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SUMMARY IN SWEDISH 

Konventionell avloppsrening är ett effektivt och populärt sätt att hantera 
olika avloppsflöden. Sådan rening förbrukar dock mycket energi och är 
därför kostsam. Kostnaden orsakas av behov att syresätta och tillsätta 
organiskt kol. Nu finns nya metoder för avloppsrening som kan nå upp 
till de principer för hållbar utveckling vi nu känner till. 
Ammoniumrening som använder anammoxbakterier för att oxidera 
ammonium till kvävgas är känt för att vara ett mycket effektivt sätt att 
behandla ammoniumrika flöden. Verk för rening av ammonium i full 
skala har visat att upp till 50% av den årliga kostnaden kan sparas 
samtidigt med en stor minskning av kväveföreningar i avloppsvatten. I 
en tid då Östersjön lider av övergödning är målet att undersöka 
ammoniumrening för generellt bruk i avloppsrening. Flöden av 
avloppsvatten som är kallare än 13°C orsakar problem för 
anammoxbakterierna som arbetar optimalt vid mycket högre temperatur. 

I denna avhandling har processen skett i en småskalig MBBR vid låga 
temperaturer. I forskningslaboratoriet på Hammarby Sjöstadsverket 
användes en 200 liters MBBR med 40 liter Kaldnes biofilmbärare för 
processen, först vid en temperatur av 16°C och sedan vid 13°C. 
Försöket kördes med en syrekoncentration på 1mg O2 /l och med 
rejektvatten med cirka 800mg N-NH4/l. Ammoniumbelastningen var 1g 
N /m2dag. Särskild anammoxaktivitets- och syretupptagningstester (SAA 
and OUR) gjordes för att observera förmågan att avlägsna kväve hos 
olika bakterier. Biomassa från Kaldnesbärare undersöktes genom 
aktivitetstest vid olika temperaturer. 

När MBBRen kördes vid 16°C var avlägsnandet av kväve kring 80-90%. 
SAA vid normaltemperatur var hög och även vid 5°C observerades en 
förmåga till anammoxreaktion. OUR-resultaten visade att främst 
nitrosomonasbakterier ansvariga för nitritering var aktiva. Efter att 
temperaturen sänkts till 13°C sjönk effektiviteten till ett minimum av 
ungefär 40% men återhämtade sig efter cirka trettio dagar till nästan 
samma värde av 80%. Också  SAA och OUR resultat visade att 
processen kan vara effektiv och ge goda resultat även vid låg temperatur. 
En stabil ammoniumreningsprocess vid låga temperaturer öppnar för 
nya vägar att utveckla denna teknologi för ordinära avloppsflöden. 
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SUMMARY IN ENGLISH 

Conventional wastewater treatment is an effective and popular way to 
deal with different wastewater streams. However, it consumes a lot of 
energy and therefore costs, caused by necessity to aerate and addition of  
organic carbon to wastewater. Nowadays, new systems for wastewater 
treatment has been developed which would meet known principles of 
sustainable development. Deammonification process which is using 
Anammox bacteria to oxidize ammonium to nitrogen gas is known to be 
very effective in treating ammonium-rich streams. Full scale plants for 
deammonification had proved that up to 50% of annual costs can be 
saved with a great reduction of nitrogen compounds in wastewater. 
Hence, in time when Baltic sea is suffering from high nitrogen 
contamination the goal is to examine Deammonification process for a 
main stream of wastewater. This stream is often colder than 13°C what 
causes operation problems for Anammox bacteria which optimal 
temperature is much higher. 

In this thesis Deammonification process in Moving Bed Biofilm pilot 
scale reactor was operated at low temperatures. In research facility 
Hammarby Sjöstadsverket 200 l MBBR reactor with 40 l of Kaldnes 
carriers was operated at 16 and then at 13°C. Rector was operated with 
oxygen concentration around 1 mg O2/l and supplied by reject water 
with around 800 mg N-NH4. Ammonium load was controlled and set 
around 1 g N/m2 d. Specific Anammox Activity and Oxygen Uptake 
Rate tests were made to observe capacity of nitrogen removal of 
different groups of bacteria. Biomass from rings was examined by 
activity tests  in different temperature conditions.  

When reactor was operated at 16°C efficiency of nitrogen removal was 
observed to be around 80-90%. SAA in standard temperature was high 
and even at 5°C capacity of Anammox reaction was observed. OUR 
results showed that mainly Nitrosomonas bacteria are responsible for 
nitritation. After decreasing the temperature to 13°C efficiency was  
decreased to around 40% and after approximately 30 days the efficiency 
was recovered to the level of 80%. Also SAA and OUR tests proved that 
in low operating temperature deammonification process is still effective 
and give good results. Stable deammonification process in low 
temperatures will open new way to develop this technology for main 
stream of wastewater. 
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p.e. Population equivalent 
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WWTP Wastewater Treatment Plant 
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ABSTRACT 

Anammox process is happening to be in the center of interest for several years. 
Implementing partial nitrification/Anammox process into main stream of wastewater 
would result in a great improvement of sustainable technologies for reducing nitrogen 
in environment. However, Great chalange fo Anammox bacteria in main stream is the 
low temperature which is a strong inhibiting factor for them. In this study pilot-scale 
MBBR reactor was operated to investigate the influence of low temperatures in 
Anammox process. Two different phases operated at 13 and 16°C were investigated 
during five months. SAA, OUR and online measurements were  used to observe 
process capacity in low temperatures. Deammonification process was found to be 
stable in 13°C. Moreover, Anammox bacteria capacity to convert nitrogen to nitrogen 
gas was found in even 5°C. Satisfactory results for Deammonification process in low 
temperatures may result in future application of Anammox process in full-scale plant 
for main stream of wastewater. 

Key words: Deammonification, Anammox, low temperatures, conductivity, 
Moving Bed Biofilm Reactor, reject water. 

1. INTRODUCTION 

Removal of ammonium in conventional wastewater treatment plants 
consume over 40% of annual maintenance costs. The supernatant liquid 
from dewatering sludge which is often turned again in the technological 
part can cause significant difficulties in optimizing efficiency of 
biological part of wastewater treatment. Since the supernatant contain 
high ammonium load and low COD/N ratio it is crucial to treat it with 
appropriate and sustainable technology. Traditional 
nitrification/denitrification process in these case is not a suitable way to 
deal with supernatant. The Deammonification process is becoming more 
common in treatment of high ammonium streams because its low 
operating costs an high efficiency. However, nowadays in times of 
growing population and strict European regulations about nitrogen 
forms discharged into receivers we observe urban need in improving and 
developing of such technologies. Moreover there are actions aimed in 
implementing partial nitrification/Anammox process for main stream of 
wastewater. High optimal temperature for Anammox process even when 
it comes with high efficiency is not an effective way to perform the 
process. Study based on Deammonification pilot plant operated at low 
temperatures could open the door for applying this technology for the 
main stream of wastewater. In this thesis the Deammonification process 
has been evaluated at low temperatures in MBBR pilot scale reactor for 
treatment of reject water. 

1.1. Nitrogen cycle 
Different forms of nitrogen are responsible for maintaining balance in 
sustain life in our environment. These compounds keeps many 
important processes in water, soil and human body being a part for 
instance of amino acids or nucleotides. 

The simplified nitrogen cycle (Fig.1) starts form the process called N-
fixation which is defined by absorption nitrogen gas (N2) from air mostly 
by plants and converting it to the organic forms essential for survival of 
living organisms. Followed by food chain vegetal proteins are transferred 
through animals and human body. Thanks to microbial activity organic 
matter is being transformed to ammonia (NH4+) by decomposition, 
hydrolysis or ammonification. 
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Next reactions are especially significant from the point of view of 
wastewater treatment. Ammonium from soil and water is being 
converted to oxidized forms in two step nitrification process which is 
carried out under aerobic conditions. In first part of nitrification 
ammonium (NH3) is converted to nitrite (NO2) mostly by bacteria from 
genus Nitrosomonas, in the second part bacteria from genus Nitrobacter 
oxidize nitrite from the first part of process to nitrate (NO3). In next 
step of nitrogen cycle the different heterotrophic bacteria under 
anaerobic conditions reduce nitrate (NO3) to nitrogen gas (N2). 

On the same figure 1 red arrow shows the ANAMMOX® process in this 
cycle. Ammonium (NH4+) and nitrite (NO2) are being converted to 
nitrogen gas under anaerobic conditions. The process itself and other 
transformations of nitrogen will be described more deeply in the next 
chapters of this thesis. 

1.2. Impact of ammonium in environment 
As long as all the forms of nitrogen are essential for life cycle in 
consequence of heavy industry, growing population and changes in 
cultivation strategies some of them may cause very dangerous 
phenomena. Various forms of nitrogen are present in air we breathe, 
food and water. Ground water contamination by nitrate ions is a 
common threat. Nitrate converted to nitrite may caused infants to suffer 
dangerous disease called Blue Baby Syndrome (Iowa State University, 2001). 
High concentrations of nitrite found in drinking water may cause other 
disease called Methemoglobinemia. After converting to nitrate in human 
body it causes modification of red blood cells and therefore decreases its 
affinity to transport oxygen. From environmental point of view, high 
concentrations of nitrate and nitrite may result in incomplete 
denitrification process emitting nitrous oxide a dangerous greenhouse 
gases. 

Process which is being caused by high nitrogen and phosphorus 
concentrations in water bodies described as eutrophication is a well 
known process. Since natural eutrophication is a very long-term process 
because of its frequency and increased speed it has been considered as a 
synonym of intensive fertilization caused by human activity. Water 
bodies are capable of coping with eutrophication factors but when the 
natural limits are exceeded the consequences are very harmful (Andersen 

Fig. 1 
Simplified 
nitrogen cycle 
with marked 
ANAMMOX® 
process (after 
Iowa State 
University, 
2001). 
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et al, 2010). Eutrophication occurs mostly in water bodies such as lakes 
in presence of high nitrogen and phosphorus concentration. In longer 
terms these pollutants cause an excessive and uncontrolled growth of 
algae which has access to an additional source of nutrients. Due to the 
large number of dead algae, phytoplankton experience great conditions 
for rapid grow and consequently water bodies suffer lack of oxygen. 
Reduced oxygen in water bodies cause deadly impact to variety of plant 
and animal species (Cema, 2009; Yang et al, 2011). 

Nowadays, the eutrophication process had been considered as one of 
greatest threat to Baltic sea. Moreover, Baltic sea is now considered as 
one of the most endangered area because of eutrophication. More and 
more often we experience on the coasts of Baltic sea warnings from sea 
guards regarding phytoplantcton contamination. Therefore authorities 
are forced to forbid swimming for the time until contamination decrease. 
Among 189 areas assessed (Andersen et al, 2010) in Baltic seal in period 
2001-2006 only 11 of them had been classified as unaffected by 
eutrophication. 

Studies claim that the sources for nutrients needed for phytoplankton 
growth are not obvious and clear (Ying et al, 2011). Nitrogen cycle in 
these case had been disrupted almost fully by anthropogenic activities. 
Hence, there is a clear necessity for improving wastewater treatment 
technologies especially in all Baltic sea countries. Although, it is now 
important that this ideas meets all known principles of sustainable 
development. 

1.3. Legislative requirements for nitrogen removal from wastewater 
Both Sweden and Poland as members of European Union are 
responsible for implementing EU directives according to environmental 
protection. EU legislative regulations regarding the subject of wastewater 
treatment present one basic rule to follow: “[...]to combat the influence 
of urban wastewater discharged from urban and industrial areas[...]”. 
Urban Wastewater Directive (91/271/EEC) include as follows: 

• Regulations regarding wastewater collection systems in urban an 
industrial areas 

• Necessity of at least secondary treatment from piped systems for 
urban wastewater 

• Principles in choosing particularly sensitive to water pollutants 

• Methodology of discharges quality measurements 

• The quality and concentration limits regarding discharges of 
wastewater to ground and soil  

According to this legislation, nitrogen concentration in discharges to 
receivers varies and depends on total population equivalent (Table 1) 
 

Table 1: Requirements regarding nitrogen forms in discharge from wastewater 
treatment plants.(Directive 91/271/EEC) 

Parameter 

Population equivalent (1) 

10000 - 100000 >100000 

Concentration 
mg N/l 

% of reduction Concentration 
mg N/l 

% of reduction 

Total nitrogen (2) ≤15 70-80 ≤10 70-80 

(1) 1 PE unit = 0,054 kg/BOD  d 

   (2) Total nitrogen means the sum of Kjeldahl-nitrogen (organic N + NH3), nitrate (NO3)-nitrogen and nitrite 
(NO2)-nitrogen 
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Countries should follow EU directives regarding directions which the 
governments should follow in way to achieve shared purpose. In the 
result of this actions present Polish legislation is a decree of 
Environmental Ministry from 28 of January 2009 “Regarding conditions 
which has to be met while discharging wastewater to the water bodies or 
soil and regarding substances particularly hazardous for water 
environment”. This legislation present the criteria which has to be 
fulfilled while handling  wastewater from different sources (Table 2). 

Sweden had begun the process of withstanding global destruction of 
environment very soon. In 1956 Swedish Water Inspectorate was formed 
and came with acts concerning protection of lakes and other water areas. 
In 1969 and 1999 such formations as Environmental Protection Act and 
Swedish Environmental Code were formed. They had been aimed to 
collect rules concerning degradation of environment Swedish legislation 
concerning urban wastewater treatment also incorporated EU directives. 
Existing legislation regarding regulations of wastewater treatment 
discharges is Urban Wastewater Directive (SNFS 1994:7) (Swedish 
Environmental Protection Agency, 2009). Including similar parameters 
as in EU directive is now appropriate tool in handling the issue of 
controlling the discharges of wastewater and generally water quality. Due 
to the fact that Sweden is located within the marine area of Baltic sea it 
was also necessary to implement EU law according to marine 
environment. 

Even though the Swedish regulations clearly place the level of total 
nitrogen concentration in outlet from wastewater treatment plants, 
nowadays adequate authorities undertake actions which leads to decrease 
this values. Actually, Swedish wastewater treatment plants are now 
reducing discharge nitrogen concentration rates from 10 to 8 mg N/l 
and in future according to Sea Action Plan even to 5 mg N/l 
(Naturvårdsverket, 2001). This is influenced by the fact of deteriorating 
quality of marine areas on Baltic seas endangered mostly by 
eutrophication. Taking this factor under consideration such technology 
like the Deammonification process or ANAMMOX® itself may open 

Table 2: Requirements regarding total nitrogen in discharges from wastewater 
treatment plants according to Polish legislation (Dz. U. Z 2009 nr 27 poz. 169)  

Parameter Unit 

Highest acceptable values of indicators or minimal percentage of pollution reduction 
according to population equivalent PE (1): 

<2000 2000-9999 10000-14999 15-99999 >100000 

Total 
nitrogen 

(2) 

[mg N/l] 30 (3) 15 (3) 15 (3) 15 10 

minimal % 
of 

reduction 
- - 35 (4) 80 85 

(1) 1 PE unit = 0,06 kg/BOD  d 
    

(2) Total nitrogen means the sum of Kjeldahl-nitrogen (organic N + NH3), nitrate (NO3)-nitrogen and nitrite 
(NO2)-nitrogen 

(3) values required only for wastewater entering lakes and their inlets, directly to artificial water tanks placed 
on rivers or into soil 

(3) Does not implement when wastewater is entering lakes and their inlets, directly to artificial water tanks 
placed on rivers or into soil 
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new door towards improving existing situation in Baltic Sea. Especially 
when considering highly effective and sustainable technologies 
ANAMMOX® applied to the main stream of wastewater could be 
missing element in this process. 

1.4. Conventional wastewater treatment 
Nowadays there are various of different technologies as well as single 
processes that are being used for treatment of many different streams of 
wastewater. The composition of typical municipal wastewater entering 
the treatment plant (WWTP) is presented (Table 3). This number 
represent only main and average parameters of urban wastewater. From 
the operation of any treatment plant point of view other pollutants such 
as total phosphorus, heavy metals, total organic carbon and physical 
parameters such as pH, temperature or redox potential are significant. 

These days the most common and probably most versatile process used 
for treatment of wastewater is the biological process of activated sludge. 
Process of biological treatment using activated sludge is a very effective 
and popular way of wastewater treatment used all over the world. 
However, conventional treatment is seldom used without of additional 
chemical and mechanical treatment. In many treatment models for 
intensified removal of carbon, nitrogen and phosphorus, process of 
wastewater treatment using activated sludge  consists of three main parts. 

In first part called mechanical pre-treatment wastewater supplying the 
plant is being cleared mostly from bigger physical parts like leaves, 
textiles or others thanks to straining process. In the next part the 
sedimentation and flotation processes are used to purify the wastewater 
from the solids called sand and fatty volatile substances (Ahn, 2006). On 
this stage its already common to use chemicals assisting the 
sedimentation process. Efficiency of nutrient removal of this treatment 
process is rather limited and does not exceed 30 – 40% if appropriate 
chemical support is applied (Szatkowska, 2007). 

In the biological reactor the main conversion and bio-chemical reactions 
of carbon, nitrogen and phosphorus takes place. Depending of the type 
of the reactor the division process may be obtained by different ways but 
the key is to force the flow of the wastewater through the chamber of 
the reactor where different conditions of activated sludge are maintained. 
Activated sludge placed in biological reactor consists of large numbers of 
bacteria cultures. Providing this microorganism with carbonaceous, 
nitrogen and other wastes with a presence of dissolved oxygen we obtain 
suitable conditions for them to degrade them to harmless forms. Thanks 
to this bacteria biochemical activity we receive outflow from reactor 
containing simplified inorganic compounds of these reactions which are 
not considered as such hazardous pollutants for the wastewater receiver. 
On the other hand bacteria gain energy production and obtain growth of 

Table 3: Typical concentrations of pollutants from urban 
wastewater (Gerardi, 2002). 

Parameter Unit  Concentration 

BOD5 mg O2/l 150-300 

COD mg O2/l 300-600 

NH4-N mg/l 20-40 

NO2-N mg/l 0-1 

NO3-N mg/l 0-5 

Ntot mg/l 25-60 
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the population and cell mass. This increase of population of bacteria is 
linked therefore with solids contained in their cells, in the secondary 
clarifier we obtain the sedimentation process for separating larger 
particles of used activated sludge from aeration tank. Process is 
controlled for instance by the carbon/nitrate (C/N) ratio and calculating 
the age of sludge. Controlling of the process allows to decide which 
percent of the secondary sludge will be wasted and which will be 
returned to the aeration tank. This is done to provide constant strict 
capacity of the nutrients removal (Gerardi, 2002). 

Nitrogen compounds from wastewater are removed in sludge process 
mostly by accumulation of nutrients for cellular activity and biochemical 
conversion to obtain energy. These processes are known as nitrification 
and denitrification. Despite the fact that many reactions takes place in 
aerated tank with activated sludge mostly these two last are described as 
responsible for nitrogen removal. 

1.5. Traditional nitrification-denitrification process 
Nowadays, removal of nitrogen pollutants from wastewater is based 
mostly on two main biochemical processes: Nitrification and 
denitrification. Both takes places in conventional WWTP in the 
biological aerated reactor with activated sludge. Generally the process of 
nitrification can be presented as simplified reaction (Fig. 2). 
The process of nitrification is an effect of affinity to ammonium ions as 
energy source and oxygen as electron donor. Nitrification is an 
autotrophic two-stage process which takes place under strictly aerobic 
conditions.. In first part special microorganisms capable of reducing 
ammonium, so called Ammonium Oxidizing Bacteria (AOB) represented 
by Nitrosomonas but also Nitrococcus, Nitrosolobus, Nitrosospira and 
Nitrosovibrio are responsible for conversion of ammonium ions (NH4+) 
into nitrite (NO2-) according to the equation (1) (Szatkowska, 2007). 

4 2 2 21.5 2NH O NO H O H+ − ++ → + +    (1) 

Nitritation reaction showed in reaction 1 is followed by the next step of 
nitrification called nitritation as presented below (equation 2): 

2 2 30.5NO O NO− −+ →     (2) 

As we know each step of the nitrification is performed by different genre 
of bacteria so for nitrite oxidation we define Nitrite Oxidation Bacteria 
(NOB) who are mainly represented in this process by Nitrobacter but 
others like Nitrospira, Nitrospina, Nitrococcus and Nitrocystis are known to 
have similar abilities (Breisha et al, 2010). 

There are several limitation of the nitrification which permits the existing 
of process. Except of the existence of typical microorganisms the 
substrate limitation factor had to be eliminated to obtain good efficiency. 
In typical wastewater the dominating compound is inorganic ammonium 
coming from urine which is being hydrolyzed to ammonia. Organic 

Fig. 2 General overview of nitrification reaction (Gerardi, 2002). 
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nitrogen compounds can also be transformed into ammonia thanks to 
shared reactions of oxidation, hydrolysis and deammination. Both 
substrates from organic and inorganic compounds could be used in first 
part of nitrification. But the oxidation process may only be possible for 
ammonia ion, not ammonia itself. Hence, the optimal pH value has to be 
obtained in the process. In lower pH 7-8.9 ammonia ions are strongly 
favored in pH 9 and more on the other hand ammonia is favored 
(Gerardi, 2002). 

The second factor which strongly influences nitrification process is 
concentration of dissolved oxygen. For the nitritation 3.16 g O2 is 
needed to oxidize 1 g of NH4-N compounds. Second process, nitritation 
require 1.11 g O2 for oxidizing 1 g NO2-N. Therefore for operational 
point of view optimal dissolved oxygen (DO) must be set in aeration 
chambers. In most cases oxygen maintained in nitrification part is set 
around 2 mg O2/l. Supplying of oxygen into the reactor taking consider 
the volume of tanks and limitation parameters is probably the most cost-
demanding process in WWTP. It takes around 50% of annual 
maintenance costs to get good efficiency of the process. Furthermore, 
oxidation process causes dangerously large amount of gas pollutants 
which may be emitted into environment such as CO2 
(Szatkowska, 2007). 

Second part of converting nitrogen compounds from wastewater into 
simplified forms is denitrification. Unlike the nitrification this process 
due to types of bacteria is heterotrophic and occurs only in anoxic 
conditions. This means that bacteria responsible for this phenomena 
need electron donor from organic compounds to reduce nitrate (NO3) 
into dinitrogen gas (N2). These mostly Gram-negative bacteria such as 
Pseudosmonas, Alcaligenes, Paracoccus, and Thiobacillus  ubiquitous in nature 
handle the reduction of nitrate according to equation (3). 

3 2 2 20.5 0.5NO NO NO N O N− −→ → → → ↑   (3) 

Source of organic carbon as electron donor for the process could be 
described as Chemical Oxygen Demand (COD). Reduction of 1 g NO3-
N to dinitrogen gas takes around 2.47-2.85g COD (Szatkowska, 2007, 
Breisha, 2010). Suitable ratio of carbon to nitrogen (C/N ratio) is 
strongly essential for the denitrification process (Szatkowska, 2007). 
Optimal temperature for both nitrification and denitrification keeps in 
range 35-50ºC but the reactions are not strongly depended from this 
factor. 

2. THE ANAMMOX PROCESS 

Process of anaerobic ammonium oxidizing was presumpted nearly 30 
years ago to exist in marine areas according to thermodynamic 
calculations (Betino, 2010; Kuenen et al, 2010). The Anammox process 
in today’s shape was formed in 1999 in denitrifying pilot plant in 
Netherlands (Strous et al, 1999). From the first contact with physiology 
of the process Anammox has developed a lot of attention in the field of 
environment engineering. 

2.1. Description of Anammox reaction 
This process described as Anaerobic Ammonium Oxidizing  
(ANAMMOX®) is causing totally reversed comprehension of traditional 
nitrification-denitrification process. In Anammox process as in reaction 
as showed in figure 3 the specific bacteria belonging to phylum 
Planctomycetes provide the reaction of oxidizing ammonium under 
anaerobic conditions using nitrite as electron acceptor. 
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Bacteria from genra Candidatus brocadia, candidates kuenenia, Candidatus 
scalindua, Candidatus Anammoxoglobus and Candidatus jettenia are currently 
known to be capable of proceeding the Anammox reaction in their cells. 
But most common bacteria associated with this reaction are Brocadia 
Anammoxidans (Breisha, 2010; Szatkowska, 2007). Shared feature of 
Planctomycetales microorganisms is the existence of Anammoxosome 
membrane made of highly density lipids (Devol, 2008). The mechanism 
of Anammox takes place in this organelle and according to the scheme 
(Fig. 3) nitrate is converted to hydroxylamine and this reacts with 
electron donor which is ammonium ion. Reaction is leading to nitrogen 
gas production in consequence. Anammoxosome is believed to have 
energy motor for production of ATP thanks to the Anammox process. 

The superiority of anaerobic oxidation under nitrite is based on several 
advantages of this phenomena. First of all in the process ammonium is 
oxidized thanks to AOB to the nitrite which occur under 50% of 
efficiency (Equation 4). Thanks to this Anammox leads to great 
reduction of oxygen demand. Up to 50% less oxygen is needed in 
anaerobic oxidation process compering to conventional treatment, 
depending of technology applied (Breisha, 2010). 

4 2 3

2 3 2 2 0.5 0.15

1.32 0.066 0.13

1.02 0.26 2.03 0.066

NH NO HCO H

N NO H O CH O N

+ − +

−

+ + + →

→ + + +
  (4) 

Respectively to the stoichiometry constants (Equation 4) it can be 
observe that the optimal rate of Nitrite to Ammonium Rate (ANR) is 
1.32. This is crucial correlation for the process operation since the 
Anammox reaction will proceed most efficient in the optimal range of 
substrate concentration, both NH4 and NO3. 

Lower energy consumption is not the only benefit gained from applying 
Anammox into wastewater treatment technology. There is significant 
reduction of sludge observed in reactors for anaerobic oxidation 
(Yang et al, 2010). It has been discovered that the production of green 
house gasses as it occurs in conventional nitrification-denitrification is 

Fig. 3 The reactions in ANAMMOX process leading to 
conversion of ammonium into nitrogen gas under nitrite as 
electron acceptor (Breisha, 2010). 
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almost fully limited, CO2 emission could be reduced even up to 88% 
(Szatkowska, 2007). No chemical addition had to be provided in the 
Anammox to gain optimal parameters. Process is fully autotrophic so 
there is no need for additional organic carbon correction also there is no 
need to control pH in many cases (Bertino, 2010). 

The biggest limitations of applying Anammox comes with several 
factors. The startup process is one of them. It takes several months to 
grow suitable culture of Anammox in full scale. Such limitation factors 
like too high substrate concentration, low value of COD (C/N ratio 
decided that nowadays the application of different Anammox 
technologies are used to treat ammonium-reach streams such 
supernatant from dewatering of the sludge. Optimal temperature for 
Anammox bacteria is known to be between 20 and 43ºC 
(Strous et al, 1999) which is relatively high.  

However, it has been proved that the process may occur in much lower 
temperature with sufficient efficiency (Devol, 2008). Further study of the 
temperature influence of the process may result in applying this 
promising technology to colder main stream of wastewater which will 
lead to almost groundbreaking development of new sustainable 
technologies for wastewater treatment. 

2.2. Application of Anammox process and process performance 
Since the Anammox process gain much interests of many research 
groups both engineers and microbiologists to establish good knowledge 
in way to start pilot experiments. Within last several years many groups 
of scientists had lead pilot plants of different applications of Anammox 
to wastewater treatment. Consequently, it has lead to unclear 
terminology of similar processes but also to the establishment of 
different technological options of nitrogen removal. A great number of 
this processes are based on partial nitrification to nitrite (NO2) and 
second step based on Anammox bacteria culture converting nitrite and 
rest of the ammonium to nitrogen gas. The modification of application 
Anammox process is shown in the figure 4. 

Startup limitation of Anammox in almost every case is caused by the 
slow growth of the Brocadia culture. This result in difficulties during 
startup process in full-scale but mostly it makes the risk of strong 
competition with heterotrophic bacteria for oxygen. Hence, this is one of 
the reason that today’s knowledge is allowing us to use Anammox for 

Fig.4. Basic difference between systems for nitrogen removal based on Anammox. 
A) Anammox and partial nitrification in two separated reactors, B) Anammox and 
nitritation in one aerated reactor, C) partial denitrification to nitrite and Anammox 
process in one reactor under anaerobic conditions (Cema, 2009) 
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specific streams of wastewater. The conditions which had to be present 
for proper process performance are mainly as follows: 

• High ammonium load around 1 g N-NH4/l 

• Low C/N ratio 

This means that the process is strongly needed for the streams like 
supernatant from dewatering sludge or leachate from landfills.  

As the figure 4 shows due to requirement of nitrite for Anammox 
reaction the process can be applied both in single reactor or separated in 
two reactors. Two stage process is called SHARON (Single reactor 
system for High Ammonium Removal Over Nitrite) or SHARON-
Anammox according to Dutch researchers (Cema, 2009). It is based on 
principle that half of ammonium oxidized to nitrite in one reactor under 
appropriate dissolved oxygen concentration and in second reactor non-
aerated reactor with Anammox culture converting ammonium under 
nitrite to nitrogen gas. It is common to use continuously stirred tank for 
first part of SHARON and the SBR for Anammox mixture 
(Szatkowska, 2007). Due to combination of these two autotrophic 
processes in outcome there is no necessity of applying additional source 
of organic carbon and reduces the oxygen demand up to 60% comparing 
with full oxidation ammonium to nitrite (Gut, 2006). 

Table 4 Comparison of Anammox and conventional process 
according to the different operational parameters (Gut, 2006). 
The cost estimation had been calculate taking under consider 
factors like investment, operation costs and sludge disposal. 

Process/factor Conventional 
nitrification/denitrification 

Anammox 

Number of reactors 2 1 

Discharge NO3-, N2O, N2 N2, NO3- 

Conditions Oxic, anoxic Anaerobic 

pH control Yes None 

COD requirement Yes None 

Sludge/biomass 
production  

(kg d. w kg-1 N) 

High 
(1-1.2) 

Low 
(<0.1) 

N-removal efficiency 95 90 

Operation and 
maintenance costs 

High Low 

management Constant control of the process 

Simple control by 
conductivity, nitrite 

nitrogen concentration 
monitoring 

Cost  of N-removal 
(EUR per kg Nelim) 

3.50(1) 2.30(1) 
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2.3. Deammonification process 
In result of improvement and development of different Anammox 
technologies. One-step process was formed and called 
Deammonification (Trela et al, 2008) or CANON (Completely 
Autotrophic Nitrogen Removal Over Nitrite)(Szatkowska, 2007). 
Common principle of these two processes is a possibility of carrying out 
both partial nitritation and Anammox in one rector thanks to both 
aerobic and anaerobic conditions in biofilm (Gut, 2006). But 
Deammonification is also defined as combination of nitrification to 
nitrite and the Anammox process taking place in biofilm and operated in 
two or one single reactor. Stoichiometry suitable to represent 
Deammonification process is showed in reaction 
(Equation  5 )(Szatkowska,  2007). 

4 2 2 3 20.85 0.44 0.11 1.43 0.14NH O N NO H O H+ − ++ → + + +  (5) 
Principle of existing two conducted by different types of microorganisms 
processes in a single reactor is possible thanks to biofilm specificity. 
Undependably from the carrier type the outer part of biofilm is 
supported with oxygen in range which ensures anoxic conditions (0.2 to 
1.2 mg/l (Szatkowska, 2007; Trela et al., 2008). This part from operation 
point of view is considered to consists mostly of AOB like Nitrosomonas. 
The inner layer of the biofilm interface on the other hand is anaerobic 
and consist of the Anammox-like bacteria from group Brocadia. Inner 
layer supplied by the rest of un-oxidized ammonium and nitrite from 
AOB carry out the Anammox reaction with final product of nitrogen 
gas. Cooperation is possible despite the natural competition for oxygen 
between AOB and Anammox bacteria (Gut, 2006). Taking under 
consider that high nitrite concentration is strongly inhibiting Anammox 
reaction it is DO that will be the limiting and crucial operational 
parameter since nitrite is depending of oxygen dissolved in bulk liquid. 
Nevertheless, The Deammonification process has many advantages 
comparing to the traditional nitrification-denitrification. Development of 
different study based on pilot plants and lately experience in full scale 
projects have shown that in the field of new sustainable technologies it is 
one of the most promising technology. In the table (Table 4) a simple 
comparison of the Anammox and conventional process is presented. 

2.4. Types of reactors used for Anammox process 
Different research done throughout the word had led to variety of 
technological solutions for Anammox bacteria carriers. Both stirred, 
aerated and sequencing batch reactor (SBR) had been implemented into 
the process. Reactors for Anammox could now be equipped with 
selection of choices for bacteria culture. And so, such biomass growth 
systems could be applied, for instance liquid sludge (suspended biomass), 
biofilm and granular sludge (Szatkowska, 2007; Yuya et al, 2009). 

Another carrier with satisfying results has been tested by Kazuichi Isaka 
and others in Tokyo (Isaka et al, 2007). The Anammox-enriched sludge 
was entrapped in gel carrier made from polyethylene glycol (PEG). With 
addition of promoter and specific initiators it was possible to cultivate 
Anammox bacteria in 36ºC in way to test them with promising results in 
lower temperatures. This medium could also be used for immobilization 
of pure streams of bacteria (Breisha, 2010). However, both natural and 
synthetic carriers must fulfill the strict standards regarding toxicity, 
viability and stability. As far it has been discovered that the highest 
efficiency of Anammox-based process occurs in gas lift reactors (9 kg of 
N/m3)(Szatkowska, 2007). 
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Moreover, for biofilm processes with the granular sludge good results 
good results had been discovered. With active surface area of 2000 
m2/m3 the applying of this carrier results in high efficiency due to high 
bacteria concentration per cubic meter of volume used for process. 
Moving-bed biofilm rector (MBBR) with Kaldnes carriers had been 
studied since 1998 (Gut, 2006). For the purpose of constructing the 
process on easily applicable technology the polyethylene fittings were 
used. With diameter from 9 – 65 mm and high active area of 500 m2/m3 
they are effective medium to growth an Anammox biomass. Thanks to 
specially designed shape the created biofilm is capable to be easily 
penetrated by oxygen. Mechanism of N-removal inside the biofilm on 
Kaldness carrier could be presented on a simple scheme (Fig. 5). 
However, despite the high efficiency and high potential of plastic carriers 
they have on big disadvantage, cost. Nowadays, the approximate cost of 
Kaldnes rings is estimated around 10000 SEK/m3. The usual filling ratio 
of 20-65% is forcing to take the total cost under consider while 
implementing the process in full scale. 

2.5. Factors affecting Deammonification process 
Despite the unquestionable advantages of most Anammox processes of 
course there are many limitations and factors which had to be optimized 
to obtain maximum efficiency of N-removal. The first inconvenience 
that comes with application of Anammox-like bacteria is their relatively 
slow growing rate. From the figure 5 we could almost immediately 
expect that to inhibition of the process will be mostly influenced both by 
nitrite and ammonium concentration and dissolved oxygen. 
Using restated Monod equation for effect of the substrate inhibition of 
process we will get equation 6(Szatkowska, 2007; Łagód, 2008). 

Fig. 5  The characteristic of Kaldnes carrier (K1, 9 mm, not in scale) applied for 
Anammox process: A) The standard carrier rich in biofilm, B) Cross section of 
carrier with presented N-removal process inside the biofilm. 
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µ µ=

+ + +
  (6) 

µm,A - maximum specific growth rate (d-1), K – constant indicating 
substrate concentration within the maximum growth rate is estimated at 
half (g/m3), C – concentration of substrate limiting the growth of 
biomass (g/m3) 

According to the pervious study (Szatkowska, 2007) the yield value for 
biomass growth for Anammox is around 0.066 mol of biomass/mol 
reduced N-NH4 with doubling time at least 11 days (Strous et al, 1999). 
Hence, the enrichment of Anammox bacteria takes even 100 – 600 days. 

The dissolved oxygen in bulk liquid is an important operational 
parameter. It has been proved that by adjusting the DO with ammonium 
surface load (ASL) in Anammox reactor maximal efficiency could be 
increased (Szatkowska, 2007; Cema, 2009; Trela et al, 2008). The oxygen 
is mostly consumed in the outer layer of biofilm by AOB. The 
Anammox-like bacteria in inner layer should be protected by high 
concentration of oxygen due to anaerobic nature. Other reason for 
preventing the process from operating in too high DO is the danger of 
full nitrification to nitrate. However, nitrite even as substrate for 
Deammonification process could be a strong inhibiting factor. It has 
been proved that process is irreversibly inhibited at nitrite concentration 
around 10 mM (Strous, 1999). Free ammonium which could occur in 
favorable conditions will limit process at range 10 – 150 mg/l 
(Szatkowska, 2007). Too low DO in bulk liquid on the other hand would 
limit the nitrification in biofilm. Due to the fact of penetration rate inside 
biofilm if DO drops down too much, NO2 as substrate for Anammox 
will be a limiting factor. Different study (Cema, 2009; Płaza et al, 2009) 
proved that the maximum efficiency of partial nitrification-Anammox 
process may be achieved with DO around 2.6 – 3.0 g O2/m3 but also at 
1 – 1.5 O2/m3. At this range the efficiency may oscillate around 1.3 ±0.3 
g N/m2d (Cema, 2009). The relation between optimal DO and ASL in 
biofilm reactors is established and points this two factors as significant in 
operation full scale plants (Kumar et al, 2010; Malovany et al, 2010). 

2.6. Temperature influence on Deammonification 
Only several studies had been already made regarding operating 
Anammox process in lower temperatures. Optimal temperature for 
Anammox-like bacteria is in range between 30 - 40ºC (Dorsta et al, 
2008). Even with costs of lower efficiency it will be more sustainable to 
use this process in conditions under colder streams. Moreover, the 
research undertaken have a second meaning. The main stream of 
wastewater depending on the depth placement of sewage system and 
season is between 6.4 – 17.4ºC (Kaczor, 2008 ). Hence, the temperature 
influence on both nitrification and Anammox bacteria should be taken 
under consider. For the operation of the MBBR the temperature has its 
impact on oxygen penetration inside biofilm. This could lead to higher 
nitrite production and cause inhibition of Anammox reaction. On the 
other hand the anaerobic conditions in internal side of biofilm in lower 
temperature may be endangered (Cema, 2009).  Furthermore, the 
research proved that in higher temperature rates 28 – 38 ºC  the 
nitrification to nitrate is favored. Study of Kazuichi et al. (2007) proved 
that Anammox could be used in temperature below 20 ºC.  At 
temperature 6.3 ºC the N-removal in their test was around 0.36 kg 
N/m3 (Kazuichi et al, 2007). However the reactor was not in pilot scale 
as it had only 500 ml volume and the fitting was made from gel carriers. 
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Furthermore, despite the activity noticed during experiment many 
unclear effects had been spotted. Moreover, in the work made by Dorsta 
(2008) the SBR reactor with partial nitrification/Anammox was tested 
and in the temperature established at 15ºC the stability of process was 
disrupted. In lower temperature the accumulation of nitrite caused low 
efficiency of the process. This example shows that the knowledge about 
temperature influence on Anammox may be still not well established. 

Being aware of the temperature influence on all Deammonification 
technologies, research which had been undertaken already does not solve 
this issue completely (Isaka et al, 2007). This research could bring new 
light in adopting Anammox process to main stream of wastewater in 
future. Complexity of this reaction forces researches to do more pilot-
scale reactors and full scale tests within the influence of different 
parameters like temperature to obtain good knowledge in process 
capacity. This limitations had to be faced when thinking about applying 
Deammonification to main stream of wastewater.  

3. AIM OF STUDY 

This thesis is a part of “Deammonification project” and its main 
objective is to evaluate the partial nitrification-Anammox process in pilot 
MBBR reactor in lower operational temperatures. The project was 
focused on the evaluation of nitritation/Anammox process operated in 
lower temperatures base on online measurements and chemical analysis 
as well as on batch tests. Temperatures taken as representative from 
future application point of view those are 16 and 13ºC. Batch tests SAA 
and OUR were made to evaluate microbial activity every week and to 
check adaptation process to low temperatures. It took 5 months from 
February to the end of the June 2012 to proceed all the necessary tests 
and to gain enough knowledge about subject. 

For the purpose of this thesis studies listed below were made: 

• Review of literature and references regarding nitrogen removal in N-
rich streams using Anammox process; 

• Analyze pervious study about Anammox operated at lower 
temperatures; 

• Analyze the factors and get familiar with conditions which may affect 
the process. 

From the practical issues point of view it was necessary to obtain 
knowledge about: 

• Operation of the reactor including operation of measurement 
devices, online database server, regulation of pumps and valves, 
installation of oxygen supply; 

• Methodology of all chemical analysis required for the tests and 
operation of online measurements devices; 

• Practical and theoretical knowledge about batch tests which has been 
used for evaluation of process efficiency. 

The main aims of experimental study were as follows: 

• Comparison of process performance and efficiency at two 
temperatures 16 and 13ºC; 

• Operation the Deammonification process at low temperatures; 

• Operation and monitoring of the MBBR pilot plant with 
Deammonification process at 16 and 13ºC; 
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• Evaluate the capacity of Anammox bacteria in lower temperatures 
16 and 13ºC as well as in short and long term influence of adaptation 
period. 

The research was designed also: 

• To operate and evaluate the Deammonification process at 16 ºC with 
special focus on microbiological activity measured by batch test 
SAA, OUR and NUR; 

• To obtain knowledge about the process course from chemical 
analysis; 

• To enquire knowledge about the capacity of different group of 
bacteria at short time adaptation process measured by batch tests; 

• To evaluate the long-term adaptation period from 16 to 13 ºC by 
activity tests and manual measurements; 

• To assess the activity of different groups of bacteria on each level of 
operation and adaptation; 

• To optimize the partial nitrification/Anammox process at 13 ºC. 

4. MATERIALS AND METHODS 

In this study experimental work which has been done was based on the 
specificity of facility which it held in. For research study results achieved 
from experimental work depends of the sources available and type of 
methodology of tests used. In next chapters these things are described 
and explained deeply to comprehend what where the materials used in 
this study from practical point of view. 

4.1. Hammarby Sjostadsverket 
Hammarby Sjöstadsverket is and research facility located in Stockholm 
being in charge of IVL Swedish Environmental Institution, founded by 
Stockholm Water AB and Swedish government. It is probably the only 
object like this in Sweden and one of the few in Europe that gives 
opportunities for workers, researchers, students and PhD students to 
lead experimental study on advanced pilot-scaled equipments. Thanks to 
many research opportunities the stuff from Hammarby is responsible for 
many achievements proved by many publications in wastewater 
treatment field. Currently, the station is providing the students from 
Royale Institute of Technology (KTH) to work among the specialists 
from IVL leading their experiments. The most of objects located in 
Hammarby research station were build in October 2003 but now many 
new designs are being developed. Nowadays, there are many other tests 

Fig. 6 The filling of MBBR, Kaldnes biocariers with established 
biofilm. 
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which are taking place in the Hammarby research stations. Almost all af 
the test refers to the wastewater treatment industry and sustainable 
energy production like: 

• Highly efficient biogas production; 

• Testing different membrane technologies under variety of wastewater 
streams; 

• Removal of pharmaceuticals from wastewater; 

• Reverse osmosis; 

• Pretreatment of wastewater; 

• Deammonification process with partial nitrification/Anammox. 

4.2. Experimental installation 
The object of this research is located in Hammarby Sjöstadsverket 
research station and is entitled “Deammonification”. The installation 
design was prepared by the research team from KTH with the help of 
others in 1999 and from this time many experiments regarding 
Anammox were held using this equipment. The installation consists of 
several parts which are listed below: 

• Two MBBR reactors for treating supernatant (Fig. 6) (only reactor 
number 2 was tested in this thesis) with volume of 200 l each filled 
in 40% (80l) with Kaldnes carriers containing biofilm. 

• Supply system for supernatant made up from The tank of total 
volume 26 m3 filled approximately once per month from liquid 
produced in WWTP Bromma Reningsverk, the intermediate tank 
with volume approximately 6 m3. 

• The online measurement consists of pH, redox, conductivity of 
inflow and inside reactor, temperature, dissolved oxygen in reactor. 

Reactor is constantly supplied in supernatant with strict flow controlled 
by pomp. Inside reactor we will find heating system with thermostat 
(additionally cooling system), continuously working stirrer, oxygen 
supply system and measure instruments. Online measurement 
instruments are connected to proper devices responsible for data 
control, operation and maintenance of measured values. Those are 
connected to the server computer using special software which gathers 
and compiles measurements into data and store them. Also online 
software shows the actual values on the screen. 

Fig. 7 The test installation of Deammonification process in 
Hammarby research station. 
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The reactor is filled with Kaldnes fittings K1 with diameter around 
9 mm with already established biomass (Fig. 7) were brought from 
WWTP Himmerfjärden. Near the reactor there is located small 
sedimentation tank for outflow samples. Reactor was manually operated 
mainly by manual analysis of data, chemical tests and processing of 
online and manual data. There was no artificial correction of pH nor 
other parameters using chemicals. 

5. METHODOLOGY OF MEASUREMENTS 

From the data which we are in possession depends what will be the 
characteristic of results in the end of the study. Type of equipment and 
their precision would surely influence reliability of results. On the other 
hand methodology of manual experiments would influence final 
conclusions even more. This is why it is so important to precisely 
describe methodology and how the data have been gathered and what 
were the reasons to choose particular methodology of tests. Description 
of measurements and manual tests is given in next chapters. 

5.1. Physical parameters 
Measurement of physical parameters inside the reactor helped to assess 
the situation about the current factors affecting the process, control the 
process efficiency and gathering results of the experiment. Those 
measurements were realized by simultaneously using both online and 
manual methods. 

Online measurements present in the pilot plant reactor were gathered by 
the computer every second and average from minute and every six 
minutes. The data gathered is supposed to supply operator in all 
necessary knowledge about the process ongoing. MBBR reactor was 
equipped in online sensors immersed in the liquid which send the signals 
to measurement boxes. Next, signal was sent to the computer (Fig. 8) 
which has special software installed (Fig. 9). Values regarding controlled 

Fig. 8 Cerlic BB2 box for online measurement (left), computer 
used for online data gather (right). 
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parameters were stored on hard drive. This also allow to control 
parameters of process performance during research. 

The temperature was controlled by thermostat on the bottom of the 
tank. Temperature was oscillating from set value not more than 0.3°C. 
Since the temperature in the hall where the reactor was placed usually is 
not less than 16ºC when the set temperature inside reactor had to be 
decreased from 16 ºC to 13 ºC due to heat transfer it was obligatory to 
use specific cooling system. 

For controlling process performance for the MBBR reactor the dissolved 
oxygen inside was measured with the oxygen probe. To avoid error 
deviations in this indicator the automatic oxygen flushing every hour was 
applied. To achieve constant DO in bulk liquid independently from 

Fig. 10 Trovis SAMSON PID controller (left) and dissolved 
oxygen membrane sensor (right). 

Fig. 9 Software used for online measurements data gather. Data are presented for 
both reactors (R1 and R2), this thesis is based only on reactor 2 (R2). 
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efficiency and inflow characteristic the PID controller was used. The 
oxygen supply was equipped with cooperation of regulation SAMSON 
valve and PID controller (Fig. 10). 

For the controlling the process pH and redox was measured inside 
reactor. The pH as negative logarithm from the concentration of 
hydrogen ions was partially giving the idea about the alkalinity inside 
reactor. Since the alkalinity is used in this process it is important to keep 
the pH at optimal rate which for Anammox is between 6.5 – 8.5.  

The redox measurement could help to observe the activity of reactions 
which are held in the biomass as we assume that most of them are based 
on reduction and oxidizing reactions. The common is presumption that 
redox is influenced by dissolved oxygen. 

5.2. Chemical analysis 
To assess the process of deammonification both in the reject water and 
in the outflow from reactor chemical composition tests were made every 
week according to the schedule (Table 5). During the time from 23 of 
April to 31 of May additional analysis for outflow from reactor were 
made to deeply observe changes during adaptation process. Additionally, 

Table 5:  The schedule for chemical analysis made in the research term. 

Weekday Monday Wednesday Friday 

Type of sample Outflow from reactor Inflow/supernatant Outflow from reactor 

Type of test 

NH4 NH4 NH4 

NO3 
 

NO3 

NO2 
 

NO2 

CODfiltered CODfiltered CODfiltered 

CODunfiltered CODunfiltered CODunfiltered 

Alkalinity 
 

Alkalinity 

TN TN TN 

 
Acid capacity 

 

Fig. 11 Conductivity manual WTW device (left) and measurement ANALON box by 
DR LANGE for online conductivity measurements. 
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tests for NH4-N, both NO3-N and NO2-N were prepared. For this 
chemical analysis, Dr. Lange cuvets were used which represent quick and 
very adequate way to check chemical composition of liquids. Different 
cuvets were used for different tests and after applying to the manual the 
concentration were checked in Xion 500 spectrophotometer. Before 
using each cuvets, flock from reactor or supernatant were filtered using 
two fiber filters: 1.6 and 0.45 µm. This was made to get rid of the 
suspended solids from the sample. The measurements carried out were 
handled by following equipment: 

• COD: LCK 314 (15-150 mg O2/l) and LCK 514 (100-2000 mg O2/l)  

• Acid capacity: LCK 362 (0.5-8.0 mmol/l) 

• NH4-N: LCK 303 (2-47 mg/l) and LCK 302 (47-130 mg/l) 

• NO2-N: LCK 342 (0.6-6 mg/l) 

• NO3-N: LCK 340 (5-35 mg/l) 

5.3. Batch tests 
This study were aimed too deeply examine treating process in reactor in 
low temperatures. Also biofilm mass which is responsible for all 
reactions in MBBR was tested to observe how specific groups of bacteria 
reacts to low temperatures. Checking biomass capacity for nitrogen 
treating to nitrogen gas  allows us to evaluate temperature influence on 
the process. Appropriate batch tests give an opportunity to find out what 
and in what way is inhibiting the Deammonification process at low 
temperatures. 

5.3.1. Specific Anammox Activity (SAA) 

To measure the response of Anammox-like bacteria to temperature 
influence and to check  the capacity of the process the Specific 
Anammox Activity (SAA) tests were made. The test consists of 
measurement of the overpressure of the gas produced in headspace of 
each sample in time due to biochemical activity of biofilm (Dorsta et al, 
2008). The tests were always made in triplicate way which reduced the 
possibility of big error. The tests for follow-up measurements of 
Anammox activity were made every week according to methodology as 
follows. 

First the Kaldness carriers were taken from reactor and gently washed 
with water. After flushing with buffer solution 15 rings were put in each 
sample as Pyrex bottle and weight until volume of 24 ml were obtained. 
The buffer is a phosphate solution made of 0.75 g K2HPO4 /l  and 
0.14 g KH2PO4 /l which corresponds to pH around 7.8 is believed to be 
optimal for bacteria from Anammox genus (Trela et al, 2008). Then the 
bottles were closed with seal plug. Next, to achieve anaerobic conditions 
inside the sample the two needles were connected and one of them was 
connected to nitrogen gas source. This flushing with gas nitrogen lasted 
10 minutes for each sample. Further, the samples were put to at least 10 
minutes into water bath set in 25ºC temperature which represents 
laboratory term of standard conditions to reach stable state (temperature 
depends on the test series) (Darpena-Mora et al, 2006). After adoption 
time, 2 substrates were added to each sample using syringe with needle: 
0.5 ml of NH4Cl and 0.5 ml of NaNO2. This consequences in the initial 
concentration of nitrogen substrate established at 70 mg N/l. At this 
state the total volume of sample was 25 ml. After obtaining the 
atmospheric pressure inside the bottles, first measurement of pressure as 
initial were checked. Next samples were taken each 30 min until 5 
measurements were made for each. The whole test lasted around 2.5 h. 
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For measuring the gas pressure the electronic Transducer by Centrepoint 
was used. Value displayed was in mV, the default settings made in 
factory according to the manual set the converter rate to mm Hg as 2.65. 
For the result of each test the maximum slope of the N2 gas pressure 
were taken under consider. The calculations of SAA rate were based on 
the equation for the ideal gas. 

The nitrogen gas production rate was calculated as follows (Equation 7) 
(Dapena-Mora et al, 2006): 

2 2 

min
GVdN mol N

dt RT
α  =   

  (7) 

Where α is the maximum slope of the curve made from pressure 
measurements (mm Hg/min), VG is corresponding to the volume of gas 
phase in bottle (0.013 l), R is the constant gas coefficient for ideal gas 
(0.0820575 mm Hg/mol K), T is temperature (K). 

In next step the SAA rate was calculated using the equation 
(Equation 8 and 9) and the coefficient describing the biomass 
concentration in the sample X (g) or the surface of biofilm attached to 
15 rings Sbiofilm (7.009346 10-3 m2), VL is the volume of liquid phase (18.97 
ml) which was calculated according to the carriers volume rate: 

2 2
2

SAA (Specific Anammox Activity):

/ 28 g N
60 24 

biofilm

dN dt
SAA

S m d

⋅  = ⋅ ⋅   

  (8) 

2 2/ 28 g N
60 24 

  L

dN dt
SAA

X V g VSS d

 ⋅= ⋅ ⋅  ⋅  
  (9) 

For the batch test SAA for the temperature influence the separate tests 
were made within 2 or 3 days. The 5 temperatures were taken under 
consider: 25, 20, 15, 10 and 5 ºC. All this temperatures starting from 
25ºC as standard one are representing low operating temperatures 
respectively to the pervious study  (Dorsta et al, 2008) and the average 
annual temperature of wastewater (Kaczor, 2008). For this test the 
interval for lower ranges of temperature 15 - 5 ºC were extended and 
equals 45 min in 15 ºC and 1 hour in 10 and 5 ºC. This was caused by 
the much lower capacity of the process in these temperatures which 
prevented from noticing full curve of the pressure growth. 

5.3.2. Oxygen Uptake Rate (OUR) 

To evaluate potential activity of different groups of bacteria present in 
biofilm surface in reactor the Oxygen Uptake Rate (OUR) tests were 
made every second week. These testes were followed to gain information 
about activity of different types of bacteria which are present inside 
biomass of the kaldnes rings. 

The principle of the test is to evaluate capacity of particular types of 
bacteria mainly Nitrosomonas, Nitrobacter and heterotrophic which are 
responsible for nitrification and denitrification according to the oxygen 
uptake rate in time. This is achieved by step inhibition of particular 
group according to the graph (Fig. 12) presented. The principle of the 
test were shown on a schematic curve (Fig. 12). The curve on the 
figure 12 represents decrease of oxygen concentration due to 
biochemical activity of bacteria inside biofilm. Two inhibitors NaClO3 
and ATU were added consequently to the sample bottle. Tests were 
made triplicate to achieve good average which is limiting the possibility 
of big error. 
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First the supernatant liquid were dissolved around 8 times respectively to 
initial concentration of N-NH4 so that the ammonium concentration was 
around 100 mg N-NH4/l. The bottle of total volume around 1.4 l was 
filled fully with this liquid and left in water bath to achieve standard 25ºC 
temperature. While the sample was mixed with magnetic stirrer the 107 
rings were immersed in the bottle. The number of 107 rings is caused by 
the ratio volume of rings to volume of space taken. The number of 107 
rings will contribute to 100 ml volume. Immediately, after putting the 
rings, bottle was closed tightly with two plugs with needles for inhibitors 
and with oxygen probe YSI 5905 BOD. To add tightness to the sample 
and eliminate the possibility of the air penetrating the liquid standard 
laboratory parafilm was fixed around the probe. The oxygen probe was 
connected to the dissolved oxygen meter model YSI 57 and through 
signal converter to the computer which had software TESTO Comfort 
3.4 installed to demonstrate the results. The first inhibitor was added 
after 5 minutes. The amount of 6 ml of NaClO3 result in concentration 
around 1.63 g/l. At this stage the Nitrobacter bacteria were inhibited 
responsible for nitrite oxidation (NOB).  

After next 5 minutes next inhibitor was added, 6 ml of ATU which 
corresponds to concentration in liquid phase amounted as 0.0167 g/l. 
On this stage of experiment both NOB and ammonium oxidizers (AOB) 
were inhibited. The test lasted 6 more minutes to check the last part of 
graph which indicates the removal of organic carbon by heterotrophic 
bacteria. The data were processed using excel sheet after dividing data to 
parts respectively to the time of adding each inhibitor. Slope of oxygen 
to each part was calculated (Equation 10) (Surmacz-Gorska et al, 1996). 

2 2
2

60 60 24

1000
i L

biofilm

VdO gO

dt S m d

α− ⋅ ⋅ ⋅  = ⋅  ⋅ 
  (10) 

αi – is the slope of dissolved oxygen concentration in the sample in time 
(mg O2/l s). The index “i” stands for the particular phase of bacteria 
during inhibition, VL – volume of liquid phase (around 1.5 l), calculated 
from subtracting the total volume of bottle with the volume taken by 
rings, Sbiofilm the surface area of 107 rings used in the test. 

Fig. 12 The schematic graph of the result of OUR test. The colored lines represents 
the oxygen uptake rate slope taken to the result (after Surmacz-Gorska et al, 1996). 
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The results of OUR for each group of bacteria were calculate using 
reactions (Equation 11,12 and 13) from pervious study 
(Surmacz-Gorska et al, 1996). 

2 2 2
2

OUR - Nitrobacter

( )NOB
AOB NOB HT AOB HT

dO dO gO
OUR

dt dt m d+ + +

     = −     ⋅     

  (11) 

2 2 2
2

OUR - Nitrosomonas

( )AOB
AOB HT HT

dO dO gO
OUR

dt dt m d+

     = −     ⋅     

  (12) 

2 2
2
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( )HT
HT

dO gO
OUR

dt m d
   =    ⋅   

  (13) 

5.3.3. Nitrate Uptake Rate (NUR) 

To measure that capacity of denitrification process in the reactor the 
Nitrate Uptake Rate (NUR) tests were made every second or third week. 
Since the activity of heterotrophic bacteria was measured also in OUR 
tests the NUR was only used to see whether the additional intensive 
denitrification is present. The characteristic of supernatant is excluding 
high denitrification potential since it is not rich in organic carbon. 
Moreover, the concentration of dissolved oxygen at a range 
approximately 1.0 ± 0.4 mg/l leads to limitation of second step of 
nitrification to nitrate. However, the NUR test was a very useful device 
to observe the relation between concentration of nitrate in the outflow 
from reactor, capacity of heterotrophic bacteria and competition for 
oxygen between different groups of bacteria. 

The test was prepared in the first part similar to the OUR. Dilution of 
reject water with concentration of NH4 around 100 mg/l was prepared. 
In the next step1.5 l of diluted supernatant were filled into plastic bicker. 
The water bath temperature was set to 25ºC and bicker with magnetic 
stirrer were immersed inside to stabilize temperature. The rubber pipe 
ended with pumex fitting immersed in the liquid phase supplying 
nitrogen gas were responsible for decreasing the oxygen inside the 
sample. The DO was checked with oxygen probe YSI 5905 BOD with 
YSI 57 meter. After the oxygen concentration reached around 0.5 mg 
O2/l the  400 ml of washed Kaldnes rings were inoculated in the bicker 
and covered with parafilm. The nitrogen flushing was now in air phase. 
After 10 minutes substrate of 10 ml NaNO3 solution (6 g 
NaNO3/100ml) were added by syringe into liquid phase. After 3 
minutes first sample of around 10 ml  were taken and filtered by 0.45 
and 1.6 µm filter. Next samples were taken each hour with similar 
methodology up to five samples were prepared. Next using dr.Lange 
cuvets the concentration of NO3 were checked to see the slope of 
substrate uptake rate. To check the consumption of organic carbon by 
denitrifies COD were checked in first and last sample. To get the nitrate 
uptake rate the calculation based on the slope of NO3 concentration and 
COD were taken under consider as presented in equations 14, 15 and 16. 

3

3

3
2

NUR (NO  removal, biocariers):

1000 60 24NO L
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V gNO N
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α −− ⋅  −= ⋅ ⋅ ⋅  ⋅ 

  (14) 
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3 3

NUR (activated sludge):

60 24NO LV gNO N
NUR

X gVSS d

α −− ⋅  −= ⋅ ⋅  ⋅ 

  (15) 

2

NUR (COD removal, biocariers):
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  (16) 

5.4. TSS and VSS 
To measure Total Suspended Solids (TSS) and Volatile Suspended Solids 
(VSS) the tests for dry mass both from the rings and bulk liquid from the 
reactor. The TSS measurement tells us about all the contaminants found 
in the sample (flock or biomass from rings) which were not stopped by 
the fiber filter which means that they are larger than the pores in the 
filter. Speaking in different words, the volatile solids gives a general idea 
about organic matter in the wastewater since it is represented by the 
suspended solids which are left after ignition of the sample. 

To measure total suspended solids 50 ml of flock from reactor were 
used. A fiber filter with 100 µm were dried in 105ºC in 30 min and after 
that the sample of 50 ml of flock from reactor were used. After this time 
they have been weighted together with aluminum plate (A). For the test 
for biomass from 4 rings were taken, washed and gently cleaned up using 
needle to take out all the biomass. A distil water used for cleaning the 
biofilm containing removed biomass were filtered using the same fiber 
filter as for flock After the filtration both samples were placed into the 
furnace over night in 105 ºC (B105). Next day the samples were weighted 
and the result written as total suspended solids for rings and for liquid. 
Next step was to put the samples in the oven for 45 minutes in 550 ºC 
(B550). The weight after this time were used to calculate volatile 
suspended solids. The calculations were made according the reactions 
presented (Equation 17, 18, 19 and 20).  
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4rings

A B gTSS
TSS

ring

 −=  
 

  (17) 

550

4rings
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 −=  
 

  (18) 
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  (19) 

550 1000
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l

−  = ⋅   
  (20) 

 
6. RESULTS AND DISCUSSION 

In this section results achieved during the research period are presented 
and analyzed. In next chapters of this study figures presented are 
prepared according to the results obtained during research and refers to 
the calculations described in methodology (see section 5, p. 15). Figures 
were made according to the data received form online an manual 
measurements and also from batch activity tests (Appendix I). Following 
results were used to form conclusions about deammonification process 
performance in low temperatures. 
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6.1. Process performance analysis 
Analyzing the pervious experimental study about Anammox activity in 
lower temperatures, the test was set up basing on experience from 
similar tests. However, only few experiments on pilot scale had been 
made while considering temperature influence on Anammox process. 
Moreover, the one-step partial nitrification/Anammox was not always 
performed in this kind of study (Dorsta et al, 2008), both SHARON 
process and SBR reactors were often used instead. Consequently, 
different results were noticed. Since one-step Deammonification process 
had been successfully applied in full scale for treatment high ammonia 
streams, the investigation of temperature influence on Anammox 
bacteria could give chance to develop this technology. 

6.1.1. Conductivity measurements as a tool for process performance 
assessment. 

Conductivity in this study experiment was a very important factor to 
observe. The conductivity was measured both online and manually 
(Fig. 13) all time during experiment (except the time when the 
conductivity electrode was not present). The presumption of availability 
of conductivity in process control in this case was supported by the 
application of this indicator in wastewater treatment plants 
(Aquarius, 2000; Szatkowska et al, 2008). Moreover, the theoretical 
investigation had leaded us to the better supportive of this hypothesis. 
The ions in supernatant inflow in the reactor which are mostly 
responsible for conductance changes are ammonium NH4 and hydrogen 
carbonate HCO3-. Their conductance is being measured in Siemens units 
as S/cm2 which equals 44.3 and 73.4 respectively (Szatkowska, 2007). 
Both this two ions take part in Deammonification process. Part of 
ammonium converted in partial nitrification contributes to nitrite 
produced and reversibly (Szatkowska et al, 2008; Szatkowska, 2007). 
Hence, the conductivity in the effluent contributes simply to decreased 

Fig. 13 Efficiency of nitrogen removal calculated by chemical analysis and by 
conductivity measurements. 
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value of this value in deammonification process since it is caused by low 
influence to this indicator by produced nitrogen gas.  

It has been discovered that because a similar conductance of NO2, NO3 
and NH4 ions, in the outflow of the reactor, decreased conductivity will 
be caused by conversion ammonium into nitrate and then converting 
nitrate and ammonium into nitrogen gas. Correlation between the 
conductivity measurements inside the reactor and results of chemical 
analysis for concentration of nitrogen forms have been presented in a 
form of a graph (Fig. 13). 

Correlation coefficient was calculated for this two measurements 
(Fig. 12). Matrix made for the pairs of points from most of the results 
from data gave result of correlation around 0.77. Range of correlation 
between 0.7 – 0.8 gives a high correlation between this two 
measurements (Levin, 2007). This proves that in this research using 
conductivity used to asses removal of nitrogen was justified. 

6.1.2. Operational parameters of pilot plant 

Since the research begin on the 1st of February reactor was already 
adopted and worked on 16ºC from November 2011. Hence, we can 
assume that from the first test made in this temperature to evaluate the 
process, results represented the actual and stable efficiency of the 
process. 

Table 6: Typical concentration of reject water from Bromma 
WWTP used as inflow for pilot reactor. 

Parameter Total 
nitrogen 

COD 
filtrated 

COD 
unfiltrated 

N-NH4 Alkalinity 

Range a of 
concentration 

mg/l 
900 - 1100 400 - 450 700 - 900 800 - 900 60 - 80 

Fig. 14 Relation between ammonium surface load, dissolved oxygen and pH during 
whole experiment period. 
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As a nitrogen load for the reactor, reject water after dewatering of the 
sludge from Bromma wastewater treatment plant near Stockholm was 
used. As the source of high nitrogen concentration wastewater stream 
should be stable and meet a suitable parameters for seting process 
operating parameters, chemical analysis of reject water was done at least 
every week. According to the results from chemical analysis the average 
composition of compounds present in this particular reject water was as 
presented in table (Table 6). 

Concentration of the two main chemical parameters: total nitrogen and 
ammonium shows that almost all nitrogen in reject water was coming 
from inorganic N-NH4. Additionally, several times during the tests 
concentration of nitrate and nitrite was checked, however the value was 
always below the measuring scale (2 mg/l). Therefore, it is right to 
assume that in inflow in reactor there was no nitrite nor nitrate since 
supernatant was kept anaerobic. 

The key to observe good stability of the Anammox reaction in different 
temperature was to operate the pilot plant in stable conditions during the 
temperature switch. In whole time when temperature was changing the 
research was carried out with all effort to keep the constant Ammonium 
Surface Load (ASL), temperature and other physical parameters like 
stirring. Since no chemicals were added to control pH in the reactor and 
the ASL was controlled by manually changing the flow by peristaltic 
pomp supplying reject water only dissolved oxygen was the operating 
factor in most cases. Previous study (Szatkowska, 2007; Płaza et al, 2009) 
showed that optimal DO control may bring the most efficient results of 
process and that the relationship between the DO and ASL has to be 
observed. Controlling this two parameters during the test period resulted 
in high process efficiency.  

Since dissolved oxygen was the controlling parameter connected to the 
computer this parameter was controlled more strictly. Inflow rate of 
supernatant to the reactor was controlled manually by checking the load 
of nitrogen. Consequently, in this study influence of differences of ASL 
was not taken under consider. It is crucial to understand however, that 
this factors if not controlled may affect Anammox process. 

On the figure 14 the average DO and ASL in 16 and 13 ºC is presented. 
From the beginning of these research term constant load of nitrogen 

Fig. 15 The short term of dissolved oxygen concentration in the 
reactor caused by intermediate aeration 
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compounds were main factor of interest. During almost all the time 
when process was running ammonium surface load was kept with 
average value of 1.06 g N/m2d. The stability of the reject water 
composition caused good environment to simple operation of nitrogen 
load. Hence, the deviation from this value were kept around ±0.2 g 
N/m2d. Even though that at 10th of May a new reject water was used, 
the ammonium load was almost stable. Average ASL around 1.0 g 
N/m2d contributes to hydraulic retention time of around 3.9 days. 
Respectively to the ASL and due to simple flow regulation by pump the 
retention time during this term was kept 3.89 days. The hydraulic 
retention time is also important factor concerning operation and stability 
of the Deammonification process having influence on the concentration 
of dissolved oxygen. The longer detention time in the reactor, the longer 
representative sample of  reject water will be aerated. Increased 
concentration of DO may cause increase in second step of nitrification 
with production of nitrate NO3 which could inhibit the Anammox 
process. Only during 3 to 6 of March, and 8 to 13 of March higher 
concentration of dissolved oxygen were noticed. These distortions were 
caused mainly by technical operation problems.  

After decreasing the temperature pH increase had been observed 
(Fig. 14). This may be caused only by increase of ammonia concentration 
in bulk liquid from around 40 up to 470 mg NH4-N/l. However, still pH 
remains in the optimal for Anammox bacteria range between 7.5 and 8.5. 

Partial nitrification/Anammox reaction carried out in one reactor was 
controlled by dissolved oxygen the stirring system as many studies 
(Strous et al, 1999) showed that it is significant factor for efficiency of N-
removal. Characteristic of aeration has been presented in figure 15. From 
7 hour period of one-second data from online DO measurements which 
has been taken under consider, characteristic of aeration was examined 
(Fig. 15). At this point the set value was 1.0 [mgO2/l] but the 
concentration of oxygen was fluctuating between 1.2 and 0.8 mgO2/l. 
Recent study (Szatkowska, 2007; Płaza et al., 2009), have proved that 

Fig. 16 The concentration of  nitrogen forms incoming and in the outflow from the 
reactor during experimental period. 
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changing in DO ±0.2 mgO2/l does not have significant impact of 
Anammox process. 

Moreover, the intermediate aeration was a matter of minutes in this case 
so no significant influence on process performance could be a enough 
reason to have an impact for process performance.  

On the other hand, due to the fact that the policy of this project 
established that no chemicals are being used for correcting the pH 
different methodology must be present. The change in pH may cause 
influence on first step of nitrification process. Too high pH could 
similarly cause deteriorating capacity of Anammox reaction 
(Fernández et al, 2011) . The changes in pH mostly caused decreasing 
alkalinity due to Anammox reaction stoichiometry. By increasing DO in 
reactor the pH value should drop due to the more active redox reaction 
in the bulk liquid. 

The operation of process at 16ºC was based on idea to observe the 
response to the variation of process, efficiency and nitrogen compounds 
removal especially ammonium but also to observe capacity of Anammox 
bacteria during adaptation period. In 13ºC on the other hand results of 
the bacteria adaptation were a main object of interest and also stability 
and efficiency of nitrogen removal in lower temperature.  

Comparison of ammonium NH4-N in the reject water and in outflow 
from reactor is showing process efficiency of removal of this 
contaminant (Fig. 16). Since the ammonium is the main inorganic 
nitrogen compound present in supernatant it is ammonium removal ratio 
that was use to evaluate the process efficiency.  

During all the operation time nitrite nitrogen concentration in the 
outflow was very low (Fig. 16). Nitrite concentration was at range of 2.1 
and 33.2 mg/l. It is showing that a high part of produced nitrite in partial 
nitrification was used since in the inflow supernatant composition no 
NO2-N nor NO3-N was present. Concentration of nitrate nitrogen 
NO3-N was slowly increasing until 23 of March and then started do 
decreasing. Highest value of nitrate nitrogen was 283 mg/l and it was 
measured on 27th of March. Looking at stoichiometry of Anammox 
reaction (Equation 4) a higher concentration of N-NO3 after 
Deammonification is expected since 0.26 mol nitrate is being produced 
with every mol NH4 removed. Process stabilized in 13ºC around 10th of 
June and the ammonium concentration was still low, around 80 mg/l 
and nitrate was approximately 90 mg/l. It shows that Anammox bacteria 
are still active in lower temperatures. 

6.1.3. Nitrogen removal 

From the point of view of future full scale it is important to evaluate 
pilot reactor nitrogen removal efficiency. For whole test period online 
measurements of conductivity checked by manual measurements were 
giving good knowledge about capacity of biofilm to remove nitrogen 
from supernatant. 

Conductivity measurements which corresponds to ammonium 
concentration represented the reduction of nitrogen influent to the 
reactor (Fig. 17). Efficiency calculated from chemical analysis showed 
that the average removal of ammonium was established at average 83.3% 
with highest value at even at 99.8%. This seems to be competitive in 
opposition to different studies in higher temperatures (Płaza et al, 2009; 
Szatkowska, 2007). Conductivity decrease in the outflow is however 
proving that this results are correct. Futhermore, it means that the 
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Deammonification process could be used with success in 16ºC for 
treating high ammonium streams of wastewater. 

Decreased efficiency of process around 14th of March was caused by 
supply of new reject water into supplying system. New reject water 
however stable respectively to the pervious one while considering 
ammonium load had a higher content of suspended solids. After filling 
the tanks with new supernatant the sludge from the bottom of the tank 
started to float and cause increase of COD in the inflow. On the other 
hand, constant decrease of alkalinity had been noticed before that time. 
Lack of alkalinity may have impact on Anammox process stoichiometry . 
However, the disruption of the process efficiency could be caused by the 
unexpected increase of DO concentration, caused by difficulties to 
control the system. It has been noticed that during the days 17 and 18th 
of March short periods with values of DO around 2.6 mgO2/l were 
considered as mistakes of PID regulation system. This may result in 
following days increase of nitrate concentration what causes inhibition of 
Anammox reaction. Sveral days of decreased efficiency of the process 
could has a significant meaning for process evaluation. Average value of 
efficiency of the process should be taken under consider while evaluating 
this process. 

Stable value of nitrogen removal from 16ºC was around 80% it 
corresponds to 0.9 – 1.0 g N/m2d. Low efficiency was noted during 
adaptation period to 13 ºC showed a minimum value 44% with nitrogen 
removal 0.41 gN/m2d. After stabilizing process in 13ºC with the same 
DO 1.0 mgO2/l efficiency was restored to 80% (0.88 gN/m2d). 

Deammonification process operated in pilot-scale plant with the same 
DO concentration and no correction of pH was able to be effective way 
to treat supernatant from nitrogen. Both 16 and 13 ºC were presumed to 
give satisfying results after the adaptation period to the lower 
temperature. It is assumed that future actions to optimize the process by 

Fig.  17 Efficiency of nitrogen removal in Deammonification 
process according to conductivity measurements and chemical 
analysis. 
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changing DO concentration will give better results when thinking of 
higher efficiency of nitrogen removal. Competition of different bacteria 
for oxygen may be lower in higher DO concentration however one of 
the advantages of deammonification process is low oxygen consumption. 

6.1.4. Period of temperature shift 

On 23th of April the operation temperature inside reactor was decreased 
from 16 to 13ºC. Since the room temperature was always more than 16 
and sometimes even 19 ºC the cooling system must be used to imitate 
colder stream of wastewater. The cooling device JULABO FT200 was 
from this time constantly used to keep the low temperature. The 3 ºC 
interval was caused by the project schedule since before the temperature 
was 19 ºC but also by the possible impact of temperature shock on 
bacteria (Collins et al, 1978).  

Shortly, after temperature switch the change in conductivity was 
observed. Dissolved oxygen concentration during whole time in the 
second period of study was stabilized at 1 mgO2/l. Pervious study 
(Xiaodi et al, 2001) showed that in lower temperatures increased 
penetration of dissolved oxygen in Anammox process with biofilm is 
observed. This cause less anaerobic space for Anammox-like 
microorganisms and increase the activity of AOB and consequently leads 
to the second step of nitrification. Hence, in lower temperatures higher 
biofilm thickness is needed and DO should be decreased. Minimum 
biofilm thickness in literature (Xiaodi et al, 2001; Szatkowska, 2007 and 
Cema, 2009)  is believed to be around 0.7 mm to achieve maximum 
process efficiency. The K1 Kaldnes rings with diameter 9 mm in this 
study were almost completely filled with biomass. Hence, the anaerobic 
space for Anammox bacteria was sufficient. During the time of 
temperature change the ASL was established around 1 g N/m2 d. To 
observe the adaptation process without any disruption from other 

Fig. 18 Conductivity in outflow from the reactor and efficiency of N-removal 
according to chemical analysis during the temperature witch from 16 to 13°C. 



Mariusz Rajkowski TRITA LWR Degree Project 12:26 

 

32 

factors the ASL and DO were often checked and corrected. 

Decrease of temperature caused increase of conductivity inside the 
reactor what contributes to the NH4-N concentration which was also 
proved by chemical analysis. 

Result from conductivity measurement was used also to make second 
graph (Fig. 18) presenting efficiency of nitrogen removal. In 20 days the 
conductivity increase from stable value 1.5 mS to almost 4.5 mS. During 
the same period efficiency decrease from 90 to 41%.  

Both curves on the graph (Fig. 18) are showing good proof for 
adaptation process of biofilm. After around 20 days the process stabilize 
with efficiency around 36%. At this stage the sample for short-term 
temperature influence for SAA were taken. Next, conductivity and 
efficiency were restoring during next 20 days of adaptation time. In the 
end, efficiency of NH4 removal was stabilized approximately around 
70%. 

On the other hand, increasing capacity of Anammox bacteria according 
to SAA results is being understood as adaptation process in longer term 
of Anammox bacteria (Fig. 19). Despite the fact that after temperature 
switch efficiency of the process drops down, SAA result proves that in 
the same time Anammox bacteria were adopted. As SAA is still 
increasing in lower temperature the maximum value was 2.5 gN/d m2. 
While the pilot reactor was operated before at 19ºC the SAA achieved 
was around 2.6 gN/d m2 (Wójcik, 2011). This mean that in long 
adaptation period same capacity of Anammox reaction may be achieved. 

6.2. Evaluation of microbial activity based on batch tests 
A part of this study was to perform batch tests on biocariers from 
Deammonification reactor to evaluate and asses capacity of biofilm 
responsible for the process performance. In this chapter methodology 
described in this study before was used to produce results of microbial 

Fig. 19 The results from Specific Anammox Activity test from whole experiment 
period. 
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activity of different groups of microorganisms present in biofilm 
responsible for removing nitrogen in Deammonification process. Results 
in following chapters are based mainly on Specific Anammox Activity 
and Oxygen Uptake Rate tests (Appendix I). This study is based on 
presumption that with three main microbial activity tests (SAA, OUR, 
NUR) evaluation of the most important factors regarding process 
performance is possible. However, more different tests were made to 
confirm some results. 

6.2.1. SAA 

While The test of specific Anammox activity was performed since the 
beginning of sampling in 16ºC every week. Batch samples prepared in 
standard conditions like 25ºC and in buffer with 7.8 (optimal) pH to 
observe maximum capacity of Anammox bacteria during that time. 
Maximum value for SAA during the research was achieved just before 
the end of test period, the value was around 1.99 [gN/d m2]. Almost 
from the beginning of the sampling from reactor SAA was consequently 
increasing starting from 1.44 gN/d m2.  

As capacity of Anammox bacteria was increasing during the operation of 
reactor we can come up with hypothesis that the longer Anammox 
biofilm is present in particular environment (described by temperature, 
DO or nitrogen load) the more active they become. For this short period 
(5 months) this statement is true. However, this is too early to say that in 
full scaled process this hypothesis will stay true. Maximum value for 
Anammox activity was discovered to be up to 2.5 gN/m2d. Efficiency of 
nitrogen removal showed in pervious chapter (see  6.1.3) present values 
for nitrogen removal reduced comparing to SAA tests results up to 50%. 
This difference is believed to be caused by several factors. First will be 
naturally influence of temperature. Temperature 25ºC as standard for 
laboratory tests is higher than temperature at which we operated the 
process. Second factor is concentration of substrate (nitrite and 
ammonium) inside sample which is different as in pilot scale and easier 
to use for bacteria. However, results (Fig. 19) shows that even in lower 
temperatures capacity of Anammox is very high. Even in 13ºC SAA were 
around 1.9 gN/m2d. Hence, decreased efficiency in 13 ºC will be caused 
mostly by inhibited process of nitrification. On the other hand, in lower 
temperatures different factors may occur also. Oxygen penetration vary 
respectively to the temperature so the activity of different groups of 
bacteria will change also. Results from SAA proves that it is possible to 
operate with high efficiency the Deammonification process in lower 
temperature. As main stream of wastewater is cold, around 11-13ºC this 
results may be useful in applying Anammox to different wastewater 
streams. 

6.2.2. OUR 

Oxygen Uptake Rate tests, for biofilm biocarriers were made every 
second week. The aim was to show how active and what is the 
approximate capacity of different groups of bacteria in standard 
conditions. Groups of microorganisms possible to measure in this test 
were: 

• Heterotrophic – responsible mostly for denitrification 

• Nitrobacter – taking part in nitratation 

• Nitrosomonas – responsible for nitritation 

Heterotrophic bacteria as mentioned are taking part in conventional 
wastewater treatment. They are converting nitrate to nitrite and then to 
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nitrogen gas with use of organic carbon. Higher activity of these groups 
of bacteria would mean that too less oxygen is supplied to the reactor 
hence more anaerobic conditions are maintained inside biofilm. Second 
reason, would be lower capacity of different groups of bacteria like 
Anammox and Nitrosomonas. During the research only two times activity 
of denitrifiers were higher. On 23rd of February higher hetrotrophic 
activity was caused by problems with operation of DO and the online 
instruments were not working for some time (Fig. 20). Next, just after 
temperature switch, denitrifiers activity increased. Nitrosomonas, 
nitrobacter and Anammox bacteria are competing with each other for 
oxygen, so the microorganisms which have better ability to adopt to 
different conditions will be dominating. Since the temperature shock 
caused decrease activity of these groups of bacteria, there were more 
substrates left for denitrifiers. After adaptation period Nitrosomonas and 
Anammox bacteria activity were restored and hetrotrophic capacity 
decreased again. 

After changing the temperature, drop of activity of both Nitrosomonas and 
Nitrobacter is observed (Fig. 20). However, heterotrophic activity has 
been noticed. After this time Nitrosomonas started rapidly growing but 
heterotrophic stayed still high. 

From OUR test we observe that the activity of AOB is first increasing 
and then decreasing.  

From these results the assumption concerning competition of different 
groups of bacteria seems to be true. The AOB activity had been taken as 
influencing the SAA results by production of NO3 substrate. Since the 
SAA had the lowest value 1.08 gN/d m2, OUR test showed that despite 
the fact that AOB are increasing at the same time high activity of both 
denitrifiers and Nitrobacter was noticed. Competition between these 
bacteria in the biofilm was studied before (Kimura et al, 2009; 
Dapena-Mora et al, 2006). Moreover, the decrease of heterotrophic and 

Fig. 20 Oxygen uptake rate for particular groups of bacteria from 
whole period of research. 
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NOB bacteria respectively with very high Nitrosomonas activity in biofilm 
resulted in very high result in SAA (1.86 gN/d m2). This proves that 
AOB bacteria may stimulate the Anammox reaction performance when 
other factors like nitrite concentration are not the limiting factors. 

6.3. Short-term temperature influence on Deammonification process  
Pervious result presented in this study were made mostly to evaluate 
Deammonification efficiency and capacity in lower temperatures in 16 
and 13ºC. In this chapter ability of bacteria to adopt to low temperatures 
were assessed. For that reason only SAA tests were made since 
Anammox bacteria were in the center of interest. To evaluate adaptation 
ability of Anammox-like bacteria SAA tests were made in even lower 
temperatures than the reactor was operated. 

Short–term temperature influence SAA test due to the changing 
composition of biofilm inside carriers were made during three days. 
Short time sampling eliminated the factor which may affect results like 
biomass composition. These tests were performed in 5 different 
temperatures: 25, 20, 15, 10 and 5 ºC (Fig 21). The interval of 5ºC 
enabled the comparison of results according to the trend line. First to 
notice the value for 25ºC which is the same according to follow up tests 
is relatively low comparing to the one noted in the end of sampling 
period (Fig. 19). This is caused that during the short-term batch test on 
15th of March the weekly results were respectively low (1.5[gN/d m2]]. 
Since the reactor at the time was operated in 16ºC and sampling in 15 ºC 
were made the connection between these two figures could be taken 
under consider. The assumption may be right that the actual capacity of 
Anammox process inside the reactor could be set around 0.9 [gN/d m2]. 
The exponential more than linear trend line seems to be matching 
this graph (Fig. 22).  

Operation of the process in this experiment had no significant influence 
on the adaptation abilities of anammmox bacteria. It has been showed 

Fig. 21 Short-term temperature influence on SAA tests. Samples were taken from 16 
°C (T 16 degree), 13°C during the temperature change when the efficiency of 
N-removal dropped (T 13 degree transmission), 13°C (T 13 degree) and second 
sample from 13°C (T 13 degree 2). 
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(Fig. 22) that the process is possible even in 10 or 5 ºC. The test series 
were prepared to achieve good comparison between results from 16 °C, 
13°C during the temperature change when the efficiency of N-removal 
dropped (Fig. 19), 13°C after the process stabilized and to check the 
process stability second sample from 13°C were taken. Highest capacity 
is achieved as always in higher temperatures but in 15ºC the result of 
0.88 gN/d m2 is still satisfying. 

Results from the influence of low temperatures in short period to 
Anammox capacity proves that this bacteria are strongly influenced by 
temperature factor. Capacity of process performance is changing from 
2.25 g N/d m2 in 25°C to around 0.31 g N/d m2 in 5°C. However, the 
results from samples take in different temperatures and periods of 
process performance are showing that the capacity of Anammox 
reaction in biocarriers is about to be stable in changing conditions. The 
fluctuations of activity in these ranges could be followed by only a 
standard error. Small decrease after the temperature switch is no 
significant to process efficiency and could be recover by optimizing the 
process performance with factors like dissolved oxygen or pH. 

It has been observed that even in such low temperature like 5ºC the 
Anammox activity still occurs at significant range. This could be assumed 
since the study of Allan H. Devol (2008) have proved that in marine 

Table 7: Effects of temperature change during short-term SAA 
tests on activity decrease from 16 and 13ºC. 

Temperature 

SAA from 16°C SAA from 13°C 

gN/m2d activity 
decrease 

gN/m2d activity 
decrease 

25 2,253 - 1,836 - 

20 1,564 44,07% 1,218 50,74% 

15 1,046 49,49% 0,882 38,00% 

10 0,553 89,17% 0,514 71,82% 

5 0,414 33,45% 0,315 63,17% 

Fig. 22. The results from SAA test in short-term temperature 
influence from 16ºC performed in 3 days 13, 14 and 16th of March. 
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environment Anammox activity at 6ºC was observed. SAA test in lower 
temperatures showed clear influence of temperature to the process 
performance in short periods of time. 

Comparison of activity decrease between temperatures from SAA tests 
has been made (Table 7). To prepare this table data from stable process 
operated at 16 and 13ºC were taken. It has been observed that in both 
temperatures highest difference of activity is noticed from decreasing 
between 15 and 10ºC, 89 and 72% respectively. It is important 
knowledge for this study since ranged of operation of Deammonification 
process was close to this range. Moreover, average temperature of main 
stream of wastewater in Europe is seems to be around 13ºC. This brings 
us to the conclusion that even though in 13 ºC efficiency of MBBR pilot 
plant was possible to be kept around 70% Anammox bacteria activity is 
still high. This state leaves us chance to develop Deammonification 
technology in lower temperatures what is need to treat main stream of 
wastewater with technology based on Anammox process. 

7. CONCLUSIONS  

Pilot-scale rector for partial nitrification/Anammox (Deammonification) 
was evaluated with its efficiency in low temperatures 16 and 13ºC. The 
process efficiency was examined in way to observe capacity of Anammox 
bacteria at low temperatures. Both test for short and long-term 
temperature influence were performed. During temperature decrease, the 
process of bacteria adaptation was examined. Results showed that not 
only Deammonification process is possible at 16 and 13ºC, it has been 
proved also that the efficiency of ammonia removal from reject water 
may be respectively 90 and 60%. Following conclusions for this study 
had been made: 

• The temperature in short term tests has shown big influence to the 
capacity of Anammox bacteria 

• Ammonium surface load around 1 g N/m2 d and dissolved oxygen 
concentration around 1 mg O2/l in 16ºC may result in even 99% of 
ammonium removal efficiency 

• The dissolved oxygen, ASL and pH has strong influence to 
Deammonification process 

• The short-term temperature influence SAA tests both in 16 and 13 ºC 
proved that process efficiency is determined by temperature in range 
25 to 5 ºC with exponential correlation 

• Adaptation process of bacteria while decreasing temperature from 16 
to 13 ºC was observed in high capacity of Anammox reaction 
presented as SAA 

• Adaptation period lasted around 1 month and the final efficiency of 
NH4 removal was 30% lower than in 16 ºC 

• Long-term temperature influence on SAA showed that Anammox 
bacteria are capable of adopting to 13 ºC within several month 
achieving capacity similar to the one present in 19 ºC 

Anammox process is efficient in 16 and 13ºC, bacteria are capable of 
adopting in short term periods to even colder conditions. However, this 
research on this pilot-scale plant will continue with more tests in future. 
Stability of the Anammox process in long period is still needed. There 
are lack of results for implementing MBBR for main stream of 
wastewater. Researchers in next years are going to face more issues 
regarding this technology. However, treatment of high ammonium 
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streams of reject water as well established, now seems to be possible  in 
lower temperatures. Research like this may w open the door for applying 
this technology in the future to the main stream of wastewater. Great 
decrease of energy consumption and  reduced concentration of nitrogen 
in water bodies will result in improving state of natural environment.  
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APPENDIX I.  RESULTS FROM BATCH ACTIVITY TESTS 

Table 8: Specific Anammox Activity test results from 21st of February. 

 
21.02.2012 

 
P [mV] 

 
Time Sample 1 Sample 2 Sample 3 

 
0 7.4 7.3 7.0 

Rings 30 10.9 10.5 10.8 

15 60 13.8 11.8 13.7 

Temperature [oC] 90 15.3 14.0 17.5 

25 120 20.7 18.3 19.0 

     
P [mV/min] 0.103333333 0.085 0.102333333 

P [mm Hg/min] 0.273833333 0.22525 0.271183333 

[g N2/min] 5.29064E-06 4.352E-06 5.23944E-06 

biofilm area [m2] 0.007009346 0.00700935 0.007009346 

    
SAA [g N2/d*m2] 1.086909495 0.89407071 1.076391016 

SAAav [g N2/d*m2] 1.081650256 

 

Fig. 23 SAA results series with slope by trend line from 21st of February. 
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Table 9: Specific Anammox Activity test results from 28th of February. 
28.02.2012 

P [mV] 

 
Time Sample 1 Sample 2 Sample 3 

 
0 8.5 8.1 7.7 

Rings 30 8.4 9.4 13.1 

15 60 11.6 12.3 17.6 

Temperature [oC] 90 17.8 16.2 22.0 

25 120 17.6 17.1 25.0 

     
P [mV/min] 0.0920000 0.0826667 0.1450000 

P [mm Hg/min] 0.2438000 0.2190667 0.3842500 

[g N2/min] 4.71038E-06 4.2325E-06 7.42397E-06 

biofilm area [m2] 0.007009346 0.00700935 0.007009346 

    
SAA [g N2/d*m2] 0.967700067 0.8695276 1.525179453 

SAAav [g N2/d*m2] 1.24643976 

Fig. 24 SAA results series with slope by trend line from 28th of February. 
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   Table 10. Specific Anammox Activity test results from 6th of March 
6.03.2012 

P [mV] 

 
Time Sample 1 Sample 2 Sample 3 

 
0 9.1 7.9 7.7 

Rings 30 16.3 14.0 14.6 

15 60 19.7 17.5 18.9 

Temperature [oC] 90 27.1 25.0 26.1 

25 120 29.9 28.4 29.4 

     
P [mV/min] 0.17467 0.17333 0.18300 

P [mm Hg/min] 0.46287 0.45933 0.48495 

[g N2/min] 0.00001 0.00001 0.00001 

biofilm area [m2] 0.00701 0.00701 0.00701 

    
SAA [g N2/d*m2] 1.837227663 1.82320302 1.924881655 

SAAav [g N2/d*m2] 1.861770781 

Fig. 25 SAA results series with slope by trend line from 6th of March. 
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  Table 11: Specific Anammox Activity test results from 15th of March. 
15.03.2012 

P [mV] 

 
Time Sample 1 Sample 2 Sample 3 

 
0 9.7 8.8 

 
Rings 30 14.9 14.4 

 
15 60 18.1 18.0 

 
Temperature [oC] 90 24.0 23.9 

 
25 120 26.0 26.0 

 

     
P [mV/min] 0.13900 0.14633 

 
P [mm Hg/min] 0.36835 0.38778 

 
[g N2/min] 0.00001 0.00001 

 
biofilm area [m2] 0.00701 0.00701 

 

    
SAA [g N2/d*m2] 1.462068579 1.53920409 

 
SAAav [g N2/d*m2] 1.500636336 

Fig. 26 SAA results series with slope by trend line from 15th of March. 
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  Table 12: Specific Anammox Activity test results from 27th of March. 
27.03.2012 

P [mV] 

 
Time Sample 1 Sample 2 Sample 3 

 
0 4.6 5.7 5.3 

Rings 30 14.1 11.7 10.9 

15 60 16.9 13.9 13.7 

Temperature [oC] 90 21.4 19.6 19.1 

25 120 24.8 23.8 23.0 

     
P [mV/min] 0.15900 0.14700 0.14533 

P [mm Hg/min] 0.42135 0.38955 0.38513 

[g N2/min] 0.00001 0.00001 0.00001 

biofilm area [m2] 0.00701 0.00701 0.00701 

    
SAA [g N2/d*m2] 1.672438159 1.54621641 1.528685613 

SAAav [g N2/d*m2] 1.582446728 

Fig. 27 SAA results series with slope by trend line from 27th of March. 
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  Table 13: Specific Anammox Activity test results from 3rd of April. 
3.04.2012 

P [mV] 

 
Time Sample 1 Sample 2 Sample 3 

 
0 7.9 8.4 7.6 

Rings 30 13.1 15.2 9.1 

15 60 20.3 22.4 16.2 

Temperature [oC] 90 27.7 30.8 23.8 

25 120 30.1 33.3 26.5 

     
P [mV/min] 0.19667 0.21800 0.17500 

P [mm Hg/min] 0.52117 0.57770 0.46375 

[g N2/min] 0.00001 0.00001 0.00001 

biofilm area [m2] 0.00701 0.00701 0.00701 

    
SAA [g N2/d*m2] 2.068634201 2.29302842 1.840733823 

SAAav [g N2/d*m2] 1.954684012 

Fig. 28 SAA results series with slope by trend line from 3rd of April. 
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  Table 14: Specific Anammox Activity test results from 11th of April. 
11.04.2012 

P [mV] 

 
Time Sample 1 Sample 2 Sample 3 

 
0 5.2 5.2 4.7 

Rings 30 10.3 9.3 10.3 

15 60 16.2 14.9 16.2 

Temperature [oC] 90 21.9 20.7 22.2 

25 120 24.8 25.0 24.5 

     
P [mV/min] 0.16933 0.17000 0.17167 

P [mm Hg/min] 0.44873 0.45050 0.45492 

[g N2/min] 0.00001 0.00001 0.00001 

biofilm area [m2] 0.00701 0.00701 0.00701 

    
SAA [g N2/d*m2] 1.781129109 1.78814143 1.805672226 

SAAav [g N2/d*m2] 1.791647588 

Fig. 29 SAA results series with slope by trend line from 11th of April. 
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  Table 15: Specific Anammox Activity test results from 18th of April. 
18.04.2012 

P [mV] 

 
Time Sample 1 Sample 2 Sample 3 

 
0 5.5 5.2 5.8 

Rings 30 13.5 14.9 17.5 

15 60 18.5 19.5 22.0 

Temperature [oC] 90 23.7 25.1 26.6 

25 120 27.6 28.7 30.7 

     
P [mV/min] 0.18133 0.19067 0.19633 

P [mm Hg/min] 0.48053 0.50527 0.52028 

[g N2/min] 0.00001 0.00001 0.00001 

biofilm area [m2] 0.00701 0.00701 0.00701 

    
SAA [g N2/d*m2] 1.907350857 2.00552333 2.065128041 

SAAav [g N2/d*m2] 1.992667408 

Fig. 30SAA results series with slope by trend line from 18th of April. 
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  Table 16: Specific Anammox Activity test results from 25th of April. 
25.04.2012 

P [mV] 

 
Time Sample 1 Sample 2 Sample 3 

 
0 5.4 5.6 5.6 

Rings 30 13.3 12.4 10.8 

15 60 17.5 16.6 16.0 

Temperature [oC] 90 20.0 21.7 20.9 

25 120 32.1 36.5 33.7 

     
P [mV/min] 0.20033 0.23700 0.22100 

P [mm Hg/min] 0.53088 0.62805 0.58565 

[g N2/min] 0.00001 0.00001 0.00001 

biofilm area [m2] 0.00701 0.00701 0.00701 

    
SAA [g N2/d*m2] 2.107201957 2.49287952 2.324583856 

SAAav [g N2/d*m2] 2.308221778 

Fig. 31 SAA results series with slope by trend line from 25th of April. 
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  Table 17: Specific Anammox Activity test results from 2nd of May. 
2.05.2012 

P [mV] 

 
Time Sample 1 Sample 2 Sample 3 

 
0 5.9 6.1 6.3 

Rings 30 10.0 11.5 9.5 

15 60 15.0 14.7 13.7 

Temperature [oC] 90 19.6 19.7 18.0 

25 120 24.7 25.3 23.5 

     
P [mV/min] 0.15733 0.15533 0.14300 

P [mm Hg/min] 0.41693 0.41163 0.37895 

[g N2/min] 0.00001 0.00001 0.00001 

biofilm area [m2] 0.00701 0.00701 0.00701 

    
SAA [g N2/d*m2] 1.654907361 1.6338704 1.504142495 

SAAav [g N2/d*m2] 1.597640086 

Fig. 32 SAA results series with slope by trend line from 2nd of May. 
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  Table 18: Specific Anammox Activity test results from 8th of May. 
8.05.2012 

P [mV] 

 
Time Sample 1 Sample 2 Sample 3 

 
0 5.8 6.8 5.8 

Rings 30 10.8 14.2 15.3 

15 60 15.0 19.2 20.1 

Temperature [oC] 90 20.6 25.0 25.7 

25 120 24.7 29.0 29.3 

     
P [mV/min] 0.15867 0.18400 0.19133 

P [mm Hg/min] 0.42047 0.48760 0.50703 

[g N2/min] 0.00001 0.00001 0.00001 

biofilm area [m2] 0.00701 0.00701 0.00701 

    
SAA [g N2/d*m2] 1.668931999 1.93540013 2.012535646 

SAAav [g N2/d*m2] 1.97396789 

Fig. 33 SAA results series with slope by trend line from 8th of May. 
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  Table 19: Specific Anammox Activity test results from 21st of May. 
21.05.2012 

P [mV] 

 
Time Sample 1 Sample 2 Sample 3 

 
0 5.5 6.6 5.6 

Rings 30 9.6 10.3 12.0 

15 60 16.3 18.7 21.0 

Temperature [oC] 90 23.3 25.1 27.9 

25 120 30.1 32.0 34.0 

     
P [mV/min] 0.20967 0.21867 0.24233 

P [mm Hg/min] 0.55562 0.57947 0.64218 

[g N2/min] 0.00001 0.00001 0.00001 

biofilm area [m2] 0.00701 0.00701 0.00701 

    
SAA [g N2/d*m2] 2.205374428 2.30004074 2.548978075 

SAAav [g N2/d*m2] 2.252707583 

Fig. 34 SAA results series with slope by trend line from 21st of May. 
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  Table 20: Specific Anammox Activity test results from 28th of May. 
28.05.2012 

P [mV] 

 
Time Sample 1 Sample 2 Sample 3 

 
0 4.5 3.8 4.2 

Rings 30 14.8 15.6 16.2 

15 60 24.0 26.1 25.1 

Temperature [oC] 90 29.0 30.9 29.5 

25 120 32.5 33.7 31.9 

     
P [mV/min] 0.23400 0.25033 0.22900 

P [mm Hg/min] 0.62010 0.66338 0.60685 

[g N2/min] 0.00001 0.00001 0.00001 

biofilm area [m2] 0.00701 0.00701 0.00701 

    
SAA [g N2/d*m2] 2.461324083 2.63312591 2.408731688 

SAAav [g N2/d*m2] 2.547224995 

Fig. 35 SAA results series with slope by trend line from 28th of May. 
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  Table 21: Specific Anammox Activity test results from 4th of June. 
4.06.2012 

P [mV] 

 
Time Sample 1 Sample 2 Sample 3 

 
0 6.2 8.6 6.3 

Rings 30 7.4 9.5 11.3 

15 60 12.0 16.8 20.7 

Temperature [oC] 90 18.0 20.7 24.9 

25 120 23.5 26.1 30.8 

     
P [mV/min] 0.15067 0.15400 0.20867 

P [mm Hg/min] 0.39927 0.40810 0.55297 

[g N2/min] 0.00001 0.00001 0.00001 

biofilm area [m2] 0.00701 0.00701 0.00701 

    
SAA [g N2/d*m2] 1.584784168 1.61984576 2.194855949 

SAAav [g N2/d*m2] 1.602314966 

Fig. 36 SAA results series with slope by trend line from 4th of June. 
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  Table 22: Specific Anammox Activity test results from 12th of June. 
12.06.2012 

P [mV] 

 
Time Sample 1 Sample 2 Sample 3 

 
0 3.6 3.7 3.8 

Rings 30 13.0 12.6 13.6 

15 60 17.5 17.7 18.3 

Temperature [oC] 90 22.5 23.4 22.0 

25 120 25.5 26.5 25.0 

     
P [mV/min] 0.17767 0.18800 0.16933 

P [mm Hg/min] 0.47082 0.49820 0.44873 

[g N2/min] 0.00001 0.00001 0.00001 

biofilm area [m2] 0.00701 0.00701 0.00701 

    
SAA [g N2/d*m2] 1.8687831 1.97747405 1.781129109 

SAAav [g N2/d*m2] 1.923128575 

Fig. 37 SAA results series with slope by trend line from 12th of June. 
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Table 23: Specific Anammox Activity test results from 18th of June. 
18.06.2012 

P [mV] 

 
Time Sample 1 Sample 2 Sample 3 

 
0 5.9 6.4 5.4 

Rings 30 12.1 13.8 12.8 

15 60 18.5 19.6 19.1 

Temperature [oC] 90 22.2 23.5 22.3 

25 120 28.1 28.8 27.4 

     
P [mV/min] 0.18167 0.18167 0.17833 

P [mm Hg/min] 0.48142 0.48142 0.47258 

[g N2/min] 0.00001 0.00001 0.00001 

biofilm area [m2] 0.00701 0.00701 0.00701 

    
SAA [g N2/d*m2] 1.910857016 1.91085702 1.87579542 

SAAav [g N2/d*m2] 1.899169817 

Fig. 38 SAA results series with slope by trend line from 18th of June. 



Evaluation of deammonification process operated at low temperatures 

 

xxix 

Table 24: Partial data needed for Oxygen Uptake Rate. 

Date Trial Initial NH4-N 
[mg/l] 

OUR  
(Nitrobacter + Nitrosomonas + 

Heterotrophic) 

OUR 
(Nitrosomonas + Heterotrophic) 

OUR 
(Heterotrophic) 

partial 
data 

average 
[mg O2/l s] 

[g O2/m2/d] partial data average 
[mg O2/l*s] 

[g O2/m2/d] partial 
data 

average 
[mg O2/l s] 

[g O2/m2/d] 

23.02.12 

1 125 -0.00205 

-0.00201 5.557248 

-0.00194 

-0.00182333 5.041152 

-0.00071 

-0.000606667 1.677312 2 125 -0.00213 -0.00183 -0.00054 

3 125 -0.00185 -0.0017 -0.00057 

8.03.12 

1 100 -0.00131 

-0.001026667 2.838528 

-0.00087 

-0.00073 2.018304 

-0.00022 

-0.00023 0.635904 2 100 -0.00089 -0.00067 -0.00023 

3 100 -0.00088 -0.00065 -0.00024 

20.03.12 

1 100 -0.0011 

-0.00102 2.820096 

-0.00032 

-0.00073 2.018304 

-0.00018 

-0.000266667 0.73728 2 100 -0.0009 -0.00068 -0.00026 

3 100 -0.00106 -0.00078 -0.00036 

28.03.12 

1 100 -0.00073 

-0.00081 2.239488 

-0.00056 

-0.00064 1.769472 

-0.00028 

-0.0003 0.82944 2 100 -0.00089 -0.00061 -0.00028 

3 100 -0.00081 -0.00075 -0.00034 

12.04.12 

1 100 -0.00103 

-0.001143333 3.161088 

-0.00091 

-0.001 2.7648 

-0.00031 

-0.000226667 0.626688 2 100 -0.00124 -0.00106 -0.00022 

3 100 -0.00116 -0.00103 -0.00015 

26.04.12 

1 100 -0.0012 

-0.001316667 3.64032 

-0.00089 

-0.00098667 2.727936 

-0.00061 

-0.000586667 1.622016 2 100 -0.00142 -0.00108 -0.00062 

3 100 -0.00133 -0.00099 -0.00053 

1.02.12 1 100 - -0.00115 3.17952 - -0.001 2.7648 - -0.00045 1.24416 
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2 100 -0.0011 -0.0008 -0.0004 

3 100 -0.0012 -0.0012 -0.0005 

6.02.12 

1 100 -0.0017 

-0.0015 4.1472 

-0.0009 

-0.0011 3.04128 

-0.0002 

-0.00043333 1.19808 2 100 -0.0015 -0.0015 -0.0007 

3 100 -0.0013 -0.0009 -0.0004 

17.02.12 

1 100 -0.0015 

-0.00166667 4.608 

-0.0016 

-0.0014667 4.05504 

-0.0006 

-0.00073333 2.02752 2 100 -0.0019 -0.0015 -0.0009 

3 100 -0.0016 -0.0013 -0.001 

16.05.12 

1 100 -0.00225 

-0.00223333 6.17472 

-0.0022 

-0.0018133 5.013504 

-0.00064 

-0.00066333 1.833984 2 100 -0.0018 -0.00169 -0.00036 

3 100 -0.00265 -0.00155 -0.00099 

12.06.12 

1 100 -0.00225 

-0.00223333 6.17472 

-0.0022 

-0.0018133 5.013504 

-0.00064 

-0.00066333 1.833984 2 100 -0.0018 -0.00169 -0.00036 

3 100 -0.00265 -0.00155 -0.00099 
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  Table 25: 5°C SAA results for short term tests at 16°C operation temperature. 

 
R2 

 
P [mV] 

 Time Sample 1 Sample 2 Sample 3 

 0 6.4 7.5 6.7 

Rings 60 7.5 8.3 7.3 

15 120 9.8 10.0 9.6 
Temperature 

[oC] 180 11.3 11.7 12.5 

5 240 12.5 12.5 13.1 

     
P [mV/min] 0.0266667 0.022333333 0.03 

P [mm Hg/min] 0.0706667 0.059183333 0.0795 

[g N/min] 1.463E-06 1.22568E-06 1.64644E-06 

biofilm area [m2] 0.0070093 0.007009346 0.007009346 

    
SAA [g N/d*m2] 0.3006612 0.251803778 0.33824388 

SAAav [g N/d*m2] 0.296902962 

Table 26: 10°C SAA results for short term tests at 16°C operation temperature. 

 
R2 

 
P [mV] 

 Time Sample 1 Sample 2 Sample 3 

 0 6.5 6.7 6.4 

Rings 45 7.1 6.8 6.8 

15 90 9.0 7.7 9.5 
Temperature 

[oC] 135 11.4 8.9 12.7 

10 180 13.7 11.9 15.6 

     
P [mV/min] 0.041555556 0.027777778 0.054 

P [mm Hg/min] 0.110122222 0.073611111 0.1431 

[g N/min] 2.24035E-06 1.49756E-06 2.91E-06 

biofilm area [m2] 0.007009346 0.007009346 0.007009 

    
SAA [g N/d*m2] 0.460256875 0.307658339 0.598088 

SAAav [g N/d*m2] 0.455334341 
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  Table 27: 25°C SAA results for short term tests at 16°C operation temperature. 
 

R2 

 
P [mV] 

 Time Sample 1 Sample 2 Sample 3 

 0 9.7 8.8 - 

Rings 30 14.9 14.4 - 

15 60 18.1 18.0 - 
Temperature 

[oC] 90 24.0 23.9 - 

25 120 26.5 26.5 - 

     
P [mV/min] 0.142333333 0.14966667 - 

P [mm Hg/min] 0.377183333 0.39661667 - 

[g N/min] 7.28743E-06 7.6629E-06 - 

biofilm area [m2] 0.007009346 0.00700935 - 

    
SAA [g N/d*m2] 1.497130176 1.57426569 - 

SAAav [g N/d*m2] 1.535697932 

Table 28: 20°C SAA results for short term tests at 16°C operation temperature. 

R2 

P [mV] 

 Time Sample 1 Sample 2 Sample 3 

 0 7.1 7.8 6.6 

Rings 30 12.2 11.6 12.3 

15 60 13.9 13.6 14.5 
Temperature 

[oC] 90 18.8 16.8 18.6 

20 120 22.6 20.3 21.6 

     
P [mV/min] 0.125333333 0.100666667 0.121 

P [mm Hg/min] 0.332133333 0.266766667 0.32065 

[g N/min] 6.52649E-06 5.24202E-06 6.3E-06 

biofilm area [m2] 0.007009346 0.007009346 0.007009 

    
SAA [g N/d*m2] 1.340801383 1.076920259 1.294444 

SAAav [g N/d*m2] 1.23738851 
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  Table 29: 15°C SAA results for short term tests at 16°C operation temperature. 

 
R2 

 
P [mV] 

 Time Sample 1 Sample 2 Sample 3 

 0 7.3 7.9 7.1 

Rings 30 9.2 8.2 7.4 

15 60 10.6 9.1 8.1 
Temperature 

[oC] 90 13.6 11.2 10.1 

15 120 17.8 15.0 14.3 

     
P [mV/min] 0.084667 0.057333 0.057 

P [mm Hg/min] 0.224367 0.151933 0.15105 

[g N/min] 4.33E-06 2.94E-06 2.92E-06 

biofilm area [m2] 0.007009 0.007009 0.007009 

    
SAA [g N/d*m2] 0.890565 0.603059 0.599553 

SAAav [g N/d*m2] 0.697725773 

Table 30: 5°C SAA results for short term tests at 13°C operation temperature during 
transition time. 

 
R2 

 
P [mV] 

 Time Sample 1 Sample 2 Sample 3 

 0 5.5 6.3 4.7 

Rings 60 10.2 12.9 12.1 

15 120 12.2 14.1 13.4 
Temperature 

[oC] 180 14.0 14.2 13.6 

5 240 14.6 14.8 15.0 

     
P [mV/min] 0.036667 0.0305 0.036833 

P [mm Hg/min] 0.097167 0.080825 0.097608 

[g N/min] 2.01E-06 1.67E-06 2.02E-06 

biofilm area [m2] 0.007009 0.007009 0.007009 

    
SAA [g N/d*m2] 0.413409 0.343881 0.415288 

SAAav [g N/d*m2] 0.414348753 
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  Table 31: 10°C SAA results for short term tests at 13°C operation temperature during 
transition time. 

 
R2 

 
P [mV] 

 Time Sample 1 Sample 2 Sample 3 

 0 5.0 6.3 6.7 

Rings 45 7.6 8.9 7.6 

15 90 8.8 10.3 9.6 
Temperature 

[oC] 135 12.2 12.9 13.4 

10 180 14.2 15.4 14.9 

     
P [mV/min] 0.0511111 0.049333333 0.049333333 

P [mm Hg/min] 0.1354444 0.130733333 0.130733333 

[g N/min] 2.756E-06 2.65966E-06 2.65966E-06 

biofilm area [m2] 0.0070093 0.007009346 0.007009346 

    
SAA [g N/d*m2] 0.5660913 0.54640121 0.54640121 

SAAav [g N/d*m2] 0.552964588 

Table 32: 20°C SAA results for short term tests at 13°C operation temperature during 
transition time. 

 
R2 

 
P [mV] 

 Time Sample 1 Sample 2 Sample 3 

 0 6.1 5.7 5.6 

Rings 30 11.0 11.3 9.2 

15 60 17.0 16.8 12.4 
Temperature 

[oC] 90 21.8 23.0 17.5 

20 120 25.4 27.0 20.6 

     
P [mV/min] 0.164666667 0.181 0.127667 

P [mm Hg/min] 0.436366667 0.47965 0.338317 

[g N/min] 8.57469E-06 9.42522E-06 6.65E-06 

biofilm area [m2] 0.007009346 0.007009346 0.007009 

    
SAA [g N/d*m2] 1.761584795 1.93631689 1.365763 

SAAav [g N/d*m2] 1.563673953 
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  Table 33: 25°C SAA results for short term tests at 13°C operation temperature during 
transition time. 

 
R2 

 
P [mV] 

 Time Sample 1 Sample 2 Sample 3 

 0 5.5 6.6 5.6 

Rings 30 9.6 10.3 12.0 

15 60 16.3 18.7 21.0 
Temperature 

[oC] 90 23.3 25.1 27.9 

25 120 30.1 32.0 34.0 

     
P [mV/min] 0.209666667 0.21866667 0.242333 

P [mm Hg/min] 0.555616667 0.57946667 0.642183 

[g N/min] 1.07349E-05 1.1196E-05 1.24E-05 

biofilm area [m2] 0.007009346 0.00700935 0.007009 

    
SAA [g N/d*m2] 2.205374428 2.30004074 2.548978 

SAAav [g N/d*m2] 2.252707583 

Table 34: 5°C SAA results for short term tests at 13°C operation temperature after 
stabilization. 

 
R2 

 
P [mV] 

 Time Sample 1 Sample 2 Sample 3 

 0 3.2 3.6 3.0 

Rings 60 4.1 4.1 4.0 

15 120 6.2 6.5 6.1 
Temperature 

[oC] 180 7.8 8.4 7.2 

5 240 9.8 10.3 9.7 

     
P [mV/min] 0.028167 0.0295 0.027667 

P [mm Hg/min] 0.074642 0.078175 0.073317 

[g N/min] 1.55E-06 1.62E-06 1.52E-06 

biofilm area [m2] 0.007009 0.007009 0.007009 

    
SAA [g N/d*m2] 0.317573 0.332606 0.311936 

SAAav [g N/d*m2] 0.314754722 
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  Table 35: 10°C SAA results for short term tests at 13°C operation temperature after 
stabilization 

 
R2 

 
P [mV] 

 Time Sample 1 Sample 2 Sample 3 

 0 4.9 5.0 4.8 

Rings 45 6.1 6.5 6.3 

15 90 7.8 8.4 8.2 
Temperature 

[oC] 135 10.3 11.4 10.2 

10 180 12.3 13.5 13.7 

     
P [mV/min] 0.0422222 0.048666667 0.048222222 

P [mm Hg/min] 0.1118889 0.128966667 0.127788889 

[g N/min] 2.276E-06 2.62372E-06 2.59976E-06 

biofilm area [m2] 0.0070093 0.007009346 0.007009346 

    
SAA [g N/d*m2] 0.4676407 0.53901741 0.534094876 

SAAav [g N/d*m2] 0.51358432 

Table 36: 15°C SAA results for short term tests at 13°C operation temperature after 
stabilization 

 
R2 

 
P [mV] 

 Time Sample 1 Sample 2 Sample 3 

 0 4.5 5.0 4.1 

Rings 30 6.2 6.2 6.1 

15 60 
   

Temperature 
[oC] 105 13.4 11.2 12.7 

15 120 14.5 11.7 16.5 

     
P [mV/min] 0.086629 0.058808 0.097803 

P [mm Hg/min] 0.229568 0.155842 0.259177 

[g N/min] 4.59E-06 3.12E-06 5.18E-06 

biofilm area [m2] 0.007009 0.007009 0.007009 

    
SAA [g N/d*m2] 0.942833 0.64004 1.064436 

SAAav [g N/d*m2] 0.882436112 
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  Table 37: 15°C SAA results for short term tests at 13°C operation temperature after 
stabilization 

 
R2 

 
P [mV] 

 Time Sample 1 Sample 2 Sample 3 

 0 5.1 4.4 5.4 

Rings 30 8.3 6.8 9.5 

15 60 11.7 9.9 13.9 
Temperature 

[oC] 90 14.3 12.2 16.4 

20 120 17.9 15.8 20.3 

     
P [mV/min] 0.105333333 0.094 0.122333 

P [mm Hg/min] 0.279133333 0.2491 0.324183 

[g N/min] 5.48503E-06 4.89486E-06 6.37E-06 

biofilm area [m2] 0.007009346 0.007009346 0.007009 

    
SAA [g N/d*m2] 1.126843715 1.005601037 1.308708 

SAAav [g N/d*m2] 1.217775724 

Table 38: 25°C SAA results for short term tests at 13°C operation temperature after 
stabilization 

 
R2 

 
P [mV] 

 Time Sample 1 Sample 2 Sample 3 

 0 4.9 5.2 4.7 

Rings 30 10.4 10.6 10.8 

15 60 14.5 13.9 14.5 
Temperature 

[oC] 90 
   

25 120 26.5 26.8 24.7 

     
P [mV/min] 0.181904762 0.185 0.156667 

P [mm Hg/min] 0.482047619 0.49025 0.415167 

[g N/min] 9.31348E-06 9.472E-06 8.02E-06 

biofilm area [m2] 0.007009346 0.00700935 0.007009 

    
SAA [g N/d*m2] 1.913361416 1.94591861 1.647895 

SAAav [g N/d*m2] 1.835725023 
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  Table 39: 5°C SAA results for short term tests at 13°C operation temperature. 
second series. 

 
R2 

 
P [mV] 

 Time Sample 1 Sample 2 Sample 3 

 0 3.3 4.0 3.6 

Rings 60 5.3 4.7 4.7 

15 120 6.3 5.7 5.7 
Temperature 

[oC] 180 8.2 7.3 7.6 

5 240 10.2 8.4 9.6 

     
P [mV/min] 0.027833 0.019 0.024833 

P [mm Hg/min] 0.073758 0.05035 0.065808 

[g N/min] 1.53E-06 1.04E-06 1.36E-06 

biofilm area [m2] 0.007009 0.007009 0.007009 

    
SAA [g N/d*m2] 0.313815 0.214221 0.279991 

SAAav [g N/d*m2] 0.296902962 

Table 40: 10°C SAA results for short term tests at 13°C operation temperature. 
second series. 

 
R2 

 
P [mV] 

 Time Sample 1 Sample 2 Sample 3 

 0 4.3 4.6 4.3 

Rings 45 4.7 5.4 3.6 

15 90 6.4 7.0 4.4 
Temperature 

[oC] 135 7.9 9.1 8.1 

10 180 9.5 11.0 9.4 

     
P [mV/min] 0.0302222 0.036666667 0.032666667 

P [mm Hg/min] 0.0800889 0.097166667 0.086566667 

[g N/min] 1.629E-06 1.97678E-06 1.76113E-06 

biofilm area [m2] 0.0070093 0.007009346 0.007009346 

    
SAA [g N/d*m2] 0.3347323 0.406109007 0.361806206 

SAAav [g N/d*m2] 0.383957607 
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Table 41: 15°C SAA results for short term tests at 13°C operation temperature. 
second series. 

 
R2 

 
P [mV] 

 Time Sample 1 Sample 2 Sample 3 

 0 3.0 3.4 2.7 

Rings 30 4.4 4.9 4.2 

15 60 6.7 7.5 6.3 
Temperature 

[oC] 105 9.7 8.8 11.2 

15 120 12.5 12.8 12.8 

     
P [mV/min] 0.075952 0.069524 0.086548 

P [mm Hg/min] 0.201274 0.184238 0.229351 

[g N/min] 4.02E-06 3.68E-06 4.58E-06 

biofilm area [m2] 0.007009 0.007009 0.007009 

    
SAA [g N/d*m2] 0.826629 0.756663 0.941942 

SAAav [g N/d*m2] 0.884285499 

Table 42: 20°C SAA results for short term tests at 13°C operation temperature. 
second series. 

 
R2 

 
P [mV] 

 Time Sample 1 Sample 2 Sample 3 

 0 4.3 3.2 3.6 

Rings 30 7.7 6.3 6.8 

15 60 13.0 11.6 12.7 
Temperature 

[oC] 90 16.2 16.0 16.6 

20 120 20.2 20.1 21.2 

     
P [mV/min] 0.134333333 0.145 0.15 

P [mm Hg/min] 0.355983333 0.38425 0.3975 

[g N/min] 6.99514E-06 7.55059E-06 7.81E-06 

biofilm area [m2] 0.007009346 0.007009346 0.007009 

    
SAA [g N/d*m2] 1.437082333 1.551193089 1.604683 

SAAav [g N/d*m2] 1.437082333 
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Table 43: 25°C SAA results for short term tests at 13°C operation temperature. 
second series. 

 
R2 

 
P [mV] 

 Time Sample 1 Sample 2 Sample 3 

 0 2.8 2.8 2.8 

Rings 30 10.1 10.0 10.3 

15 60 18.1 16.8 17.8 
Temperature 

[oC] 90 24.6 23.7 25.7 

25 120 29.5 31.2 27.9 

     
P [mV/min] 0.226333333 0.235 0.218667 

P [mm Hg/min] 0.599783333 0.62275 0.579467 

[g N/min] 1.15882E-05 1.2032E-05 1.12E-05 

biofilm area [m2] 0.007009346 0.00700935 0.007009 

    
SAA [g N/d*m2] 2.380682411 2.47184256 2.300041 

SAAav [g N/d*m2] 2.384188571 


