia stuttgartiensis, phosphate was shown to
partially inhibit the Anammox process (Pynaert et al., 2003). Anammox activity decreased to
63% of the normal activity at 55 mgPO43--P L-1 and further to 20% at 110 mgPO43--P L-1. At 285
mgPO43--P L-1 no further decrease was observed (80% inhibition).
3.2.2.5.4 Temperature and pH
According to Egli et al. (2001) Candidatus Brocadua anammoxidans prefers temperatures around
37°C. The Candidatus Brocadia anammoxidans has a minimum and maximum operating
temperature of 10°C and 43°C respectively and an optimal operating temperature of 37°C (Strous
et al., 1999b). The optimal temperature of the Anammox micro-organisms studied by Dalsgaard
and Thamdrup (2002) is however 15°C. Similarly, Rysgaard et al. (2004) found an Anammox
optimal temperature of 12°C and Anammox activity in Arctic sediments at temperatures as low as
–1.3°C. Apparently in an Arctic environment Anammox organisms are adapted to lower
temperatures.
The optimal pH interval for Anammox organisms is 6.7 to 8.3 with an optimum of 8.0. Data
concerning optimal temperature and pH intervals for Scalindua Anammox organisms are not
available yet since these organisms were only discovered very recently.
3.2.2.5.5 Biomass concentration
The biomass concentration plays a crucial role for the Anammox activity. Strous et al. (1999a)
found that Anammox is only active when cell concentrations are higher than 1010-1011 cells ml-1,
even in purified cultures. This could be explained by the need for intercellular communication for
activity (Hellingwerf et al., 1998). Another potential explanation is that hydrazine diffuses
relatively easy to the outside of the cell and a minimum concentration is necessary for Anammox
activity. Sinninghe Damsté et al. (2002) however showed that the cellular membranes are less
permeable than normal linear membrane lipids.
Maybe the presence of contaminating cells, 1 on 200-500, is necessary to sustain long term
growth, because these cells can guarantee vitamin supply and the removal of toxic components
(Kuenen and Jetten, 2001; Strous et al., 1999a).
Pynaert et al. (2004) put forward the hypothesis that the presence of ammonium oxidizers is
necessary for the re-activation of Anammox organisms after disturbance of the system. By the
production or accumulation of NH2OH by ammonium oxidizers, Anammox organisms can reactivate their metabolism. Once the process is re-established, the ammonium oxidizers are not
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supposed to significantly participate in the Anammox process. This “sparking” was also
described by Strous (2000) because it was found that the addition of the intermediates NH2OH or
N2H4 was necessary to restart Anammox activity after inhibition.
3.2.2.5.6 Other influencing factors
Experiments with continuous Anammox cultures by van de Graaf et al. (1996) showed that
carbon sources such as acetate, glucose and pyruvate had a negative effect on Anammox activity.
Anammox activity was also found to be sensitive to visible light. A decrease in activity of 30 to
50 % was observed by van de Graaf et al. (1996). As a result the equipment for further
experiments by these researchers was covered with black plastic and paper to eliminate this light
effect.

3.3

Practical implementation of autotrophic nitrogen removal

An Anammox reactor has to be preceded by a partial nitritation step. This can be accomplished in
the same reactor (1-reactor system) or by using 2 separate reactors (2-reactor system). Typically
the 1-reactor system is a biofilm reactor where the ammonium oxidizers are active in the outer
layers of the biofilm, producing a suitable amount of TNO2 for the Anammox organisms that are
active in the inner layers. This way the Anammox organisms are protected from oxygen, which is
consumed in the outer layers. However, examples of completely mixed 1-reactor systems were
also described in literature (e.g. Sliekers et al., 2003).
With a 2-reactor system nitritification and Anammox are separated in space. In a first reactor half
of the TAN is converted to TNO2, while in a second reactor Anammox is active. It is important
that the influent of the Anammox reactor has a constant composition in view of the TNO2
toxicity, independent of the strategy used to obtain this Anammox suited influent. With a 1reactor system generally a higher volumetric nitrogen removal rate can be obtained for low
loaded streams (Wyffels et al., 2004a) and an important footprint reduction can be accomplished.
A 2-reactor system is more flexible and will result in a more stable operation as both steps can be
controlled separately (Verstraete and Phillips, 1998; Jetten et al., 2002; Wyffels et al., 2004a).
Furthermore, with this system streams with higher nitrogen concentrations can be treated.
An overview of different reactors described in literature will be presented here. From this
overview several things will become clear. First autotrophic nitrogen removal is mostly
performed at temperatures above 30°C. Second, most studies concerning 2-reactor systems deal
with either the first step or the second step. Few studies exist where both are coupled. Third, most
of the experimental knowledge on autotrophic nitrogen removal is restricted to lab scale reactors,
while full-scale expertise is very limited. Several questions on upgrading these promising
processes are therefore not yet answered today.
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3.3.1

1-reactor systems

Various names are used to decribe the 1-reactor systems (Fux, 2003): the OLAND-proces
(oxygen limited autotrophic nitrification and denitrification) (Kuai and Verstraete, 1998), the
CANON process (completely autotrophic nitrogen removal over nitrite) (Third et al, 2001) and
aerobic/anoxic deammonification (Hippen et al., 1997). The difference lies in the organisms that
were originally assumed to be responsible for anaerobic ammonium oxidation. In both the
OLAND-process and the aerobic/anoxic deammonification process nitrifiers were assumed to
perform this ammonium oxidation under micro-aerobic conditions (Kuai and Verstraete, 1998;
Helmer et al., 1999). In the CANON process Anammox bacteria were assumed to be responsible.
Recent studies (Pynaert et al., 2003; Helmer-Madhok et al., 2002) with FISH analyses confirmed
that anaerobic ammonium oxidation in all reactors was performed by Anammox organisms,
although Pynaert et al. (2003) did not exclude a specific role for the aerobic ammonium
oxidizers.
Kuai and Verstraete (1998) first introduced the term OLAND describing lab-scale research with a
4 litre SBR reactor fed with synthetic influent containing 1 gTAN-N L-1 operated at 33°C and a
pH of 7.2. About 50 mgTAN-N L-1 d-1 was removed from the reactor. However, for practical
implementation this removal rate is far too low. Pynaert et al. (2002, 2003 and 2004) therefore
constructed, operated and characterized an OLAND RBC system where high removal rates could
be achieved. The reactor had a total water volume of 50 litres and was operated at a HRT of 1
day. Both synthetic and actual waste water were used as influent, with a TAN concentration of
about 1 gTAN-N L-1. The oxygen concentration was controlled at 0.8 mgO2 L-1. Within 100 days
after inoculation a maximum TAN removal of 206 mgTAN-N L-1 d-1 was achieved.
The term aerobic/anoxic deammonification was first used when significant losses of inorganic
nitrogen of up to 90 % were observed in the nitrification step of a rotating biological contractor
(RBC) treating TAN-rich landfill leachate under low oxygen conditions (Hippen et al, 1997).
Extended nitrogen loss was also observed in other RBC’s in Switzerland and the UK (Siegriest et
al., 1998; Hippen et al, 2001). Influent nitrogen concentration to these RBC varied between 200
and 400 mgN L-1 (Hippen et al, 2001). None of the plants were built specifically for
deammonification, but nitrogen elimination was established over time. In the Swiss RBC about
50 % of the bacteria population in the biofilm consisted of Anammox. Next to RBC’s continuous
flow moving-bed pilot plants were run as well. Optimal TAN elimination was achieved at a bulk
oxygen concentration of 0.7 mgO2 L-1. The end product is always N2, although Gaul et al. (2002)
reported up to 12% N2O production caused by incomplete heterotrophic denitrification under
anoxic or oxygen-limited conditions.
The first full-scale application with deliberate deammonification in a moving bed reactor using
Kaldnes® carriers was put into operation in April 2001 (Jardin et al., 2001) at the WWTP of
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Hattingen (Germany). Two identical reactors had a volume of 67 m3 and an effective biofilm
surface area of 13400 m2. The oxygen concentration was kept below 1 mgO2 L-1. First results are
given in Cornelius and Rosewinkel (2002).
At the Delft University of Technology the 1-reactor system was termed CANON. Sliekers et al.
(2002) and Sliekers et al. (2003) conducted experiments in lab-scale completely mixed reactors.
Both reactors were started up by gradually introducing air in an Anammox reactor. In Sliekers et
al. (2002) a SBR with a volume of 2 litre was operated at a HRT of 1 day, a temperature of 30°C
and a pH of 7.8. Average influent and effluent concentrations were 131 and 56 mgTAN L-1. In
Sliekers et al. (2003) a gas lift reactor with a volume of 1.8 litre was operated at a HRT of 10
hours, a temperature of 30°C and a pH of 7.5. Average influent and effluent concentrations were
1545 and 899 mgTAN L-1. This effluent concentration is still very high, although more then 600
mgTAN L-1 was removed. In these completely mixed CANON reactors the oxygen concentration
should always be below the detection limit in view of oxygen inhibition. With a simulation study
Hao et al. (2002a) showed that the optimal bulk oxygen concentration for a CANON biofilm
reactor is about 1 mgO2 L-1, although this optimum depends on the biofilm thickness and density,
boundary layer thickness, the COD content of the influent and the temperature. Oxygen control is
therefore necessary.

3.3.2

Two reactor systems

3.3.2.1 Partial nitritation
The challenge for the first reactor is to obtain a stable, Anammox-suited effluent, i.e. with a molar
TAN:TNO2 ratio of 1:1.32 according to the stoichiometry proposed by Strous et al. (1998). In
practice however this ratio will be closer to 1 in view of the desire to prevent TNO2 inhibition, i.e.
by providing an excess of TAN. Up to now three types of reactors were used: completely stirred
tank reactors (CSTR), membrane bioreactors (MBR) and sequencing batch reactors (SBR).
The possibility to obtain an Anammox-suited effluent was tested by van Dongen et al. (2001a&b)
in a 10 litre CSTR at a temperature of 30°C and a HRT of 1 day. The pH was not controlled and
had an average value of 6.7. The average influent concentration was 1.18 gTAN-N L-1. This TAN
was for 53% oxidized to TNO2 resulting in a TAN:TNO2 ratio of 1.13. In the subsequent
Anammox reactor TNO2 was therefore the limiting component. Fux et al. (2002) also operated a
CSTR to obtain a suited effluent. The 2.1 m3 reactor was operated at a HRT of 1.1 days and a
temperature of 30°C without pH control. Digester effluent from two different WWTPs was
tested. The TIC:TAN ratio of both effluents was 1.2, while the TAN concentrations were about
625 mgTAN-N L-1. At a pH between 6.6 and 7.2 an Anammox suited TAN:TNO2 ratio of 1:1.32
was obtained. Udert et al. (2003) describe the partial nitritation of urine in a CSTR with a HRT of
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4.8 d. Urine is characterized by a high TAN concentration (8200 mgTAN-N L-1) and a high pH
(9.2). A TAN:TNO2 ratio of 1.0±0.05 was obtained. Egli et al. (2003) also produced an
Anammox-suited influent in a 3 litre CSTR fed with synthetic influent at a concentration of
750 mgTAN-N L-1. At 30°C and pH 7.5 the correct ratio was obtained at a HRT of 3.33 d. The
reactor was however only operated for 1 or 2 weeks.
Wyffels et al. (2003) used a 1.5 l MBR as a first step of the autotrophic nitrogen removal process
at low DO concentrations (<0.1 mgO2 L-1). The membrane had to be regularly cleaned to prevent
clogging. The pH was controlled at 7.9 and the temperature was set to 35°C, although an
experiment at room temperature was conducted too. Lowering the temperature had no significant
effect on the obtained TNO2:TAN ratio as can be seen from Table 2.5. Similarly, lowering the
NH3 concentration, and possibly lowering the NH3 inhibition on nitrite oxidizers, had no
significant effect on the obtained TNO2:TAN ratio. This indicates that oxygen limitation is the
most important operational factor.

Table 2.5. Influence of temperature, reactor NH3 concentration and volumetric nitrogen
load (Bv,N) on the TAN:TNO2 ratio in an MBR reactor (Wyffels et al., 2003)
Bv,N
[gTAN L-1d-1]

NH3-N
[mgNH3-N L-1]

Temperature
[°C]

TNO2:TAN:NO3[-]

1
1
0.5
0.2

>20
>20
>20
>7

35
22-24
35
35

0.81 / 1 /0.07
0.91 / 1 / 0.03
0.87 / 1 / 0.06
0.89 / 1 / 0.08

Udert et al. (2003) used a 7.5 litre SBR to treat urine with a TAN concentration of 700-1300
mgTAN-N L-1. The temperature was 24.5 °C and the oxygen concentration varied between 2 and
4.5 mgO2 L-1. The pH at the start of the reaction cycle was 8.8 and gradually decreased to a
minimum of 6 as TAN conversion continued. At this pH TAN conversion stopped without
apparent reason and a TAN:TNO2 ratio of 1 was obtained.
Fux (2003) operated a 2.1 m3 SBR at 30 °C. The oxygen concentration was controlled between 2
and 3 until the pH in the reactor dropped below 6.9. At that time aeration was put off. Influent
TAN concentration of the digester effluent was on average 675 mgTAN-N L-1, while the average
TNO2:TAN ratio was 1.47. This is somewhat high for safe operation of the Anammox reactor.
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3.3.2.2 Anammox
Anammox reactors have start-up times up to 300 days because of the low growth rate and low
cell yield of Anammox organisms. Hence, it is essential to use a reactor with high biomass
retention. So far a large range of bioreactors have been evaluated for the enrichment of Anammox
bacteria: trickling filters, packed-bed reactors, moving bed reactors, fluidised-bed-reactors,
UASB-reactors, SBR, gas-lift reactors, MBR (Strous et al., 2002; Wyffels et al., 2004a). There
are important differences between the first four and the last four bioreactors, as explained by
Strous et al. (2002). In the former, the microbes grow as biofilms on a support material, while in
the latter they form free-floating aggregates. These aggregates are maintained in the system via a
settler, a membrane or, in a sequencing batch reactor by periodically allowing the aggregates to
settle in the reactor itself before removing any effluent. The aggregates are well mixed and
therefore the community composition is constant over all aggregates and the aggregates are
spatially unorganised. Such reactors are the best option to study the black-box physiology of the
aggregates. Biofilm reactors are not well mixed and the biofilm community differs in different
parts of the reactor. Furthermore, biofilms are spatially organised and when they are disrupted, a
loss of activity may occur, as is well documented for Anammox (Mulder et al. 1995; van de
Graaf et al. 1995). Black box physiological study of such biofilms is impossible because the
results are not reproducable according to Strous et al. (2002). However, these reactors are best for
the initial enrichment of the desired microbes, because the conditions are different, both in the
reactor as a whole and in the biofilm itself. It is more likely that somewhere in the system the
conditions are sufficiently selective for the desired microbe.
A summary of the experimental studies described in literature is given in Table 2.6. From these
studies the potential of the Anammox process can be seen as total nitrogen concentrations up to
2500 mgN L-1 are applied in the influent. The temperature and pH in the reactors are controlled
between 30°C and 40°C and 7 and 8 to ensure optimal operational conditions. Almost always an
excess of TAN is used and nitrate is present in the effluent. Also real wastewater is seldom used,
probably because problems, such as inhibition, can be expected. Anammox reactors are purged
with Ar or N2 gas to ensure anoxic conditions. The fast start-up time of 14 days in an SBR reactor
by Sliekers et al. (2002) was due to the inoculation of the reactor with fully active Anammox
sludge. For the other reactors start-up time was significantly higher.
As most of the studies are still lab-scale applications, the challenge now lies in operating the
Anammox process with full-scale reactors. The first full-scale Anammox reactor is currently
being start-up in WWTP Dokhaven in Rotterdam (The Netherlands) Rotterdam, The Netherlands,
as an addition to the SHARON reactor that is already in place. The reactor is estimated to have a
return on investment of less than 7 years, because addition of methanol (currently used to sustain
the denitrification) will no longer be required (Schmidt et al., 2003).
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37
25

20-30

NA

NA

8.0

ND

7.8-8
8.0
7-8
7.5
8.0
7-8
7-8
7.5

7-8

8.0
7.8
7-8
7.8
7.5

7.0

pH
[-]

1.5

2.5

1.0
1.4
1.0
1.8
3.5
1.5
10.0
200.0

10.0

2.3
120.0
15.0
2.0
2100

2.5

V
[L]

0.750

0.30

0.62
0.84
1.67
0.28
0.50
1
5.00
0.38

1.00

0.83
1.75
0.93
1.00
1.25

0.18

HRT
[d]

NA: not applicable/ ND: not determined
a: with outflow tube with perforated division (complete biomass retention)
b: fed with sludge digester effluent

Non woven
biomass carrier
biofilm reactor
MBR

CSTRa
Uplflow reactor

gas lift reactor

Fixed bed

35
36
37
30
30
30
30
30

30-37

175

120
NA
60
100
180
105
200
350

36
22
32-33
30
31

80
200
120
14
130

Fixed bed reactor
SBR

30

83

Fluidised bed
reactor

T
[°C]

Start
up
time
[d]

Type reactor

400

200

410
840
90
1358
899
280
644
868

548

840
370
517
257
380

420

400

200

500
840
90
1370
1100
280
784
1168

598

840
400
502
203
430

490

final influent
concentration
after start up
[mgN L-1]
TAN
TNO2

40

60

20
65
5
275
20
10
30
82

ND

80
30
103
103
75

70

0

40

5
0
5
4
5
10
0
5

0

0
5
0
0
0

0

37.5

40

40
ND
ND
ND
ND
ND
100
139

ND

ND
68
105
45
13

70

final effluent
concentrations
after start up
[mgN L-1]
TAN
TNO2
NO3-

Effluent from partial
nitrification MBR b

Synthetic
Synthetic
Synthetic
Synthetic
Effluent of
SHARON reactorb
Effluent of
SHARON reactorb
Synthetic
Synthetic
Synthetic
Synthetic
Synthetic
Synthetic
Synthetic
Effluent from partial
nitrification reactorb
Synthetic

Synthetic

Type of waste water

Table 2.6. A summary of the experimental studies on Anammox

Wyffels et al. (2004a)

Furukawa et al. (2001)

Dapena-Mora et al. (2004c)
Strous et al. (1997b)
Toh et al. (2002)
Sliekers et al. (2003)
Dapena-Mora et al. (2004b)
Zheng et al., 2004
Guven et al. (2004)
Imajo et al. (2004)

van Dongen et al. (2000)

Strous et al. (1997b)
Fux et al. (2004)
Strous et al. (1998)
Sliekers et al. (2002)
Fux et al. (2002)

van de Graaf (1996)

Reference
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PART 3
MODEL BUILDING AND DEVELOPMENT
WITH WEST®

Model building and simulation with WEST®
Both standard C as user-defined C++ functions can be used as external functions in the MSLUSER models. An example of such a user-defined function is the calculation of the pH in the
activated sludge process.
To allow easy implementation of the models in WEST® a MSL editor was developed. This MSL
editor offers a lot of functionality to create, edit and browse the MSL files. The editor provides
the possibility to check the MSL files syntactically.
3

THE EXPERIMENTATION ENVIRONMENT: DIFFERENT EXPERIMENTS

As discussed above different experiments can be conducted in WEST®. Below, these different
experiment types as implemented in the WEST® environment are presented.
3.1

Simulation experiment

The simulator calculates the trajectory of different variables over a certain time, by using the
model, a set of parameter values, an input file, initial values of the state variables and a numerical
integrator with associated settings. Output of the trajectory can be given in files, plots and other
programs such as Excel.
3.2

Scenario analysis

It is possible to automatically perform a series of virtual experiments in WEST®. Output and
integrator options can be controlled interactively. Most of the scenario-analysis performed in this
work were performed this way.
3.3

Trajectory optimisation experiment

In this virtual experiment certain model parameters are varied by a number of search algorithms
to minimise the distance between a simulated trajectory and a given (measured or desired)
trajectory. This is mostly done for (constrained) parameter estimation, but it can also be used for
controller tuning and process design optimisation. The distance measure is typically a sum of
squares of differences between measured and simulated values though absolute values can also be
used. The difference between measured and simulated values can be calculated at different points
in time. In general, the differences can be weighed to account for measurement accuracy and
possible differences in the order of magnitude of the different values in the objective function.
Dochain and Vanrolleghem (2001) give an overview of optimisation methods that can be used.
Two methods are implemented in WEST®. The method developed by Nelder and Mead (1964)
(the simplex method) and the Praxis method (Brent, 1973) are implemented. Both are rather
robust to local minima and quite efficient in terms of convergence. Genetic algorithms and the

43

Chapter 3.1
Shuffled Complex Evolution (SCE) algorithm (Duan et al., 1992) are currently under
implementation.
3.4

End value optimisation experiment

Here the optimiser is used to vary some parameters (possibly constrained) to extremize a goal
function that only evaluates variables at the final time of the experiment.
3.5

Sensitivity analysis experiment

The sensitivity of the model outputs with respect to model parameter variations can be
investigated. A sensitivity function expresses how the sensitivity of an output variable to a
parameter varies with time. The calculation of sensitivity functions is based on the finite
difference method. This method calculates the difference between two simulation experiments, a
reference experiment and a perturbation experiment. Dividing the difference in model outputs
between these two simulation experiments by the parameter change results in the sensitivity
function. The perturbation experiment is performed by perturbating a model parameter by a small
factor (the perturbation factor). This perturbation factor can be positive or negative, depending on
whether the user wants to use the forward or backward difference method for calculation of the
sensitivity functions. Also an average value of both methods can be calculated, called the central
difference method (De Pauw and Vanrolleghem, 2003).
Sensitivity functions cannot be easily compared as different sensitivity functions are expressed in
different units. For easy comparison of sensitivities the relative sensitivity functions can be
calculated. This is done by multiplying a sensitivity function with the corresponding parameter
value and dividing it by the corresponding variable.
3.6

Optimal experimental design

Sensitivity functions form the basis of optimal experimental design because they indicate where
the measurements are most sensitive to the parameters. Moreover, the Fisher Information Matrix
(FIM), which is the cornerstone of experimental design, is calculated using sensitivity functions.
This matrix is a measure for the information content of the simulated experiment. Under certain
conditions (uncorrelated white measurement noise) the inverse of this FIM gives the lower bound
of the parameter estimation covariance matrix according to the Cramer-Rao inequality (Ljung,
1999; Walter and Pronzato, 1997).
Measurement campaigns should conducted under conditions where the FIM is maximal.
Maximizing this matrix can be done in different ways, which are all implemented in WEST® (De
Pauw and Vanrolleghem, 2003b). The A- and D-optimal criterion aim at minimising the
arithmetic and geometric mean of the identification errors respectively. The modified A-criterion
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is similar to the A-criterion. The E-criterion aims at experimental designs that minimize the
largest error. Finally the modified E-criterion tries to minimize the correlation between estimated
parameters (Dochain and Vanrolleghem, 2001).
4

THE EXPERIMENTATION ENVIRONMENT: NUMERICAL SOLVERS IN WEST®

Different numerical solvers can be chosen interactively in the WEST® experimentation
environment. Over ten different solvers are available, but only the ones used in this thesis will be
discussed shortly. Basically two different types of simulations can be distinguished in this work:
simulations with “simple” systems, i.e. systems consisting of 1 to 10 (completely mixed) process
units and simulations with a biofilm system. For the first type of systems the WEST® default 4th
order Runge-Kutta solver (Butcher, 1987) with variable time step size (RK4ASC) was used.
During the development of the COST simulation benchmark for activated sludge systems, it was
shown that this numerical integrator is preferred for simulating wastewater treatment systems
(Copp, 2002). This method is a single step method because only the variables at the previous time
step are used to calculate the variables of the next time step. This single step method, however,
was not sufficiently strong to solve the complex and stiff biofilm model. A more powerful
multistep method was used for solving this biofilm model which is implemented in the solvers
LSODA (Petzold, 1983) and CVODE (Cohen and Hindmarsh, 1996). Because the LSODA C
code was obsolete and could not be made thread-safe without a huge effort, only the CVODE
solver was implemented in WEST®. In this solver the Adams method (orders 1-12 with
functional iteration to solve the corrector equation) for non-stiff problems and backward
differentation formulas (BDF) (orders 1-5 with Newton iteration) as the family of stiff methods is
implemented. In contrast to LSODA no automatic switching between the solvers is implemented
in CVODE. With this solver the user must therefore determine beforehand if the system under
study is stiff or non-stiff and choose the correct solver (Cohen and Hindmarsh, 1996). Both
methods proved to solve the biofilm model adequately, although the BDF solver is still
considerably faster.
5

CONCLUSION

The WEST modelling and simulation software was selected for model building and model
simulations as it offers a user-friendly platform to use existing models or to implement and test
new models. The model base is written in MSL-USER in which standard and user defined C
functions can be used. In the graphical modelling environment, the physical layout of the plant
can be rebuilt, and each building block can be linked to a specific model from the model base. In
the experimentation environment, the user can design different experiments like simulations,
optimisations, scenario analysis and optimal experimental design.
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