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S UMMARY
Global Warming will be one of the challenges that society will have to
face in the 21st century. The concentration of several greenhouse gases
has not stopped increasing and it is expected that it will continue with
this trend if nothing is done. It is for these reason that it is now of great
concern to improve the efficiency of technologies in order to make them
more environmentally friendly.
In the last decades, governments have toughened the requirements that
wastewater treatment plants must achieve before sewage is discharged to
the environment. Due to this reason, more efficient technology has been
tested and is now being used consuming less energy and natural
resources without compromising the effluent quality. However, little
effort has been made in reducing greenhouse gases during this process.
In the last years, several researchers have been carrying out experimental
studies in order to determine which greenhouses and the amount of
them that are emitted during these processes. The goal is to determine
which technology is more efficient in terms of greenhouse emissions and
which conditions must be achieved in order to reduce them.
Nitrous oxide is one of these gases produced when treating wastewater.
Its global warming potential of 300 has made nitrous oxide the most
harmful gas released in these processes. Furthermore, it also plays a role
in the ozone layer depletion.
One of the aims of this master thesis is to quantify and determine some
of the variables that have an influence in nitrous oxide emission in a fullscale wastewater treatment plant. The process studied in this master
thesis was the deammonification technology for treating rejected water in
Himmerfjärden. Rejected water (or supernatant) is produced in the
sludge treatment stage and it has some special characteristics: low
concentration of organic matter combined with a high strength nitrogen
concentration.
The results obtained in this master thesis showed that the concentration
of nitrate had a strong correlation with the emission of nitrous oxide
whereas ammonium had a weaker impact. Moreover, it has been
estimated that the deammonification process has been one of the
technologies with the lowest amount of nitrous oxide released to the
environment making it clear that this technology is one of the most
environmentally friendly.
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S UMMARY IN S WEDISH
Den globala uppvärmningen kommer att bli en av de utmaningar som
samhället står inför i det 21:a årjundradet.
Koncentrationen av thera av våxthusgaserna fortsätter att öka och denna
trend kommer att hålla i sig on ingenting görs. Av detta skäl är det un av
stort intresse att effektivisera tekniken, och på så vis göra den mer
miljövänlig.
Under de senaste decennierna har regeringarna skärpt de krav som
reningsverk måste uppnå innan avloppsvattnet släpps ut i miljön. Av
denna anledning har effektivare teknik aveåklabs och den som används
nu förbrukar mindre energi och naturresurser utan att kompromissa med
kvaliteten på utflödet. Emellertid har liten ansträngning gjorts för att
minska utsläppen av växthusgaser under denna process.
Under de senaste åren har flera forskare genomfört experimentella
studier för att avgöra vilka växthusgasen och vålken mängel av dem som
släpps ut under dessa processer. Målet är att bestämma vilken teknik som
är mest effektiv när det gäller utsläpp av växthusgaser och vilka villkor
som måste uppnås för att minska dem.
Lustgas är en av dessa gaser, och den uppstår vid rening av
avloppsvatten. Med en global uppvärmningspotential på 300 är lustgas
den mest skadliga gasen som genereras i dessa processer. Dessutom
spelar den också en roll i nedbrytningen av ozonskiktet.
Ett av syftena med detta examensarbete är att kvantifiera och bestämma
en del av de variabler som har ett inflyttande på lustgas utalingon i ett
fullskaligt reningsverk. Processen som studeras i detta examensarbete var
deammonifikationtekniken för att behandla rejekt vatten i
Himmerfjärden. Avvisat vatten (eller supernatanten) produceras i
slammet behandlingssteg och det har några speciella egenskaper: låg
koncentration av organiskt material i kombination med en hög
hållfasthet kvävekoncentrationen.
De resultat som erhållits i detta examensarbete visar att koncentrationen
av nitrat hade ett starkt samband med utsläpp av lustgas, medan
ammonium haft en svagare effekt. Dessutom har det uppskattats att
deammonification processen har varit en av de tekniker som har den
lägsta mängden kväveoxid släpps ut i miljön gör det klart att denna
teknik är en av de mest miljövänliga.
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A BSTRACT
The reduction of the emission of greenhouse gases to the atmosphere will be one of
the challenges that society will have to face in the coming years. Until now, all efforts
have been put in improving the properties of the discharged water in a wastewater
treatment plant and the efficiency of the whole process. But little effort has been done
in measuring and controlling the greenhouse gas emissions. For this reason, the
production of nitrous oxide when treating wastewater has become of great concern.
Several measurements in laboratory scale and full scale have been done and a wide
range of results have been obtained.
On the other hand, Himmerfjärden wastewater treatment plant has a
deammonification plant for treating rejected water produced when dewatering sludge.
It consists of an efficient technology where less energy is supplied and no extra carbon
source is added. However, it is unknown the efficiency of this system in terms of
nitrous oxide production. For this reason, an analysis was carried out from the 19th
June to the 2nd of July.
In the light of the results obtained, the deammonification process has obtained better
results than conventional nitrification and denitrification in terms of nitrous oxide
emissions.
Key words: GHG; Global Warming; nitrous oxide; deammonification; rejected
water.

1. I NTRODUCTION
The world’s population has considerably increased in the last fifty years
and it is expected to continue with this tendency for the next decades.
Meanwhile, food, heat and energy have also experienced an increasing
demand that has been solved by developing new technologies. The use
of artificial fertilizers in farms and croplands and nitrogen in industries
have become usual as well as burning fossil fuels for heat and energy
production in order to cover this high demand.
However, they have a considerable environmental impact that has been
of great concern for national governments and international institutions
since the 70s. Concentration of nitrogenous ions in water has become
higher leading to problems such as eutrophication or loss of biodiversity
and the release of nitrogenous gases have produced ozone layer
depletion, greenhouse effect and climate change with an impact on
global scale. The main objective for the 21st Century for humanity is to
minimize and reduce these environmental impacts.
Treating nitrogenous compounds in wastewater has been essential for
controlling eutrophication in river and lakes. New strict regulations have
been approved in developed countries and have been applied since then.
There are several nitrogenous compounds that can be found in
wastewater (Gerardi, 2002): organic nitrogen, ammonium ions or
ammonia, nitrite and nitrate.
Treating these pollutants in wastewater has positive effects on the water
basin where it is discharged: problems such as eutrophication or oxygen
depletion are avoided or, at least, minimized. Nevertheless, this
treatment process has also some drawbacks: emission of greenhouse
gases such as CO2 due to electricity supply in the wastewater treatment
plant (WWTP) and N2O produced in some processes when removing
nitrogen. Both are greenhouse gases that should be minimized when
treating wastewater.
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1.1. Greenhouse gases
Several studies have warned about the harmful effects of emitting
greenhouse gases to the atmosphere in the last decades.
Greenhouse effect is the main responsible of what it is known as climate
change. This concept was defined as a change of climate which is
attributed directly or indirectly to human activity that alters the
composition of the global atmosphere and which is in addition to natural
climate variability observed over comparable time periods (UNFCCC,
1992).
Greenhouse gases (GHG) are those gaseous constituents of the
atmosphere, both natural and anthropogenic, that can absorb and emit
radiation at specific wavelengths within the spectrum of infrared
radiation. Thus, greenhouse gases trap heat within the surfacetroposphere system. This is the so called greenhouse effect. Carbon
dioxide (CO2), nitrous oxide (N2O), methane (CH4) and ozone are the
primary greenhouse gases in the Earth’s atmosphere (IPCC, 2007).
This concern about the effect of these mentioned gases has led to the
introduction of new parameters in order to compare their harmful effect.
One of them is Global Warming Potential (GWP). It is based upon
radiative properties of well-mixed greenhouse gases. This value
represents the combined effect of the differing times these gases remain
in the atmosphere and their relative effectiveness in absorbing thermal
infrared radiation relative to that of carbon dioxide (IPCC, 2007).
1.1.1. Carbon dioxide
Carbon dioxide is the single most important anthropogenic greenhouse
gas in the atmosphere (WMO, 2011). It has both industrial and natural
sources. Carbon dioxide has increased from fossil fuel use in
transportation, building heating and cooling and the manufacture of
cement and other goods (IPCC, 2007). Deforestation, biomass burning
and land-use change can also have an influence in the total amount of
CO2 emissions.
Its GWP is the reference that makes possible to compare the rest of the
gases: thus its value is equal to 1.
Its current concentration in the atmosphere is estimated at 389,0 ppm
(WMO, 2011).
1.1.2. Methane
It is the second most important greenhouse gas in the atmosphere after
carbon dioxide (Montzka et al., 2011). Its concentration has increased as
a result of anthropogenic activities related to agriculture, natural gas
distribution and landfills. It can also be released from natural processes
such as anaerobic digestions.
Its lifetime was estimated at 12 years and it has a GWP equal to 25 for
100 years (IPCC, 2007). Its current concentrations in the atmosphere is
1,8 ppm (Montzka et al., 2011).
1.1.3. Nitrous oxide
Nitrous oxide has a double effect in the atmosphere: on the one hand,
N2O is a greenhouse gas that contributes to the global warming; on the
other hand, it plays an important role in ozone layer depletion. Nitrogen
oxides can catalytically react with ozone (O3) in stratosphere by these
reactions (Ravinshankara et al., 2009):
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net
The primary source of these nitrogen oxides NOx is nitrous oxide
emitted in the surface. It reacts with oxygen produced from ozone
photolysis producing NOx (Holloway, 2000).

Its lifetime was estimated at 114 years and it has a GWP of 298 for 100
years (IPCC, 2007). This is the main reason why there is a great concern
of controlling its emission.
Its current concentration in the atmosphere is 332 ppb (Montzka et al.,
2011). The total emissions of nitrous oxide are about 17,8 Tg of nitrogen
(Tg N) each year. 70% of this emission is natural (bacterial activity)
performed in soils with natural vegetation (6,6 Tg N) and in oceans (3,8
Tg N). The other 30% remaining is produced directly by human activity
(6,7 Tg N). Agricultural practices and activities are the main human
source (4,5 Tg N): usage of synthetic and organic fertilizers , production
of nitrogen-fixing crops, etc. Finally, nitrous oxide can also be produced
during fossil fuel combustion and other industrial processes that
represent an approximate amount of 0,7 Tg N per year (Wuebbles,
2012).
1.1.4. Atmospheric composition evolution
Since the industrial revolution, all greenhouse gases concentrations have
increased until reaching the highest registered values in the last decades.
Carbon dioxide has increased in 39% its total concentration in air and is
increasing 2,3 ppm each year due to anthropogenic activity (WMO,
2011). It is expected that these values will increase in the coming years.
Moreover, methane has also increased its concentration in the same time
lapse: from the estimated value of 700 ppb in 1750 to 1800 ppb reached
in 2010 (WMO, 2011). However, due to its short lifetime, these values
are lower than the total methane emitted during this period.
Finally, the levels of nitrous dioxide in 1750 were around 270 ppb but
they have increased 120% since that moment. The mean growth rate has
been 0,75 ppb each year over the past 10 years (WMO, 2011). It has
been estimated that the flux of nitrous oxide in the pre-industrial era was
10,2 TgN/year whereas the current flux is estimated at 17,7 TgN/year
(IPCC, 2007).

Table 1 - Greenhouse gases concentration evolution. (WMO, 2011)
CO2 (ppm)

CH4 (ppb)

N2O (ppb)

Global abundance in 2010

399.0

1,808.0

323.2

2010 abundance relative to
year 1750*

139%

258%

120%

2009-2010 absolute
increase

2.3

5.0

0.8

2009-2010 relative
increase

0.59%

0.28%

0.25%

Mean annual absolute
increased during last 10
years

1.97

2.60

0.75

*Assuming a pre-industrial mixing ratio of 280 ppm for CO2, 700 ppb for CH4 and 270
ppb for N2O
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1.2. Environmental problems associated to nitrogen discharge
In the past few decades there has been a major concern in governments
and international institutions that the discharged nutrients levels in
wastewater had to be reduced in order to avoid, or at least reduce and
mitigate, some environmental impacts.
The most important nutrients that have been regulated in recent
legislations are nitrogen and phosphorus because of their high impact in
environment.
The presence of high content of nitrogenous compounds can lead
receiving water to be polluted causing serious environmental impact.
Eutrophication, fish toxicity, dissolved oxygen (DO) depletion or
methemoglobinemia are known impacts of this high concentration of
nitrogenous compounds (Gerardi, 2002).
Eutrophication can lead to fluctuations of dissolved oxygen
concentration in bottom waters that can result in death of other species
and animals. Therefore, there is a reduction of the biodiversity of the
ecosystem where wastewater is discharged.
There are other problems related to eutrophication: the sudden growth
and bloom of aquatic plants can clog pipes used for discharging water,
odour problems due to decomposition of biomass, high turbidity, colour
and taste (Gerardi, 2002). This process may negatively impact water use
for recreation, industry, fisheries, drinking and aesthetics as well as
decrease biological diversity (McIlroy, 2009).
Finally, high concentrations of nitrates in drinking water can cause
methemoglobina or blue baby disease. The consequence is the oxidation
of hemoglobin (Fe2+) in red blood cells to methemoglobin (Fe3+). This
last substance cannot transport oxygen in the body. This results in bluegrey skin in kids and can lead to coma or death if it is not recognized and
treated with enough time (Knobeloch et al., 2000).
In addition, some other health problems are associated to high nitrate
concentration in water: there is an increasing risk for bladder and ovarian
cancers (Field, 2004).
For all these reasons, it is important to maintain the total nitrogen levels
in water as low as possible. However, improved nitrogen removal from
wastewater as a result of stricter legislation has increased the emission of
N2O into the atmosphere, due to introduction of anoxic zones and low
dissolved oxygen concentrations in wastewater treatment plants (Tallec
et al., 2006).

2. A IM OF THE THESIS
The main purpose of this master thesis is to study the emissions of
nitrous oxide in a full scale wastewater treatment plant. This
measurement was performed in a deammonification reactor where the
supernatant produced in the sludge treatment facilities was treated.
The aim of this master thesis is to:
 do a review of the nitrogen removal processes.
 do a literature study of the possible pathways used by microorganisms
that lead to a production of nitrous oxide and determine the variables
responsible of these emissions.
 plan the experimental study in the wastewater treatment plant in
Himmerfjärden.
 measure the production of nitrous oxide in the deammonification tank.
 calculate the emission of N2O.
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 study the evolution of N2O production in the short term and long term
and the variables that can have an influence in this emission.
 compare the results obtained in this master thesis with previous studies.

3. B IOLOGICAL NITROGEN REMOVAL IN WASTEWATER
TREATMENT

A wide range of nitrogen treatment processes has been developed due to
the usage of products with high content of nitrogenous compounds and
stricter requirements of the influent properties when it is discharged to
the environment.
All this treatment processes and technologies can be classified as
physical, chemical or biological methods. Ammonia stripping, membrane
filtration, ion exchange or breakpoint chlorination are chemical and
physical processes that can be used for this aim. However, they have a
high initial and operational cost.
On the other hand, biological processes are cheaper and easier to run
and manage and this is the main reason why they are so commonly used
in full-scale plants.
New research is being carried out to develop new biological processes in
order to improve their efficiency by consuming less resources such as
carbon sources or energy supplies and reduce greenhouses emissions; in
short, to find new environmentally friendly processes.

3.1. Nitrification and denitrification
One of the most studied and known technologies for removing
nitrogenous compounds in wastewater is the biological coupled process
of nitrification and denitrification. Since it is easy to operate and cheap to
maintain, if compared to other processes, and it has been proved to be a
reliable system, nitrification and denitrification system has become one
of the most used technology in wastewater treatment plants in developed
countries.
3.1.1. Nitrification
Nitrification is the conversion of ammonium ions to nitrate ions by
biological oxidation processes.
It is performed in two main steps called nitritation and nitratation.
 Nitritation: biological oxidation of ammonium to nitrite ions.
 Nitratation: biological oxidation of nitrite to nitrate ions.
Nitrification is performed by chemolithotrophs and autotrophs bacteria
in an aerobic environment (Table 2). This implies:
 They obtain the energy by oxidizing inorganic electron donors.
 Electron acceptor is oxygen.
 The carbon source is inorganic. In this case, they use CO2.
Nitritation is carried out by ammonium-oxidizing archarea (AOA) and
mainly by ammonium-oxidizing bacteria (AOB). Nitrosocystis

Table 2 – Compounds required in the nitrification reaction
Step
Nitritation

Electron
donor
N

Nitratation

5

End
product

Electron
acceptor

Carbon
source

O2

CO2

O2

CO2
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javanensis, nitrosolobus multiformis and nitrosospira briensis are some
genera of bacteria responsible of nitratation. However, the most
important one are nitrosomonas europaea.
Nitratation is done in two steps and hydroxylamine is produced as an
intermediate product. The second process is called nitritation and is
performed by nitrite-oxidizing bacteria (NOB). In this group, there are
nitrobacter winogradskyi and nitrobacter agilis although there are other
species such as nitrococcus mobilis and nitrospina gracilis that can also
perform this biological process.
There are several operational parameters that must be checked during
this process. The most importants ones are pH and alkalinity, dissolved
oxygen (DO), temperature and the presence of inhibiting substances.
 pH: the optimal pH for nitrification is between 7.2 and 8.9 (Okabe et al.,
2011b). There is an equilibrium between ammonia and ammonium ions
and a second equilibrium between nitrite ions and nitrous acid. At lower
pH values, the main chemical substances are ammonia and nitrous acid
that can inhibit the bacterial activity and stop the nitrification process. A
concentration of 10 mg NH3/l inhibits ammonia oxidation but it is only
necessary a concentration of 1 mg NH3/l for inhibiting nitrite oxidation.

 Alkalinity: The nitrification reduces the alkalinity in water. For every
mole of NH+4-N consumed, approximately 2 moles of HCO-3 are
required and this corresponds to 2 equivalents of alkalinity. This is
important for soft water where pH can be so low that the process may
be stopped (Hence, 1997).
 Dissolved oxygen (DO): both reactions are aerobic and it is necessary
oxygen to carry out this process. For these reason, it is essential to have
enough oxygen in water. The optimal concentration is between the
ranges of 3 to 4 mg O2/l (Prosser, 1989). Nitrite oxidation is more
sensitive to this parameter than ammonia oxidation (Okabe et al.,
2011b).
 Temperature: the oxidation activity can be stopped if the temperature is
too low or too high. An interval of 10 to 35 degrees is good for
nitrification. However, 30 degrees is the optimum temperature.
 Presence of inhibitors: heavy metals such as cadmium, copper, zinc, lead
and chromium can make nitrification more difficult to be performed.
3.1.2. Denitrification
Denitrification is the conversion of nitrate ions to nitrogen gas by
biological processes.

Table 3 – Nitrification reaction
Process

Reaction

Nitritation

Bacteria
involved
Nitrosomonas

Total:
Nitration

Nitrobacter

Total:
6
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Heterotrophic denitrification
It is mainly performed by microorganisms called denitrifiers that cover a
wide range of bacteria species. They are chemoorganitrophs and
heterotrophs that require anoxic conditions. This means:
 Electron donors are organic matter present in wastewater.
 Electron acceptors are nitrate and nitrite ions.
 The carbon source is organic.
Some denitrifying microorganisms are facultative denitrifiers; it means
that they preferably use oxygen as electron acceptor instead of nitrates or
nitrites due to the higher energy obtained (Kampschreur et al., 2009a).
As a result, is important to maintain anoxic conditions during this
process.
Denitrification is done in two steps that can be simplified with the
following formulas:

As it can be seen from the formulas an organic carbon source, in this
case represented as methanol, is required in order to have these
reactions. For this reason, a lack of this product can stop the process and
adding new carbon sources such as methanol may be required in the
denitrification tank.
There are several operational parameters that can influence the
effectiveness of heterotrophic denitrification:
 Temperature: warmer temperature can make easier denitrification. The
range of temperature should be between 10-35 degrees.
 pH: it must be between 6.5 and 8.5; otherwise, the process can be
performed very slowly. The optimum value is situated around 7 and 7.5
(Gerardi, 2002).
 Alkalinity: in this process alkalinity is increased in one equivalent for
every mole of nitrate converted.
 Carbon source: because microorganisms are chemoorganotrophs, the
presence of organic carbon source is a must. For this reason, it is
necessary to guarantee certain values of BOD or to add methanol or
other products.
 Dissolved oxygen: the concentration of dissolved oxygen must be as
lower as possible in order to use nitrate and nitrite as electron acceptor.
 Presence of inhibitors: denitrification process is less sensitive to
inhibitors.
At the end of this process, nitrogen gas is released to the atmosphere due
to its low solubility in water.
Autotrophic denitrification
It has been reported that autotrophic nitrifiers are able to reduce nitrites
to nitrogen gas under oxygen stress conditions (Bock et al., 1995).
Nevertheless, this process has a negligible effect in the denitrification
process in wastewater treatment plants.
It has been studied that ammonia-oxidizing bacteria such as
Nitrosomonas can convert around 0,85% of nitrites ions to N2.
However, this percentage can increase to 40-60% when anoxic
conditions are present (Zart and Bock, 1998).
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3.1.3. Treatment configurations
Nitrification and denitrification processes can be performed by several
different technologies according to the required needs of wastewater
treatment.
First of all, these types of biological processes can be classified as:
 Suspended-growth processes: microorganisms are in suspension in the
liquid due to mixing mechanisms in the reactor. Activated sludge
processes can be found in this category.
 Attached-growth processes: microorganisms are attached to an inert
material such as ceramics, rocks or plastic carriers. Moving bed biofilm
reactor (MBBR), trickling filters or rotating biological contactors are
examples of this type of growth process.
 Hybrid process: combination of both suspended-growth and attachedgrowth technologies.
The choice of one or another technology depends on the wastewater
composition, treatment requirements, operational cost, reliability and
efficiency.
There is a wide range of systems for each method but only the three
more important are going to be explained in this section.
Conventional activated sludge
Conventional activated sludge is the most widely used system for
nitrogen removal. It is based in the degradation of organic and inorganic
compounds by suspended microorganisms retained in microbial
aggregates called activated sludge flocks (Okabe et al., 2011b).
The basic components of all activated sludge processes are:
 Clarifiers are needed in order to allow some particles to settle down
before the treatment process is perfomed.
 Reactors in which microorganisms are kept in suspension and perform
the treatment. They can be aerated if aerobic conditions are required or
non-aerated if anoxic conditions are needed.
 Sedimentation tanks are used for settling the activated sludge.
 Recycling system is used to recycle settled sludge or to recirculate
wastewater in the treatment plant.
According to the disposition of these elements, the activated sludge
process can be classified as pre-denitrification (first step is denitrification
and the second one, nitrification) or post-denitrification (the other way
round).
Sequencing batch reactor (SBR)
Another widely used technology is sequencing batch reactor (SBR). It
has the same principals than a conventional activated sludge when
removing organic and inorganic compounds. The SBR consists of a
treatment system incorporating equalization, aeration, anoxic reaction
and clarification within one single basin (Shammas and Wang, 2009).
The steps followed are:
 Fill: it consists of adding wastewater and microbial substrate in the basin.
The fill phase can include mixing and aeration in order to avoid
anaerobic conditions.
 React: in this phase it is expected to complete the reactions that started
in the filling phase. Aeration may be required if aerobic conditions are
required. Mixing may be necessary for making substrate accessible to all
microorganisms.
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 Settle: this step is analogous to the one that occurs in the sedimentation
tank in a conventional activated sludge.
 Draw: the last phase of the process. Treated water is removed mostly by
decantation.
Moving bed biofilm reactor (MBBR)
Finally, there are also attached-growth technologies that are used in
wastewater treatment. The most popular one is moving bed biofilm
reactor (MBBR).
The reactor is filled with plastic carriers that have a specific area for
every cubic meter of reactor. Biomass grows in these carriers that are
suspended in wastewater and mixed during the process. This results in a
higher concentration of biomass than a conventional activated sludge.
However, it is only concentrated in the carriers whereas it is suspended
in the activated sludge process. This means that less sludge is produced
using this technology and that the sedimentation tank can be smaller (Lin
et al., 2009). Moreover, the hydraulic retention time (HRT) can be lower
than using suspended-growth systems.
Another important detail is that aerobic conditions are only reached in
the outer layers whereas anoxic conditions are reached in the inner
layers. This is due to the gradient of oxygen that can be detected in these
layers. Moreover, it can be combined with intermittent aeration that can
enhance the required aerobic or anoxic conditions.

3.2. Deammonification process
Nitrification and denitrification processes are being used for those
wastewaters with a relatively low concentration of nitrogenous
compounds and high concentration of organic matter (de Graaff et al.,
2010). However, there are some cases with high strength nitrogen
concentration where other technologies have been proved to be more
efficient in terms of effluent quality and energy and cost savings.
Wastewater streams with high concentration of nitrogenous compounds,
mainly in ammonium form, can be found in several types of industries:
alcohol production, potato processing, petrochemical industry,
slaughterhouses or landfill leachates (Abeling and Seyfried, 1992).
Rejected water (or supernatant) produced when dewatering sludge form
wastewater treatment plants has also these properties.
When wastewater stream has a concentration over 0.2 g nitrogen/l and a
ratio COD/N lower than 0.15 it is considered as high strength nitrogen
wastewater and other more efficient technologies should be used (Sinha
and Annachlatre, 2007).
One of these processes is called deammonification. In comparison to the
conventional nitrification and denitrification process (Fig. 2), it is
required 60% less aeration: 1.71 g O2/ g of treated nitrogen for an
anammox technology rather that 2.86 g O2/ g of treated nitrogen
required for the conventional system (van der Star et al., 2011).
Moreover, microorganisms don’t consume carbon source and no
methanol needs to be added in this process instead of 2.6 g BOD for
each gram of nitrogen treated in the conventional one (Khin and
Annachhatre, 2004). Finally, there is a low sludge production if
compared with nitrification/denitrification process (van der Star, 2011).
Therefore, it has been estimated that the total cost for removing nitrogen
from sludge digestion liquors is between 2-5€/kg
when using
conventional methods and 0.75€/kg
when using anammox
technologies (Van Dongen et al., 2001).
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Fig. 1 - Comparison of nitrification and denitrification (left) with
the autotrophic nitritation/anammox process (right) for treating
ammonia rich digester liquid. (Siegrist et al., 2008)
The overall reaction is as follows:
5
It is carried out in two main steps: partial nitrification and anammox
reaction.
3.2.1. Partial nitrification
Partial nitrification is the step where ammonia is converted to nitrite ions
by a biological process carried out by ammonia oxidizing bacteria
(AOB). It can also be defined as an incomplete nitrification where only
the first reaction is performed in the reactor: nitrite oxidation is avoided
by several controlled parameters.
The nitritation reaction is carried out by chemolithotrophs and
autotrophs bacteria in an aerobic environment. This implies:





Electron donor is ammonium.
Nitrate is produced during the reaction.
Electron acceptor is oxygen.
The carbon source CO2.
The bacteria involved in this process is the same that the ones
responsible of nitritation in the nitrification process.
It must be guaranteed that only a proportion of ammonia will be
oxidised to nitrite and nitrite oxidizing bacteria growth must be
prevented. Controlling several chemical properties of wastewater and
other parameters that influence in the treatment can lead to the expected
results.
High nitrite loads and sufficient low pH can produce nitrous acid that
can prevent nitrite to be oxidised by bacteria (Wyffels et al., 2003).
Another possibility could be to choose a different biomass retention
time using the difference of maximum specific rate between ammonia
oxidising bacteria and nitrite oxidising bacteria. By doing this, growth of
this second type of bacteria can be prevented.

3.2.2. Anammox process
Anaerobic ammonium oxidation, also know as Anammox reaction, was
discovered in wastewater sludge in the decade of the 90s (Kuenen, 2008).
However, this reaction had been studied twenty years before and it was
considered thermodynamically possible (van der Star et al., 2011).
10
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The overall reaction is performed in this step is as follows:
The bacteria responsible of carring out is Candidatus Brocadia
anammoxidans (Kuenen, 2008). They are chemoorganitrophs and
autotrophs that require anoxic conditions. This means:





Electron donors are ammonium ions.
Electron acceptors are nitrite ions.
The carbon source is inorganic CO2.
The end product is nitrogen gas N2.
However their growth rate is really low compared to nitrosomonas: the
first ones have a growth rate between 0.05 and 0.2 day-1 (Strous et al.,
1999) whereas the second ones have a rate between 1 and 1.2 day-1
(Anthonisen et al., 1976). It means that long strat-up will be required and
longer biomass retention time will be necessary when treating
wastewater.
The complete reaction performed in this step is (Kuenen, 2008):
,
,

,

,

,
,
,
,5
, 5
represents the produced biomass when the reaction

where CH2O0,5N0,15
takes place.
Nonetheless, it remains unclear what the exact pathway is used by
anammox microorganisms. It is only known that nitrite is reduced to
hydroxylamine and afterwards it reacts with ammonium producing
hydrazine.
Finally, it is believed that oxidation of hydrazine produces dinitrogen gas.

3.2.3. Treatment configurations
Nitrogenous compounds removal with the anammox process consists
always of the same processes: partial nitrification and anammox process.
Oxic and anoxic conditions are required for having both reactions.
The most used system is moving bed biofilm reactors (MBBR) with
plastic carriers where a biofilm is developed and nitrogen removal can be
achieved. Nevertheless, there are several configurations that can be
implemented for this treatment: it will depend whether partial
nitrification and anammox process are performed at the same time.
One-reactor process
This process is also known as CANON (Completely Autotrophic
Nitrogen removal Over Nitrite) or DEAMMON process.
The main advantage of this system is the space required for this process
and the low investment cost compared to the other method.
Nonetheless, it is need a more control in the overall process in order to
make sure that the treatment is going properly.
The main characteristic of this process is that partial nitrification and
anammox reactions take place in the same reactor. This means that
aerobic and anoxic conditions must coexist in the same basin. However,
it is known that ammonia oxidising bacteria need oxygen for their
biology activity whereas anoxic conditions are a must for the anammox
bacteria.
There are two main different ways of obtaining anoxic and oxic
conditions in wastewater (van der Star et al., 2011):
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 The thickness of the biofilm produces a gradient of oxygen levels that
allows oxic conditions in the outer layer where it is consumed and anoxic
conditions in the inner layers. Hence, partial nitrification is carried out in
the surface of the biofilm whereas anammox reaction is performed in the
inner zone of the biofilm.
 Intermittent aeration that allows controlling and varying the dissolved
oxygen concentration in wastewater. In this kind of system, nitritation
takes place only during the aerated time whereas the anammox reaction
can be achieved in the anoxic step and the oxic one in the inner layers.
As a result, both reactions can be performed simultaneously in the same
reactor.
Two-reactor process
This process is also known as ‘combined S AR
-ANAMMOX
process’ In this configuration, there is one aerated tank for partial
nitrification and another anoxic tank for anammox process.
In the nitritation reactor, about 55% of the ammonium is converted to
nitrite. Nitrite oxidizing bacteria growth must be prevented because
nitrate production is not wanted. This process is controlled by changes
in the alkalinity and pH of wastewater.
Finally, in the anammox reactor, nitrite and ammonium are combined to
form nitrogen gas. The requirements are good mixing and high biomass
retention.

4. N 2 O EMISSI ON IN WASTEWATER TRE ATMENT PROCESSES
During the last few years, several researches have been performed in
order to quantify the emission of greenhouse gases, such as nitrous
oxide, in different types of wastewater treatment plants. These
quantifications have been carried out in laboratory scale and in full-scale
giving results slightly different. These differences can be explained
because of the usage of inhibitors in laboratory scale experiments that
makes possible to obtain results for specific conditions that cannot be
produced in full-scale plants.
However, the mechanisms and pathways of nitrous oxide production
remain unclear in most of the processes although the variables that have
some influence in the emission of this gas have already been identified
and are well known.

4.1. Nitrification and denitrification
The mechanisms and processes of nitrous oxide emissions depend on
the conditions used in the reactor of the wastewater treatment plant; for
instance, if there are aerobic or anoxic conditions. Hence, different
pathways of N2O occur in the nitrification and denitrification stage of
the treatment.
4.1.1. Nitrification
Previous researches have reported that there are at least three different
mechanisms and pathways that can produce N2O gas in the nitrification
stage (Table 4). Nevertheless, only ammonia-oxidizing bacteria have
been reported to produce this greenhouse gas under aerobic conditions
(Campos et al., 2009).
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Table 4 – Pathways of N2O production in a nitrificatin process
Name

Process

Conditions

References

Nitrifier-denitrification

Biological reduction of
nitrite to NO and N2O

Oxygen-stress
conditions and high
concentration of
nitrite in wastewater

Stein, 2011a

Nitrificationdependent

Biological oxidation of
hydraxylamine
(NH2OH) to NO and
N2O

Aerobic conditions

Stein, 2011b

Chemical oxidation of
hydroxylamine

Chemical oxidation of
hydroxylamine to N2O

Chemical oxidation
with HNO as an
intermediate

Arp et al., 2003

Chemodenitrification

Chemical reduction of
nitrate to N2O

pH higher than 7.7
and presence of
catalysts

Van Hecke et al.,
1990

The first identified pathway is called nitrifier-denitrification. It consists
of the reduction of nitrite to nitrous oxide using nitric oxide as an
intermediate of the reaction using ammonium or hydrogen as an electron
donor (Bock et al., 1995). Moreover, oxygen-stress conditions are
required (Kampschreur et al., 2009a) and oxidation of organic matter is
not needed in the process (Stein, 2011a). It is performed when there is a
high concentration of nitrite in wastewater (Chandran et al., 2011).
Nitrifier-denitrification has been proved to be the most important source
of N2O in the nitrification stage (Wunderlin et al., 2012).
The second process is known as nitrification-dependent. Hydroxylamine
is oxidized to nitric oxide via nitroxil (HNO or NO-) and a subsequent
reduction to nitrous oxide (Chandran et al., 2011). These two
compounds are by-products of an incomplete oxidation of
hydroxylamine to nitrite (Arp and Stein, 2003). As it has been explained,
hydroxylamine (NH2OH) is produced as an intermediate when oxidizing
ammonia by nitrosomonas. The hypothesized reaction is (Stüven et al.,
1992):
,5
,5
,5
The last method proposed is a chemical reaction of nitrate and
hydroxylamine. The oxidation of nitrate was proved with the presence
of ferrous iron and copper catalysts (Van Hecke et al., 1990). The last
reaction oxidises hydroxylamine and produces nitrous oxide with HNO
as an intermediate product (Chandran et al., 2011).
However, it has been concluded that this is not a relevant source of N2O
emission in wastewater treatment plants compared to the other processes
(Wunderlin et al., 2012).
Hence, the main variables that can increase the production of nitrous
oxide in the nitrification tank are low dissolved oxygen in wastewater and
high nitrite concentration in wastewater (Kampschreur et al., 2009a). It
was tested that a dissolved oxygen concentration around 1 mg/l
promoted the production of this greenhouse gas (Tallec et al., 2006).
A low dissolved oxygen concentration in wastewater can occur because
of the following reasons:
 Insufficient aeration in the nitrification tank.
 High organic load in the influent: it can promote the presence of other
aerobic microorganisms that use oxygen to biodegrade organic matter
but not nitrogenous compounds.
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A high nitrite concentration may occur when the coming parameters are
settled:





Insufficient aeration can avoid the oxidation of nitrite to nitrate.
Low sludge retention time.
The presence of some inhibitors or toxic products.
High ammonium concentration in the influent means that high content
of nitrite is produced.
 Low temperature.
4.1.2. Denitrification
The pathway of nitrous oxide in denitrification is better known than the
processes that lead to the emission of this gas in the nitrification step.
During the denitrification process, several intermediate products are
produced in a series of reduction reactions. This chemical compounds
are nitrite ions, nitric oxide, nitrous oxide and nitrogen gas (Lin et al.,
2009).
The source of nitrous oxide released to the atmosphere in the
denitrification step comes from this chemical process; by some reasons,
this chemical reaction may not be completed and this is the source of
this gas.
The main reasons that can explain this uncompleted reaction is a high
dissolved oxygen concentration, high nitrite concentration in the tank or
low organic matter.
Anoxic conditions are required for performing the denitrification
reaction. The enzyme used by microorganisms to reduce N2O is the
most sensitive to the presence of dissolved oxygen in water leading to
the release of this gas when oxygen is present (Otte et al., 1996). These
circumstances can be found in influents that come from an over-aerated
nitrification tank.
The concentration of nitrite in wastewater also plays an important role in
nitrous oxide emission. When it happpens, there is an accumulation of
NO and N2O that cannot react and produce N2 gas (Schulthess et al.,
1995). Zeng (2003) concluded that with concentrations of nitrite higher
than 5 mg N/l enhanced the emission of this gas. This situation can be
found when there is a low organic matter concentration that makes not
possible to develop the complete denitrification reaction or when the
influent that feeds the tank has a high concentration of nitrite ions.
Finally, a low ratio COD/N can also lead to the release of nitrous oxide
(Kampschreur et al., 2009a). It has been reported that a low COD/N
ratio can lead to a high accumulation of nitrite ions in wastewater that
can inhibit the oxidation of N2O to nitrogen gas. As a consequence, the
lower COD/N ratio, the higher nitrous oxide emission from the
denitrification plant (Alinsafi et al., 2008).

Table 5 – Causes of N2O emission in a denitrification process
(Kampschreur et al., 2009a)
Parameter

Causes

High DO

Over-aeration in the nitrifying stage

High nitrite concentration

COD limitation
Nitrite transfer from nitrification stage

Low organic matter

Influent characteristics
Too efficient presedimentation
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4.1.3. Other considerations
It has been tested that nitrous oxide emission increased when sudden
changes in wastewater composition had occurred. However, this
situation scarcely happens in a wastewater treatment plants where
changes in the composition take place gradually. Previous experiences
have reported that rapid changes in dissolved oxygen, ammonium and
nitrate concentrations are quickly responded by microorganism with an
increase of the emission of N2O gas (Kampschreur et al., 2008a).
It has also been tested that N2O emission is higher in the aerated tanks
rather than anoxic tanks (Ahn et al., 2010). Several reasons can explain
this fact: airflow increase air-stripping of N2O, the presence of oxygen
inhibits the denitrification and the remaining N2O cannot be reduced to
N2 gas and gas production following the nitrifier-denitrification pathway.
4.1.4. Summary of previous research
Several researches about N2O emission in the nitrification-denitrification
process have been performed (Table 6). It can be found the amount of
nitrogen emitted as nitrous oxide. In addition, there is also a
classification between laboratory scale and full scale.

4.2. Deammonifaction process
The mechanisms and pathways of nitrous oxide differ from partial
nitrification and anammox reaction. The processes remain unclear and
more research must be carried out.
4.2.1. Partial nitrification
In a nitritation process, the same methods and reactions explained in the
nitrification section are performed.
The main pathways of N2O production are:
 Nitrifier-denitrification
 Nitrification-dependent
 Chemodenitrification of nitrate and hydroxylamine
As in the nitrification stage, dissolved oxygen and nitrite ions
concentration are the main parameters that determine the production of
nitrous oxide.
As it can be expected, the production of this greenhouse gas will be
promoted in this process due to the high concentration of nitrite ions as
a result of performing nitritation.
Moreover, if the total process (nitritation and anammox procces) is
performed in one single stage it can be expected that in the non-aerated
stages, some nitrous oxide will be produced and dissolved in wastewater
and stripped out during the aerated stage (Okabe et al., 2011a).
4.2.2. Anammox process
Nitrous oxide has not been detected to be an intermediate product in an
anaerobic ammonium oxidation (Fux and Siegrist, 2004). It means that
N2O is not expected to be produced during this conversion step,
therefore no nitrous oxide will be released.
However, it has been proved that in the anammox process, ammoniaoxidizing bacteria can produce some of this gas following the same steps
explained in the previous sections (Kartal et al., 2010). Hence, some
nitrous oxide can be produced during the anaerobic stage but all
experiments concluded that the amount released was negligible.
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0.14-4.57
0.12-3.01
0.22-0.48
0.018-0.055
0.13-1.9

Activated sludge (batch configuration)

Biofilm growth (batch configuration)

Activated sludge (nitrification)

Activated sludge (denitrification)

Activated sludge (nitrification)

0.035
0.6-1.6
0.01-0.03
0.06-0.07
0.6
0.001
0.02

Activated sludge (separate stage)

Activated sludge (Bardenpho
configuration)

Activated sludge (separate stage)

Activated sludge (separate stage)

Activated sludge

Activated sludge

Activated sludge

Activated sludge (batch configuration)
0.08
0.05
0.01

1 and 20-30

Activated sludge (batch configuration)

Full scale

2.8

N2O emission
(% of N-load)

Activated sludge (nitrification)

Laboratory scale

Nitrification-denitrification

Ahn et al, 2011

The maximum values were obtained when changing conditions of treatment.
High strength nitrogen wastewater was used.

Sommer et al, 1998

Sümer et al, 1995

Wicht and Beier, 1995

Ahn et al, 2010

Ahn et al, 2010

Ahn et al, 2010

Czepiel et al, 1995

Kimochi et al, 1998

Tsuneda et al, 2005

The salinity had no effect in the denitrification step.

1,000 PE. Study of the influence of intermittent aeration.
30 minutes aerated and 30 minutes non-aerated
30 minutes aerated and 60 minutes non-aerated
30 minutes aerated and 90 minutes non-aerated
12,500 PE. The dominant emission sources were the grit tanks, secondary
aeration tanks and sludge holding tanks
Study of the seasonal temperature impact. N2O emissions were higher in
aerobic zones.
Study of the seasonal temperature impact. Post-denitrification configuration.
The highest N2O emissions were achieved in the aerobic zones.
Study of the seasonal temperature impact. Predenitrification configuration.
N2O emissions were higher in aerobic zones.
Study performed in 25 activated sludge plants.
60,000 PE. The higher the concentration of nitrites and nitrate there is, the
higher emission of N2O can be detected.
1,000 PE

Tsuneda et al, 2005

Park et al, 2000

Park et al, 2000

Itokawa et al, 2001

Kampschreur et al, 2008b

References

The production of N2O increased when the salinity increased from 1 to 2%

Emission increased when dynamic conditions were applied.
Low COD/N ratio leads to higher emissions of nitrous oxide. The lowest
emission took place with high COD/N ratio.
The release of nitrous oxide becomes higher when the ratio C/N is low. The
production increased when sudden changes were induced in the reactor.
More nitrous oxide produced when the ratio C/N was lower. The production
increased when sudden changes were induced in the reactor.

Remarks

Table 6 – Results obtained by previous researches in a nitrification/denitrification processes
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1.2
1.3
2.3
0.24-0.54
5.1-6.6

MBBR (Single-stage treatment)

MBBR (Single-stage treatment)

MBBR (Two stages treatment)

MBBR (Two stages treatment)

New Activated sludge (NAS®)

Ahn et al, 2010

Treatment of rejected water from sludge dewatering.

Desloover et al, 2011

Kampschreur et al, 2008b

Treatment of rejected water from sludge dewatering. 78% of N 2O was
produced in the nitritation tank.

N2O gas emission was detected only in the partial nitirification stage.

Weissenbacher et al, 2010

Digested water was treated. The measurements were done offline.

Ekström, 2010

Operation at low DO levels: between 1 and 1,5 mg/l

2-3

MBBR (one stage)

Kampschreur et al, 2009b

Ahn et al, 2011

This value was detected in the steady state.

0.57

Activated sludge (partial nitrification)

12.000 PE. Treatment of high strength nitrogen water. Nitrite concentration
and over-aeration have an influence in N2O emission

Okabe et al, 2011a

The first value was reached in the partial nitrification reactor (represents
97,5% of total N2O released) and the second one was measured in the
anammox reactor (2,5% of the total N2O emitted).

4.0
0.1

MBBR (two stages treatment)

Full scale

de Graaf et al, 2010

References

Samples of blackwater were used.

Remarks

0.6-2.6

N2O emission
(% of N-load)

Partial nitrification reactor

Laboratory scale

Nitrification-denitrification

Table 7 – Results obtained by previous researches in a deammonification process
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4.2.3. Summary of previous research
Previous research about nitrous oxide emission in a deammonification
process has been performed. These results were obtained in laboratory
scale and full scale (Table 7). The first values are lower than the second
ones because not as many parameters can be controlled in a wastewater
treatment plant.

5. E XPERIMENTAL METHODS
This master thesis was developed in the wastewater treatment plant of
Himmerfjärden (south of Stockholm) in one line where an anammox
process was being used. Different materials and techniques were used in
order to determine the emission of nitrous oxide in the liquid and gas
phase.
The aim of this chapter is to explain in much more detail the procedure
used in order to obtain the results.

5.1. Himmerfjarsverket wastewater treatment plant
Himmerfjärden is located in Grödinge (south of Stockholm). Its
management is carried out by the company Syvab. Among its
shareholders can be found some municipalities such as Botkyrka,
Nykvarns and Salems and other companies (Stockholm Vatten VA AB
and Telge i Södertälge AB).
Himmerfjärden treats wastewater coming from the municipalities
mentioned before and the south of the city of Stockholm. Its capacity is
300.000 person equivalent (PE) where 50.000 PE come from industries
in the region.
According to the data given by Syvab in 2010, a total of 41 million cubic
meters were treated with an outflow quality of 8,2 mg tot-N/l and 0,35
mg P/l achieving the standards required by the Swedish legislation.
The wastewater is collected by a tunnel network from all served
communities. Several pumping stations are installed to transport this
wastewater to Himmerfjärden. The average flow that reaches the water
treatment plant is 4.000 m3/h.
The wastewater reaches the facilities at 54 metres below the ground. For
this reason, coarse bar screens are required in order to remove particles
bigger than 20 mm before pumping it to the surface level. There are 6
pumps that each one has a capacity of 2 m3/s. At the same time, ferrous
sulphate is added to the water: it reacts with phosphate forming flocks
that can settle down.
The next step is the grit chamber where large particles (such as sand) can
settle down. At the end of this step, two fine bar screen can be found:
they prevent particles smaller than 2 mm to continue the treatment
processes.
A primary sedimentation is required and 14 long basins with sludge
scrapers are used for this purpose. Most of the sludge particles and other
fine particles settle down and pumped to the sludge treatment facilities.
After the sedimentation stage, a biological treatment starts. Wastewater is
pumped to eight different aeration tanks where nitrification is achieved.
In order to allow this reaction, air blowers are required. As a result,
ammonium is oxidised to nitrate and the some organic matter is
consumed by the bacteria.
In the intermediate and final sedimentation, sludge is separated from the
wastewater treated and reused in the nitrification tanks. The solid
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Fig. 2 – Himmerfjärden WWTP: wastewater treatment process (blue), sludge
treatment (brown) and supernatant treatment (green).
retention time of the plant is around 8-10 days. The excess sludge is
pumped to the sludge treatment facilities.
The last biological treatment is denitrification and it is carried out in four
fluidizing beds. The denitrifying bacteria grow on the sand particles that
float in the beds. Wastewater is pumped towards the bottom and is
collected at the top of the basin. The wastewater remains in the fluid
beds for about 10 minutes. Moreover, methanol must be added in order
to make denitrification possible.
The last steps are filtering. First, a disc filter and a sand filter at the end
of the process. The ten sand filters have a depth of 30 meters and must
be washout regularly.
Finally, the treated wastewater is discharged 1.600 meter out into the
Himmerfjärden bay.
Besides, Syvab’s facilities also have a sludge treatment processes for
stabilizing sludge and producing biogas. First, the sludge is thickened in
the gravity thickeners to a dry matter content of 5%. Additionally, the
sludge is centrifugated to a dry matter content of approximately 7%.
After that, the sludge is digested in three anaerobic bioreactors at 37ºC
where the biogas is produced. Finally, the sludge is dewatered in decanter
centrifuges to a dry matter content of 25% and dried.
The gas production in Syvab’s facilities was 5,25 million Nm3 that
represents more than 32.000 MWh of energy production.
The rejected water obtained in the sludge treatment facilities is sent to
the anammox process.

5.2. N2O measurement
5.2.1. Introduction of deammonification process in Himmerfjärden WWTP
The line where N2O measurements were carried out was performed in
the second anammox line.
The rejected water was produced when the excess sludge was treated by
a thickening and dewatering process. Due to the water properties, the
anammox process is the most efficient in terms of removal rates and
resources costs.
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Fig. 3 - Kaldness
carriers used in the
treatment of the
supernatant.

A high concentration of ammonium (up to 1500 mg/l) combined with a
low content of organic matter makes the anammox process the most
convenient to use.
The technology used in this system is a moving bed biofilm reactor with
kaldness carriers (Fig. 3) as the biocarriers used by microorganisms to
attach and develop. These carriers have 500 m2 for each cubic meter
used in the tank.
There are two different lines that treat this supernanant water. However,
each line has the same structure:
 Primary sedimentation tank where some particles can settle down.
 Three different tanks where the conversion reactions are performed.
Aeration and non-aeration are combined in a ratio of 50/10 (50 minutes
aerated and 10 minutes non-aerated). All of them have a stirring system
that is used during the anaerobic phase. 32% of the total volume of the

Table 8 – Properties of the Anammox line (reactor 1) where
experiments were performed
Tank properties
3

Flow
Volume
Surface
Kaldness volume
Kaldness surface
Wastewater volume
HRT

4 m /h
3
233 m
2
78 m
3
75 m
2
378 m
3
158 m
1 day 16 h

Water quality
Influent
NH4-N
NO2-N
NO3-N

1.420 mg/l
Negligible
Negligible

Effluent
NH4-N
NO2-N
NO3-N

206 mg/l
8 mg/l
212 mg/l

Other parameters
Nitrogen load
% Nitrogen removal
Nitrogen removal rate

136 kg N/dia
70%
2
252 g N/day/m Kaldness
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tank is used by kaldness carriers. Finally, the dimensions of the tanks are
233 m3 each of them with and have an approximate surface of 78 m2.
 Clarifier: a final clarifier is required in order to remove some sludge
produced during the process.
 Pumping station: the water treated is pumped to the conventional
nitrification and denitrification process in the plant in order to reduce
the concentration of nitrites and nitrates. There is also some recirculation
of this water to the starting of the process.
Finally, each line treats 4 m3/h of wastewater. Some other parameters are
summed up in table 8.

5.3. Equipment
Several physical and chemical parameters were measured in this study as
well as the concentration of nitrous oxide in the liquid phase, in the gas
phase and the flow of the air pumped to the equipment.
Moreover, Syvab provided some online data that was measured by its
equipment the same period when the study was carried out.
A general scheme of the devices used can be seen in Fig. 4.
5.3.1. Equipment for N2O in the liquid phase
The concentration of nitrous oxide in the liquid phase was measured
with an Unisense microsensor (Fig. 5). This device can measure
concentrations over 0,5 μM of this dissolved gas in the rejected water
that is treated.
Nitrous oxide penetrates through the sensor tip membrane and is
reduced at the cathode surface. This device converts this current to a
voltage signal that is sent to a multimeter and recorded in the computer.
The microsensor was calibrated once a week with a blank and with a
standard solution of nitrous oxide made in the laboratory using the
properties of enry’s law Besides, the tip was washed once per week in
order to remove sludge and other particles.
The information sent to the computer was automatically converted to
μM by using a linear function between voltage and concentration. This
linear relation can be assumed only for low concentrations of nitrous
oxide in water.

Fig. 4 – General scheme of the devices used for nitrous oxide measurements in the
deammonification line.
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Fig. 5 – Unisense microsensor used for measuring the
concentration of N2O in the liquid phase
Finally, a tap and a fine wire netting were also used in order to protect
and avoid any damage produced by the sludge and carriers in the reactor
tank.
5.3.2. Equipment for N2O in the gas phase
In order to determine the emission of nitrous oxide in the gas phase, two
different parameters were measured: first, the airflow that a pump
sucked and pumped to the gas-filter correlation (Teledyne) and,
secondly, the concentration of N2O in the gas measured by this gas-filter
correlation.
First, the gas was collected in a metallic sampler. This box is equipped
with several floats and its dimensions were 90x90 centimetres. The gas
collected was sent to several devices that improved its properties in order
to prevent any damage to the gas-filter correlation.
A filter was required in order to make sure that sludge could not go
through the system. It was necessary to change this filter when there was
too much sludge inside.
Afterwards, the air was pumped to a diluter that was only used when the
concentration of nitrous oxide was too high and was out of the range of
detection of Teledyne. In our case, it was not necessary to use this device
because the concentration was lower enough.
Finally, in order to remove humidity from the samples, two different
systems were used. First, a cooling system cooled the air and made water
to condensate leading to a decrease of the humidity. The second system

Fig. 6 - Sampler used when measuring N2O in the gas phase; the
sensors for measuring N2O,
and
in the liquid phase
are kept in the hangers of the sampler.
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Fig. 7 – Devices
used for measuring
nitrous oxide in the
gas phase.

was a silica filter that needed to be changed twice per week. The silica
that was already used could be heated in an oven at temperatures over
than 100ºC.
Moreover, some airflow meters were installed in the system in order to
know that the process worked properly.
The last step was to pump the samples to the gas-filter correlation
(Teledyne) that measured the concentration of nitrous oxide by using the
properties of Beer-Lambert law (Fig. 7).
The calibration was carried out once per week with a blank of pure air
and another air with a known concentration of N2O made in the
laboratory.
The data was recorded in the computer. The concentration of N2O was
measured once every 60 seconds.
5.3.3. Other equipment
Other devices were installed in the reactor in order to now other
chemical and physical parameters.
The concentration of ammonium and nitrates were measured with a
sensor that provided information in real time. The data was recorded
once every 60 seconds. This device was calibrated once per week by
determining in the laboratory the real concentration of ammonium and
nitrate.
Moreover, Syvab’s provided other important parameters that were
measured by its own devices and sensors. Dissolved oxygen,
conductivity, temperature and pH are these parameters. The information
provided is one data per minute.

5.4. Test procedures

All devices were installed in the first tank of the second anammox line
during the first week of June. The measurements showed in this master
thesis were taken from the 19th of June until the 2nd of July.
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Fig. 8 – Model used for calculating the production and emission
of nitrous oxide in line 2 zone 1
The data used in this master thesis was measured with a frequency of
one value per minute. The devices sent their information to the
computer that saved all the data during all day long. The softwares used
for this purpose were EasyView and SensorTrace.
The parameters measured by Syvab’s equipment (such as alkanility, p ,
DO or temperature) were provided with the same frequency (one value
per minute).
The calibration of the devices used for N2O measurements was carried
out once per week with blank and samples (where the concentration was
known) previously prepared in the laboratory.
Moreover, the concentration of ammonium, nitrite and nitrate in the
effluent and in each tank of the process was measured every Monday,
Thursday and Friday in Syvab’s laboratory

5.5. Model used for N2O emission calculations

A simplified model has been used for calculating the total emission of
nitrous oxide in line 2 zone 1 (Fig. 8). It is based on a nitrous oxide
balance in the reactor described by the following equation:

where the first term is the variation of the total amount of nitrous oxide
dissolved in the volume of water treated, Q is the flow of the effluent
and the influent, q is the flow of the total gas released, C0 is the
concentration of N2O in the effluent, C1 is the concentration of nitrous
oxide of the influent and C2 is the concentration in the gas phase. Finally,
the term represented by Pr is the production rate (mg/min) of this gas
by microorganisms: a positive value means that N2O is produced
whereas a negative value means that it is being consumed by
microorganisms in their methabolism.
However, some assumptions must be made:
 The concentration of nitrous oxide dissolved is homogenous in the
entire reactor and its value is C1.
 The flow is constant and it is always equal to 4 m3/h.
 The concentration of nitrous oxide in the influent can be neglected.
Hence, it can be assumed that it is equal to zero.
 The derivative can be approximated by using finite differences. For this
research, a central difference method has been chosen in order to
minimize the error.
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Therefore, the equation for calculating the production of nitrous oxide
can be rewritten, for a certain time t, as follows:

The total amount of nitrous oxide produced and emitted can be
calculated by integrating the first equation as follows:

In this case, the first term of the equation represents the net production
of N2O, the second one represents the change of nitrous oxide dissolved
in the water treated and the other terms are the total emission of nitrous
oxide. This equation can be simplified by using the Fundamental
Theorem of alculus and Simpson’s rule for calculating the integrals as
follows:

6. R ESULTS AND DISCUSSIO N
In the following chapter, all results obtained in the experimental work
are shown. The study of the data has been carried out in several steps. A
short-term and long-term analysis has been performed and is shown in
the following sections.

6.1. N2O emission in the short-term
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The data used and shown in this section was registered on the 28th June
from 00:00 to 04:00 am. During these four hours, all parameters were
recorded every 30 seconds. Because the cycles of aeration and nonaeration are 50/10 min, there are 4 different cycles.
It can be seen the differences of behaviour of the gas and liquid phase

Time (min)

Gas emission

Aerobic/anaerobic

Liquid emission

Fig. 9 - N2O emission in the gas phase (blue) and the liquid phase (red). The green
line shows the aerobic stage (up) and the anaerobic stage (down).
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curves (Fig. 9). During the anaerobic stage, the concentration of N2O in
the liquid increases very fast until it reaches its maximum value (up to
3.500 mg/h) in the last minutes of this stage. On the other hand, the
emission of nitrous oxide in the gas phase follows an opposite pattern: it
starts to decrease and reaches its lowest values in the anaerobic stage: it
varies from 5-10 g/h.
However, when the aerated period starts the behaviour changes: the
emission of N2O in the liquid phase starts to decrease and stabilizes (up
to 500 mg/h) after 40 minutes. Besides, the release of this gas to the
atmosphere reaches its peak just after the air blowers start working.
Nevertheless, the pattern of N2O gas emission decreases after few
seconds and starts varying its value from 8 to 20 g/h.
This peak of N2O gas can be explained because the nitrous oxide
dissolved is stripped out by the air flow to the atmosphere leading to this
high values in the first few seconds as Okabe (2011a) reported.
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6.1.1. Liquid phase emission
Dissolved oxygen plays an important role in the concentration of this gas
dissolved in the water treated. It can be seen (Fig. 10) that when there is
a decrease in DO levels, there is an increase of nitrous oxide dissolved.
This effect can easily be detected when the concentration of dissolved
oxygen is lower than 2 mg/l, when there is no more air supplied
Nevertheless, these higher concentrations are easily stabilized again to
lower values when DO increases. This can be explained because of the
air stripping: the nitrous oxide produced is directly released as a gas and
cannot dissolve in the treated water. When the air blowers supply
enough air, DO reaches values over 2 mg/l and this leads to a decrease
of the emission of N2O dissolved in water.
Another parameter that has a similar pattern is pH (Fig. 11): when it
decreases, the N2O emission increases. However, as soon as nitrous
oxide decreases again, the pH increases. The range of variation of pH is
less than 0,1 in the whole process. However, the results are different
from those explained by Kampschreur (2008b): the pattern obtained in
that case was exactly the opposite that the one it was determined in this

240

Time (min)
N2O liquid phase

DO

Aerobic/anaerobic

Fig. 10 - N2O emission in the liquid phase (green) and dissolved oxygen (blue). The
red line shows the aerobic stage (up) and the anaerobic stage (down).
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Fig. 11 – pH in the liquid phase (red) and conductivity (blue). The green line shows
the aerobic stage (up) and the anaerobic stage (down).
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Fig. 12 – Nitrous oxide emission in the gas phase (red) and DO (blue). The green
line shows the aerobic stage (up) and the anaerobic stage (down).
master thesis. Nevertheless, in both cases it has been observed that a
decrease of pH means a decrease of nitrous oxide gas emitted.
Nonetheless, conductivity follows the opposite pattern than pH or DO
(Fig.11): in the anaerobic stage, it increases up to 3,3 μSiemens·cm-1 and
it decreases in the aerobic phase up to 3,18.
6.1.2. Gas phase emission
The emission of nitrous oxide in the gas phase is completely opposite
from the one described for the dissolved nitrous oxide. Thus, less N 2O
gas is released to the atmosphere when pH decreases and conductivity
increases.
When pH is low, the total emission of nitrous oxide is lower because the
presence of HNO2 inhibits some pathways that lead to the release of
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Fig. 13 – Nitrous oxide emission in the gas phase (blue) and ammonium
concentration (red). The green line shows the aerobic stage (up) and the anaerobic
stage (down).
nitrous oxide (Okabe et al., 2011a). One of these pathways is
heterotrophic denitrification.
Oxygen stress conditions don’t lead to an increase of nitrous oxide
emission as it has been detected in previous researches. The pattern
followed by N2O emission and DO (Fig. 12) are slightly different from
the one described by Kampschreur (2009a). However, other experiences
performed in a single stage nitrification-anammox concluded that low
values of DO led to a reduction of this gas emission (Kampschreur et al.,
2009b).
Finally, the last correlation that can be done is between ammonium and
nitrous oxide released in the gas phase (Fig. 13). It can be seen that the
concentration of ammonium is reduced during the anaerobic phase when
the anammox reaction is enhanced. This can explain why the release of
N2O is lower in these 10 minutes than in the aerobic stage: it has not
been detected any pathway that anammox bacteria can follow to produce
this gas. Although the emission of this gas in the liquid phase is higher in
the anaerobic stage, the total amount of N2O released (gas and liquid
phase) is lower.
6.1.3. Nitrous oxide production
The production (or consumption) of nitrous oxide by microorganisms
follows a pattern that depends on the aerobic or anoxic conditions in the
reactor tank.
The production rate is maximum when oxygen stress condition starts. It
means that when aerobic conditions are shift to anoxic this rate reaches
values close to 70 g/min. However, most of this nitrous oxide is
dissolved in the water treated and it is not released to the atmosphere.
Nevertheless, it explains why the emission of N2O in the liquid phase
increases during this stage whereas the emission in the gas phase reaches
its lowest values during the cycle.
On the other hand, when aerobic conditions are settled again, the
production values are negative in the first 5-6 minutes of each cycle: it
means that microorganisms are using N2O in order to complete its
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Fig. 14 – Correlation between nitrous oxide released (g) and the concentration of
nitrates (mg/l).
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Fig. 15 – Correlation between nitrous oxide released (g) and the ratio of nitrate and
ammonium.
metabolism pathway explained in previous sections. After these minutes,
the production rate stabilizes reaching values that are in the interval of
20 (production) and -20 (consumption) mg/min.

6.2. Variables influencing the emission of nitrous oxide in the longterm run
Several variables have been studied in this work: pH, nitrogen
compounds concentration, DO, temperature, etc. Most of them play a
significant role in the emission of nitrous oxide in the short term
analysis. However, the results obtained when analysing the long term run
show that few of them have an influence on the emission of nitrous
oxide. Moreover, the main correlations that could be made were only
with the gas phase of N2O.
However, a strong relation between the total amount of N2O released
and concentration of nitrates can be done (Fig. 14). During the
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Concentration af ammonium (mg/l)

experimental period, nitrates varied in the range of 200 to 300 mg/l and
the gas released varied from 350 to 900 g of N2O. A higher
concentration of nitrates led to a higher emission of nitrous oxide. This
phenomenon was detected in other previous studies (Sümer, 1995; Park,
2000; Tallec, 2006) where it was concluded that the high presence of this
ion caused an increase of its acid concentration. At the same time, it
could lead to the inhibition of several biological processes. The
inhibition of these processes is the main source of nitrous oxide
emission.
Another correlation than can be done is the emission of N2O with the
ratio of nitrate and ammonium (Fig. 15). When the ratio is lower than 1,
the release of this gas is lower than 500 g/day. However when this ratio
is higher, the emissions can reach values close to 900g/day. It can be
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Fig. 16 – Correlation between gas emission during the aerobic stage (g/h) and
concentration of ammonium (mg/l)
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Fig. 17 – Correlation between gas emission during the aerobic stage (g/h) and
concentration of nitrates (mg/l).
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Fig. 18 – Correlation between gas emission during the aerobic stage (g/h) and
dissolved oxygen (mg/l).
deduced that the release of this gas doesn’t depend on the total
concentration of nitrogenous compounds but the proportion of nitrate
concentration.
6.2.1. Aerobic stage
The same phenomenon was observed in greater detail when analysing
only the aerobic stage of the deammonification plant. The concentration
of nitrates played again an important role in the emission of nitrous
oxide in the gas phase. The higher the concentration of nitrate there was,
the higher emission was measured. Concentrations of 300 mg/l of this
ion lead to a emission of nitrous oxide that was higher than 35 g/h. On
the other hand, concentrations above 210 mg/l could produce values
lower than 20 g/h in the gas phase.
On the contrary, the opposite was measured when the emission was
compared with ammonium concentration (Fig. 16). A high concentration
of ammonium didn’t lead to high values of 2O emission. However,
nitrate had a great influence in the aerobic stage (Fig. 17). It can easily be
seen that the emission of nitrous oxide in the gas phase was higher when
the concentration of nitrate was higher even when the concentration of
ammonium was low.
Another parameter that has been studied is dissolved oxygen (Fig. 18).
The results obtained are not as clear as the previous ones. Nonetheless,
with values of DO higher than 2,7 mg/l the emission of N2O in the gas
phase varied from 10 to 20 g/h. When DO was lower, the range became
wider and varied from 15 to 45 g/h. Therefore, it is better to maintain
the oxygen level higher than 2,7 because the emissions are lower
although it’s still difficult to predict the approximate value in the range
of 10 to 20 g/h. However, when DO levels are high a full nitrification is
achieved instead of having a partial nitrification. Therefore, the
concentration of nitrate is increased leading to a reduction of the process
efficiency. Nevertheless, the highest values of DO (over 3 mg/l) coincide
with the lowest values of nitrate (in the range of 190-215 mg N/l).
The same phenomenon happens when conductivity is analysed.
Although there is not a direct relation between this physical parameter
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Fig. 19 – Correlation between gas emission during the anaerobic stage (g/h) and the
ratio of nitrate and ammonium.
and gas emission, it can be said that the lowest values of gas (between 10
and 20 g/h) corresponded to the lower values of conductivity (between
2,5 and 3,5 µSiemens·cm-1). On the contrary, when conductivity was
higher than 3,5 µSiemens·cm-1 the emission change to a wider range of
values (15 to 45 g/h).
Finally, none of these physical parameters seemed to have any relation
with the emission of nitrous oxide in the liquid phase. The concentration
of nitrogenous compounds didn’t have any correlation either
6.2.2. Anaerobic stage
Similar results from the ones explained in the previous section were
obtained after analysing the data measured in the anaerobic stage.
The ratio of nitrate and ammonium had a great influence in the emission
of nitrous oxide gas (Fig. 19) although the emission was lower than the
one measured in the aerobic stage. The maximum emission of this gas
was two times lower than the one measured in the aerobic stage.
In contrast, ammonium concentration didn’t play any role and no
correlation could be made. The highest values of gas emission were
reached when the concentration of ammonium was in the range of 160
to 210 mg/l. Nevertheless, it seems to be a necessary condition but not
sufficient because with the same concentration levels, higher values of
N2O emission in the gas phase were achieved.
For the case of nitrate, the same can be applied when anaerobic
conditions are achieved: it had a strong influence in the emission of
nitrous oxide in the gas phase (Fig. 20).
ther physical parameters didn’t seem to have any correlation with the
measurements of gas emission neither with the measurements of the
emission in the liquid phase.

6.3. N2O quantification during the aerobic and anaerobic stage

The total amount of nitrous oxide produced and released to the
atmosphere has a high dependency on the conditions applied to the
reactor tank. The main factor that influences these emissions is whether
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Fig. 20 – Correlation between gas emission during the anaerobic stage (g/h) and
concentration of nitrate (mg/l).
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Fig. 21 – Emission of nitrous oxide in the gas and liquid phase (%) according to
aerobic and anaerobic conditions.
oxygen is supplied or not; therefore, if there are aerobic or anaerobic
conditions.
In the light of the results obtained in the experimental work, the most
important source of N2O emission is in the gas phase when aerobic
conditions are applied. The range of nitrous oxide emission in the gas
form (grams released per hour in aerobic or anaerobic conditions) varies
from 88 to 95% (Fig. 21) whereas the emission of N2O in the aerated
phase represents only 5-12% of the total released during the aerobic
stage. Nevertheless, these ranges change when the reactor tank is switch
off to anaerobic conditions. For this case, the gas emission in the air
phase changes to 65-90% and the liquid phase increases to 10-35%.
However, this result can be explained because of the air stripping: when
airflow is supplied, the nitrous oxide released cannot dissolve in the
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Fig. 22 – Emission of nitrous oxide under aerobic and anaerobic conditions (%)
according to gas and liquid phase.
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Fig. 23 – Total nitrous oxide released under aerobic and anaerobic conditions (%).
water treated leading to a high emission of this gas directly in the gas
phase and decreasing the same parameter for the liquid phase.
If this data is analysed in greater detail (Fig. 22), it can be seen that
aerobic conditions enhance the emission of nitrous oxide in the gas
phase. When oxygen is supplied, the emission is two times higher than
when there are oxygen stress conditions. On the other hand, it happens
just the opposite for the liquid phase where: under anaerobic conditions,
there is between 2 or 3 times more emission of N2O that is directly
dissolved in water than when the air blowers work. However, the total
emission of N2O (in the liquid and in the gas phase) is higher when
aerobic conditions are applied.
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Fig. 24 – Total nitrous oxide released (g-N).
Finally, another point must be taken into account: the aeration time.
These last percentages must be weighted with the weight 50/10: 50
minutes for aerobic conditions and 10 for the anaerobic conditions.
After applying these factors, the results obtained are as follow (Fig. 23):
around 90% of the total amount of the nitrous oxide (in the gas or liquid
phase) is released in the first 50 minutes of the cycles during the oxygen
supply. On the other hand, only around 10% of N2O is released in the
following 10 minutes where anaerobic conditions are applied. These
values coincide with the results obtained by Kampschreur (2009b).
The total amount of nitrous oxide released in zone 1 line of the
deammonification process during the measuring period (14 days) was 6,9
kg N2O to the environment. These values are taking into account both
stages: aerobic (95% of the total emission) and anaerobic conditions (the
other 5%).
It is emitted 178 kg N2O every year in reactor 1 zone 2 of the
deammonification plant. If the equivalence between nitrous oxide and
carbon oxide is used, this represents the emission of 53,5 tonnes of CO 2.
However, there the release of greenhouse gases is still less than if a
conventional system is used due to the savings in energy supply and
carbon sources.
Therefore, the ratio of N2O emitted is 0,6g N2O/PE/year or, its
equivalent in carbon dioxide, 180g CO2/PE/year. Nevertheless, this
value only takes into account the emission of this greenhouse gas in the
deammonification plant: more experimental work should be done in
order to quantify the total amount of N2O emitted in Himmerfjärden
WWTP.
Finally, the emission of N2O represents 0,45% of the total amount of
nitrogen (ammonium, nitrite or nitrate) that was present in the reactor
tank (Fig. 24). This value reached its maximum during the second day
with a percentage equal to 0,76% coinciding with the day when the
concentration of nitrogen compounds, specially nitrate, was the highest

35

Alejandro Sambola

TRITA LWR Degree project 12:30

compared to the other studied days. On the other hand, the minimum
ratios were achieved when these concentrations were lower.

7. C ONCLUSIONS
The measurements of nitrous oxide were performed from the 19th June
until the 2nd July in line 2 zone 1 of the deammonification plant in
Himmerfjärden WWTP. The deammonification process was the most
efficient system to treat supernatant,which had a high-strength
ammonium concentration combined with a low concentration of
biodegradable matter, coming from sludge dewatering processes. In
Himmerfjärden WWTP, deammonification process was applied in a
moving bed biofilm reactor
During these 14 days, several chemical and physical parameters as well as
the concentration of N2O in the gas and liquid phase were measured.
Oxygen was supplied in the system intervally with 50min aerated phase
and 10 min non-aerated phase in each hour.
The following conclusions can be stated for the cycle measurement
analysis:
 The emission of nitrous oxide in the gas phase is the highest during the
aerobic stage reaching values up to 25 g/h and it decreases in the
anaerobic stage to values in the range of 0 to 10 g/h.
 The largest emission of N2O in the liquid phase occurs in the anaerobic
stage. However, this emission is lower during the aerobic stage.
 In the short term, a decrease of dissolved oxygen to values lower than 2
mg/l led to an increase of nitrous oxide in the liquid phase.
 Conductivity increased in the anaerobic stage when the concentration of
dissolved nitrous oxide was higher. However, no relation between
conductivity and nitrous oxide can be established in the long term run.
 pH increased during the aerobic stage when the concentration of
dissolved nitrous oxide was lower. However, no relation between pH
and nitrous oxide (liquid or gas phase) can be established.
 The emission of nitrous oxide reached its peak when anoxic conditions
were established with values close to 70 g/min.
 The highest consumption rates of nitrous oxide by microorganisms were
achieved in the first minutes after the air blowers start working.
For the long term analysis, the following statements can be
concluded:
 There was a strong correlation between nitrate concentration and nitrous
oxide emission in the gas phase: the higher concentration of nitrates, the
higher emission of nitrous oxide could be detected.
 On the other hand, when a high concentration of ammonium was
registered, a low emission of nitrous oxide in the gas phase was
measured.
 Finally, another correlation was made with the emission of N2O in the
gas phase during aerobic conditions: the ratio between nitrate and
ammonium had a strong influence in the emission of N2O gas. When
this ratio was high, the emission values reached their maximum values.
 In order to reduce the nitrous oxide emission in the aerobic stage it is
important to avoid oxygen stress conditions. The highest values of N2O
emission were measured when DO levels were lower than 2,5 mg/l.
 In the anaerobic stage, the results showed that the concentration on
nitrates and the ratio of nitrates and ammonium are important
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parameters that should be taken into account in order to reduce N2O
emission in the gas phase.
 The main source of nitrous oxide was the gas phase in both conditions:
aerobic or anaerobic. Nevertheless, the total emission values were higher
in the aerobic stage: it represented 90% of the total emissions.
 Finally, the total amount of nitrous oxide released in line 2 zone 1 in the
deammonification plant is 178 kg/year. It represents 0,6 grams every
year for each person equivalent connected to the WWTP.

37

Alejandro Sambola

TRITA LWR Degree project 12:30

8. R EF ERENCES
Abeling, U., Seyfried, C. (1992). Anaerobic-aerobic treatment of highstrength ammonium wastewater-nitrogen removal via nitrite. Water
Science Technology. 26 (5-6): 1007-1015.
Ahn, J. H., Kim, S., Park, H. (2010). N2O emissions from activated
aludge processes, 2008-2009: results of a national monitoring survey
in the United States. Environmental Science Technology. 15 (12): 45054511.
Ahn, J. H., Kwan, T., Chandran, K. (2011). Comparison of partial and
full nitrification processes applied for treating high-strength nitrogen
wastewater: microbial ecology through nitrous oxide production.
Environmental Science and technology. 45 (7): 2734-2740.
Alinsafi, A., Adouani, N., Béline, F. (2008). Nitrite effect on nitrous
oxide emission from denitrifying activated sludge. Process Biochemistry.
43 (6): 683-689.
Anthonisen, A., Loehr, R., Prakasam, T., Srinath, G. (1976). Inhibition of
nitrification ammonia and nitrous acid. Water Pollution Control
federation. 48 (5): 835-852.
Arp, D. J., Stein, L. Y. (2003). Metabolism of inorganic N compounds by
ammonia-oxidizing bacteria. Critical reviews in Biochemistry and Molecular
Biology. 38 (6): 471-495.
Bock, E., Schmidt, I., Stuven, R. (1995). Nitrogen loss caused by
nitrifying Nitrosomonas cells using ammonia or hydrogen as electron
donors and nitrite as electron acceptor. Archives of Microbiology. 163 (1):
16-20.
Campos, J., Arrojo, B., Vázquez-Padín, J. (2009). N2O production by
nitrifying biomass under anoxic and aerobic conditions. Applied
Biochemistry and Biotechnology. 152 (2): 189-198.
Chandran, K., Stein, L. Y., Klotz, M. G. (2011). Nitrous oxide
production by lithotrophic ammonia-oxidizing bacteria and
implications for engineered nitrogen-removal systems. Biochemical
Society Transactions. 39 (6): 1832-1837.
Colliver, B., & Stephenson, T. (2000). Production of nitrogen oxide and
dinitrogen oxide by autotrophic nitrifiers. Biotechnology Advances. 18 (3):
219-232.
Czepiel, P., Crill, P., Harriss, R. (1995). Nitrous oxide emissions from
municipal wastewater treatment. Environmental Science and Technology. 29
(9): 2352-2356.
de Graaff, M., Zeeman, G., Temmink, H., van Loosdrecht, M., Buisman,
C. (2010). Long term partial nitritation of anaerobically treated black
water and the emission of nitrous oxide. Water Research. 44 (7): 21712178.
Desloover, J., De Clippeleir, H., Boeckx, P. (2011). Floc-based sequential
partial nitritation and anammox at full scale with contrasting N2O
emissions. Water Research. 45 (9): 2811-2821.
Ekström, S. (2010). N2O production in a single stage
nitritation/anammox MBBR process. Lund University Master thesis.

38

N2O emission in a full-scale partial nitrification/anammox process

Field, S. (2004). Global nitrogen: cycling out of control. Environmental
Health Perspective. 112 (10): 556-563.
Fux, C., Siegrist, H. (2004). Nitrogen removal from sludge digester
liquids by nitrification/denitrification or partial nitritation/anammox:
environmental and ecological considerations. Water Science and
Technology. 50 (10): 19-24.
Gerardi, M. H. (2002). Nitrification and Denitrifaction in the Activated Sludge
Process. Wiley-Interscience. 190 (p).
Hence, M. (1997). Basic biological processes. In: Wastewater treatment:
Biological and chemical processes. Springer. 55-107.
IPCC, (2007): Climate Change 2007: The physical science basis.
Contribution of working Group I to the Fourth Assessment Report
of the Intergovernmental Panel on Climate Change, Solomon, S.,
Qin, D., Manning, M., Chen, Z., Marquis, M., Averyt, K.B., Tignor,
B. and Miller, H.L. (eds.). Cambridge University Press. 996 (p).
Itokawa, H., Hanaki, K., Matsuo, T. (2001). Nitrous oxide production in
high-loading biological nitrogen removal under low COD/N ratio
condition. Water Research. 35 (3): 657-664.
Kampschreur, M. J., van der Star, W. R., Wielders, H. A. (2008a).
Dynamics of nitric oxide and nitrous oxide emission during full-scale
reject water treatment. Water Research. 42 (3): 812-826.
Kampschreur, M. J., Tan, N. C., Kleerebezem, R. (2008b). Effect of
dynamic processes conditions on nitrogen oxides emission from a
nitrifying culture. Envrionmental Science and Technology. 42 (2): 429-435.
Kampschreur, M. J., Temmink, H., Kleerebezem, R. (2009a). Nitrous
oxide emission during wastewater treatment. Water Research. 43 (17):
4093-4103.
Kampschreur, M., Poldermans, R., van der Star, W. (2009b). Emission
of nitrous oxide and nitric oxide from a full-scale single-stage
nitritation-anammox reactor. Water Science and Technology. 60 (12):
3211-3217.
Kartal, B., van de Biezen, E., Tan, C. (2010). Effect of nitric oxide on
anammox bacteria. Applied and Environmental Microbiology. 76 (18):
6304-6306.
Khin, T., & Annachhatre, A. P. (2004). Novel microbial nitrogen
removal processes. Biotechnology Advances. 22 (7): 519-532.
Kimochi, Y., Inamori, Y., Mizuochi, M., Xu, K., Matusumura, M. (1998).
Nitrogen removal and N2O emission in a full-scale domestic
wastewater treatment plant with intermittent aeration. Journal of
Fermentation and Bioengineering. 86 (2): 202-206.
Knobeloch, L., Salna, B., Hogan, A. (2000). Blue babies and nitratecontaminated well water. Environmental Health Perspective. 108 (7): 675679.
Kuenen, J. (2008). Anammox bacteria: from discovery to application.
Nature Reviews: Microbiology. 6 (4): 320-326.
Lin, Y.-M., Tay, J.-H., Liu, Y. (2009). Biological nitrification and
denitrification processes. In: Handbook of environmental engineering, volume
8: Biological treatment processes. Humana Press. 539-589.
39

Alejandro Sambola

TRITA LWR Degree project 12:30

McIlroy, S. (2009). Water Quality Considerations and Regulation. In:
Nutrient Management. 12: 1-16.
Montzka, S. A., Dlugokencky, E. J., Butler, J. (2011). Non-CO2
greenhouse gases and climate change. Nature. 476: 43-50.
Okabe, S., Oshiki, M., Takahashi, Y. (2011a). N2O emission from a
partial nitrification-anammox process and identification of a key
biological process of N2O emission from anammox granules. Water
Research. 45 (1): 6461-6470.
Okabe, S., Aoi, Y., Satoh, H. (2011b). Nitrification in wastewater
treatment. In: Nitrification. American Society of Microbiology. 405418.
Otte, S., Robertson, N., Jetten, L. (1996). Nitrous oxide production by
Alcaligenes faecalis under transient and dynamic aerobic and
anaerobic conditions. Applied and Environmental Microbiology. 62 (7):
2421-2426.
Park, K. Y., Inamori, Y., Mizuochi, M. (2000). Emission and control of
nitrous oxide from the biological wastewater system with intermittent
aeration. Journal of Bioscience and Bioengineering. 90 (3): 247-252.
Pierzynski, G., Vance, G., Sims, J. (2000). Soils and Environmental Quality.
CRC press. 584 (p).
Prosser, J. (1989). Autotrophic nitrification in bacteria. Advances in
Microbial Physiology. 30: 125-181.
Ravishankara, A. R., Daniel, J. S., Portmann, R. W. (2009). Nitrous
oxide: the dominant ozone-depleting substance emitted in the 21st
Century. Science. 326: 123-125.
Schulthess, R., Kühni, M., Gujer, W. (1995). Release of nitric and nitrous
oxides from denitrifying activated sludge. Water Research. 29 (1): 215226.
Shammas, N. K., Wang, L. K. (2009). SBR systems for biological
nutrient removal. In: Handbook of Environment Engineering, volume 9:
Advanced Biological Treatment Processes. Humana Press. 157-184.
Siegrist, H., Salzgeber, D., Eugster, J. (2008). Anammox brings WWTP
closer to energy autarky due to increased biogas production and
reduced aeration energy for N-removal. Water Science and Technology. 57
(3): 383-388.
Sinha, B., Annachlatre, A. P. (2007). Partil nitrification - operational
parameter and microorganisms involved. Reviews in Environmental
Science and Biotechnology. 6 (4): 285-313.
Sommer, J., Ciplak, A., Sümer, E. (1998). Quantification of emitted and
retained N2O in a municipal wastewater treatment plant with
activated sludge and nitrification-denitrification units. Agrobiolocal
Research. 51 (1): 59-73.
Stein, L. (2011a). Heterotrophic nitrification and nitrifier denitrification.
In: Nitrification. American Society of Microbiology. 95-114.
Stein, L. (2011b). Surveying N2O producing pathways in bacteria. Methods
in enzymology. 486: 131-152.

40

N2O emission in a full-scale partial nitrification/anammox process

Strous, M., Kuenen, J., Jeten, M. S. (1999). Key physiology of anaerobic
ammonium oxidation. Applied and Environmental Microbiology. 65 (7):
3248-3250.
Stüven, R., Vollmer, M., Bock, E. (1992). The impact of organic matter
on nitric oxide formation by Nitrosomonas europea. Archives of
Microbiology. 158 (6): 439-443.
Sümer, E., Weiske, A., Benckiser, G. (1995). Influence of environmental
conditions on the amount of N2O released from activated sludge in a
domestic waste water treatment plant. Cellular and Molecular Life
Sciences. 51 (4): 419-422.
Tallec, G., Garnier, J., Billen, G. (2006). Nitrous oxide emissions from
secondary activated sludge in nitrifying conditions of urban
wastewater treatment plants: effect of oxygenation level. Water
Research. 40 (15): 2972-2980.
Thurston, R. V., Russo, R. C., Vinogradov, G. A. (1981). Ammonia
toxicity to fishes. Effect of pH on the toxicity of the un-ionized
ammonia species. Water Science and Technology. 15 (7): 837-840.
Tsuneda, S., Mikami, M., & Kimochi, Y. (2005). Effect of salinity on
nitrous oxide emission in the biological nitrogen removal process for
industrial wastewater. Journal of Hazardous Materials. 119 (1-3): 93-98.
UNFCCC. (1992). United Nations Framework Convention on Climate Change.
United Nations. 24 (p)
van der Star, W. R., Abma, W. R., Kartal, B., van Loosdrecht, M. C.
(2011). Application of the anammox process. In: Nitrification.
American Society of Microbiology. 237-254.
Van Dongen, U., Jetten, M., van Loosdrecht, M. (2001). The SHARONanammox process for the treatment of ammonium rich wastewater.
Water Science and Technology. 44 (1): 153-160.
Van Hecke, K., Van Cleemput, O., Baert, L. (1990). Chemodenitrification of nitrate-polluted water. Environmental Pollution. 63 (3):
261-274.
Holloway, A.M., Wayne, R. (2000). The importance of NOx. In:
Atmoshperic chemistry. RSC publishing. 105-106
R. P. Wayne, Chemistry of Atmosphere (Oxford Univ. Press, Oxford,
ed. 3, 2000), p. 775
Weissenbacher, N., Takacs, I., Murthy, S. (2010). Gaseous nitrogen and
carbon emissions from a full-scale deammonification plant. Water
Environment Research. 82 (2): 169-175.
Wicht, H., Beier, M. (1995). N2O emission aus nitrifizierenden und
denitrifizierenden Kläranlagen. Korrespondenz Abwasser. 42 (3): 404413.
WMO, (2011). The sate of greenhouse gases in the atmosphere based on
blobal observations through 2010. WMO Greenhouse Gas Bulletin. 7: 14.
Wuebbles, D. J. (2012b). Nitrous oxide: no laughing matter. Science. 326:
56-57.

41

Alejandro Sambola

TRITA LWR Degree project 12:30

Wunderlin, P., Mohn, J., Joss, A. (2012b). Mechanisms of N2O
production in biological wastewater treatment under nitrifying and
denitrifying conditions. Water Research. 46 (4): 1027-1037.
Wyffels, S., Boeckx, P., Pynaert, K., Verstraete, W. (2003). Sustained
nitrite accumulation in a membrane-assisted breatment of
Ammonium-rich wastewater. Journal of Chemical Technology and
Biotechnology. 78 (4): 412-419.
Zart, D., Bock, E. (1998). High rate of aerobic nitrification and
denitrification with Nitrosomonas eutropha grown in fermentor with
complete biomass retention in the presence of gaseous N2O or NO.
Archives of Microbiology. 169 (4): 282-286.
Zeng, R., Yuan, Z., Keller, J. (2003). Enrichment of denitrifying
glycogen-accumulating organisms an anaerobic/anoxic activated
sludge system. Biotechnology and Bioengineering. 81 (4): 397-404.

42

N2O emission in a full-scale partial nitrification/anammox process

25

100

20

80

15

60
10

40

5

20
0

0
0

1

2

3

4

5

Ammonium concentration (mg/l)

N2O air (ppm)

6

7

8

9

10

Time (hours)
N2O liquid (micromol/l)

175

300
295
290
285
280
275
270
265
260

170
165
160
155
150
145
140
0

1

2

3

4

Concentration liquid phase (μmol/l)

120

5

6

7

8

9

10

8

9

Nitrate concentration (mg/l)

Concentration gas phase (ppm)

A PPENDIX I – N IT ROUS OXIDE MEASURE MENTS

Time (hours)
Ammonium

Nitrate

5

DO (mg/l)

4
3
2
1
0
0

1

2

3

4

5

6

7

10

Time (hours)
DO

Fig. 1A – Concentration of nitrous oxide (gas and liquid phase), concentration of
ammonium and nitrate and disolved oxygen measured on 19th June
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Fig. 2A – Concentration of nitrous oxide (gas and liquid phase), concentration of
ammonium and nitrate and disolved oxygen measured on 20th June
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Fig. 3A – Concentration of nitrous oxide (gas and liquid phase), concentration of
ammonium and nitrate and disolved oxygen measured on 21st June
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Fig. 4A – Concentration of nitrous oxide (gas and liquid phase), concentration of
ammonium and nitrate and disolved oxygen measured on 22nd June
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Fig. 5A – Concentration of nitrous oxide (gas and liquid phase), concentration of
ammonium and nitrate and disolved oxygen measured on 23rd June
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Fig. 6A – Concentration of nitrous oxide (gas and liquid phase), concentration of
ammonium and nitrate and disolved oxygen measured on 24th June
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Fig. 7A – Concentration of nitrous oxide (gas and liquid phase), concentration of
ammonium and nitrate and disolved oxygen measured on 25th June
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Fig. 8A – Concentration of nitrous oxide (gas and liquid phase), concentration of
ammonium and nitrate and disolved oxygen measured on 26th June
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Fig. 9A – Concentration of nitrous oxide (gas and liquid phase), concentration of
ammonium and nitrate and disolved oxygen measured on 27th June
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Fig. 10A – Concentration of nitrous oxide (gas and liquid phase), concentration of
ammonium and nitrate and disolved oxygen measured on 28th June

X

40
35
30
25
20
15
10
5
0
0 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 21 22 23
Time (hours)
N2O liquid

260

215

250

210
205

240

200

230

195

220

190

210

185

200

180
0 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 21 22 23
Time (hours)
Ammonium

Nitrate

6

6
5
4
3
2
1
0
-1
-2
-3
-4

DO (mg/l)

5
4
3
2
1
0
10

11

12

13

14

15

16

17

Nitrate concentration (mg/l)

Ammonium concentration (mg/l)

N2O gas

Concentration liquid phase (μmol/l)

45
40
35
30
25
20
15
10
5
0

18

19

20

21

22

23

Airflow (m3/h)

Concentration air phase (ppm)

N2O emission in a full-scale partial nitrification/anammox process

24

Time (hours)
DO

Flow

Fig. 11A – Concentration of nitrous oxide (gas and liquid phase), concentration of
ammonium and nitrate and disolved oxygen measured on 29th June

XI

50

25

40

20

30

15

20

10

10

5

0

0
0 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 21 22 23
Time (hours)

Ammonium concentration (mg/l)

N2O gas

Concentration liquid phase (μmol/l)

TRITA LWR Degree project 12:30

N2O liquid

270

210
208
206
204
202
200
198
196
194

260
250
240
230
220
210
200

Nitrate concentration (mg/l)

Concentration air phase (ppm)

Alejandro Sambola

0 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 21 22 23
Time (hours)
Nitrate

6

6

5

4

4

2

3

0

2

-2

1

-4

0

-6

Airflow (m3/h)

DO (mg/l)

Ammonium

0 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 21 22 23
Time (hours)
DO

Flow

Fig. 12A – Concentration of nitrous oxide (gas and liquid phase), concentration of
ammonium and nitrate and disolved oxygen measured on 30th June
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Fig. 13A – Concentration of nitrous oxide (gas and liquid phase), concentration of
ammonium and nitrate and disolved oxygen measured on 1st July
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Fig. 14A – Concentration of nitrous oxide (gas and liquid phase), concentration of
ammonium and nitrate and disolved oxygen measured on 2nd July
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