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SUMMANFATTNING PÅ SVENSKA 
Gällande lagbestämmelser om kvävekoncentration i utsläpp av behandlat 

avloppsvatten till ytvatten gör det nödvändigt att söka efter effektivare 

och ekologiska lösningar. 

Forskare, ofta i samarbete med avloppsreningsverk som strävar efter att vara 

miljöneutrala, försöker höja effektiviteten hos befintliga system genom 

modifieringar lika väl som att testa helt nya metoder för att avlägsna kväve från 

avloppsvatten. Konventionell kväveavlägsningsteknik från avloppsvatten uppnås 

genom kombinationer av nitrifikation och denitrifikation. En av de nyaste och 

mest innovativa teknologierna är partiell nitritation/anammox-process 

kalladdeammonifikation. 

På grund av de många faktorer som påverkar aktiviteten hos anammox och 

ammoniumoxiderande bakterier under normala förhållanden 

(låg kvävekoncentration och låg temperatur) är det nödvändigt att hitta optimala 

driftsparametrar för processprestanda. 

Detta arbete var inriktat på att hitta de bästa operativa parametrarna för att 

genomföra partiell nitritation/anammox-process och följaktligen maximera 

effektiviteten av kväveavlägsningen. Två gånger i veckan i nästan fem månader 

gjordes kemiska analyser och fysiska parametrar mättes. Analyseravinkommande 

avloppsvatten bestod av kemisk syreförbrukning (COD) både i filtrerat och 

ofiltrerat prov, alkalinitet och koncentration av ammoniumkväve och för utflödets 

egenskaper av kemisk syreförbrukning (COD)i filtrerat prov, alkalitet, 

koncentrationer av ammoniumkväve, nitratkväve och nitritkväve. Dessutom 

uppmättes pH-värdet för inflöde och utflöde. Resultaten användes för att beräkna 

ammoniak- och kväveavlägsningsffektivitet, kvävebelastning (NL), 

kvävebelastningsgrad (NLR), kväveavlägsningshastighet (NRR), 

kvotennitratproduktion till ammoniumavlägsning och kvoten COD till ammonium 

i inkommande avloppsvatten. 

Processen för det mesta av forskningen genomfördes vid 15 °C med olika 

luftningstid, DO-nivå, blandat vätskesuspenderat slam (MLSS) och hydraulisk 

uppehållstid (HRT). Under de sista 4 veckorna av studien hölls temperaturen vid 

17 °C. Inga kemikalier tillsattes till reaktorn under hela studietiden. 



 

 

Enheter för online-mätningar användes för kontinuerlig processkontroll och 

övervakning. De var också användbara för att studera processen och effekten av 

förändring av operativa parametrar (som tid för luftning och löst syre (DO) etc.) 

på processprestanda. 

Under hela studieperioden (21 veckor) varierade processindikatorer (som 

kvävebelastningsgrad, kväveavlägsningseffektivitet etc.) beräknat från 

analysresultaten med tiden. Från hela studieperioden uppnåddes det bästa 

resultatet vid 17 °C (48,0% av kväveavlägsnande effektivitet, baserat på online 

data). Emellertid erhölls nästan samma effektivitet (46,6%) också vid 15 °C  

med samma luftningsstrategi, men med högre hydraulisk uppehållstid (HRT). 

Utöver betydelsen av temperatur (vilket visat sig i tidigare studier) visade sig att 

luftningsstrategi är den andra avgörande faktorn som påverkar processen.  

De bästa resultaten, både vid 15 och 17 °C, uppnåddes under 20 minuter  

av luftning under 1 timmes cykel med DO-börvärde under luftning lika med  

1,3 mg O2/L. 

Denna forskning har gett värdefull information och vägledning för den framtida 

processutvecklingen, men ytterligare forskning, särskilt om inverkan  

av slamåldern och slammets sammansättning är nödvändig. 

  



 

 

SUMMARY IN ENGLISH 
In connection with current law regulations referring to nitrogen concentration  
in treated wastewater introduced into surface waters, searching for more efficient 
and ecological solutions is needed. 

Scientists, often in cooperation with wastewater treatment plants that aspire  
to be environmentally neutral, are trying to raise efficiency of existing systems  
by some modifications as well as testing completely new methods to remove 
nitrogen from wastewater. Conventional nitrogen removal technology from 
wastewater is accomplished through combinations of nitrification  
and denitrification. One of the newest and most innovative technologies is partial 
nitritation/anammox process called deammonification. 

Because of many factors affecting activity of anammox and ammonium oxidizing 
bacteria in mainstream conditions (low nitrogen concentration and low 
temperature), it is necessary to find optimal operational parameters for process 
performance. 

This work was focused on finding the best operational parameters for conducting 
partial nitritation/anammox process and in consequence maximizing nitrogen 
removal efficiency. Twice a week for almost five months chemical analysis were 
made and physical parameters were measured. Analysis for influent wastewater 
characteristics consisted of chemical oxygen demand both in filtered  
and unfiltered sample, alkalinity and ammonium nitrogen concentration  
and for effluent wastewater characteristics consisted of chemical oxygen demand 
in filtered sample, alkalinity, ammonium nitrogen, nitrate nitrogen and nitrite 
nitrogen concentration. Moreover, the pH of influent and effluent wastewater  
was measured. Results were used to calculate ammonium and nitrogen removal 
efficiencies, nitrogen load (NL), nitrogen loading rate (NLR), nitrogen removal 
rate (NRR), nitrate produced to ammonium reduced ratio and COD to ammonium 
in influent wastewater  

The process for the most part of research was conducted in 15°C with various 
aeration time, DO level, mixed liquor suspended sludge (MLSS) and hydraulic 
retention time (HRT). During the last 4 weeks of study the temperature  
was maintained on 17°C. No chemicals were added to the reactor during entire 
study time. 

Devices for online measurements were used for continuous process controlling and 
monitoring. They were also helpful to study course of the process and impact  
of operational parameters change (as time of aeration and dissolved oxygen etc.)  
on the process performance. 

During whole study period (21 weeks) process indicators (as nitrogen loading rate, 
nitrogen removal efficiency etc.) calculated from the results of analysis varied over 
time. From the entire study period the best result was achieved at 17°C  
(48.0% of nitrogen removal efficiency, based on online data). However, almost 
similar efficiency (46.6%) was obtained also at 15°C with the same aeration 
strategy, but with higher hydraulic retention time (HRT). 



 

 

Beyond the importance of temperature (what was proven in previous studies)  
it was found that aeration strategy is the other crucial factor affecting the process. 
The best results, both at 15 and 17°C, were achieved in 20 minutes of aeration  
in 1-hour cycle with DO setpoint during aeration equal to 1.3 mg O2/L. 

This research has provided valuable information and guidance for the future 
process development, however further research, in particular about the influence 
of sludge retention time and its' composition is necessary.  
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ABBREVIATIONS AND SYMBOLS 
AOB Ammonium Oxidizing Bacteria  
Anammox ANaerobic AMMonium OXidation 
COD Chemical Oxygen Demand (in filtered sample) 
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H-MBBR Hybrid-Moving Bed Biofilm Reactor 
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NO2-N Nitrogen in Nitrite form 
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NRR Nitrogen Removal Rate 
ORP Oxidation-Reduction Potential 
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PN/A Partial Nitritation/Anammox 
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TN Total Nitrogen 
TSS Total Suspended Solids 
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ABSTRACT 
The main aim of the study was to optimize Partial Nitritation/Anammox process 
operated in pilot-scale integrated fixed film activated sludge (IFAS) mode supplied 
with low-temperature mainstream wastewater and efficiency evaluation based  
on laboratory analysis and data from online sensors. Main tasks of research work 
were to stabilize the ongoing process and find the optimal conditions  
for maximizing effects of nitrogen removal. The use of online sensors (dissolved 
oxygen, pH, conductivity, oxidation-reduction potential, NH4-N, NO3-N  
and NO2-N) has allowed continuous process monitoring. 

During research period the influent wastewater flow, recirculated sludge flow, time  
of aeration, set point of dissolved oxygen and temperature were changed.  
Flow of influent wastewater varied between 11.2 and 16.8 L/h resulting in HRT 
varying between 11.9 and 17.9h. Different strategies of aeration were tested:  
20, 25 and 30 minutes of aeration in one-hour cycle with DO values of 1.0, 1.3  
and 1.5 mg O2/L. 

The best result of nitrogen removal efficiency for IFAS reactor operated at 15°C 
was 46.6% (based on online data) at oxygen concentration value of 1.3 mg O2/L, 
with 20 minutes of aeration and 40 minutes without aeration in 1-hour cycle.  
After increase of temperature to 17°C higher nitrogen removal efficiency was 
obtained with maximum value of 48.0% (based on online data). 
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1. INTRODUCTION 
Nitrogen is one of the several chemical elements of high biological 
significance. It is part of many biomolecules such as aminoacids, proteins, 
nucleic acids and nucleotides. Nitrogen is necessary in surface water to 
provide life, however too high concentration in water bodies may cause 
occurrence of eutrophication process (Ansari et al., 2014). Water has  
a natural self-purifying capacity that often turns out to be insufficient when 
the additional nitrogen load (e.g. from a Waste Water Treatment Plant)  
is provided. 

Conventional removal of nitrogen from wastewater is accomplished through 
combinations of nitrification and denitrification. Both of these processes  
are energy consuming resulting in high costs. These processes have also  
an additional bad impact due to greenhouse gases and biomass production 
(Abma et al., 2007). For this reason, the current work of environmental 
engineers focus on, inter alia, finding more efficient and sustainable methods 
of removing nitrogen from wastewater and at the same time reducing energy 
and cost of wastewater treatment. 

2. PARTIAL NITRITATION/ANNAMOX PROCESS 
2.1. Stoichiometry 

Deammonification is a two-step process of converting ammonium to nitrogen 
gas. First step is partial oxidation of ammonium to nitrite (partial nitritation), 
after which the nitrite produced can be converted to nitrogen gas with  
the rest of ammonium under anaerobic conditions (anammox).  
The stoichiometry of deammonnification process is given by following 
reactions (Strous et al., 1998): 

 

NH�
� + 1,382	O + 1,982	HCO�

�	

→ 0,018	C�H�NO + 0,982	NO
� + 1,04	HO + 1,891	HCO� (1) 

 

NH�
� + 1,32	NO

� + 0,066	HCO�
� + 0,13	H�	

→ 1,02	N + 0,26	NO�
� + 2,03	HO + 0,066	CHO�,�N�,�� (2) 

 

Biological reaction obtained after combining (1) and (2) is  

 

NH�
� + 0,793	O + 1,165	HCO�

� → 0,435	N + 0,111	NO�
� + 0,012	OrgN (3) 

 

Contrary to the classic biological nitrogen removal processes, the anammox 
process consumes up to 60% less oxygen, does not require an external 
substrate, produces less greenhouse gases and sludge. 
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2.2. Inhibition of anammox bacteria 
Anammox, as every process based on biological activity of bacteria,  
may be repressived by several agents. Factors with proven inhibitory effect  
on anammox bacteria (Jin et al., 2012): 

1) Nitrites 

Several studies have confirmed that the nitrite concentration have 
severe suppressive impact on anammox.  
According to the knowledge about biotoxicity of nitrite, the nitrite 
concentration above a certain value should cause an inhibition  
of anammox process. However, some studies reported threshold 
concentration of nitrite varying up to 280 mg N/L, what denies existing 
of one value. Differences between various studies on nitrite inhibition 
may be a result of differences between biomass characteristics  
and operational conditions. For this reason, the effect of nitrites on the 
system in each case should be assessed individually. 

2) Organic matters (toxic and nontoxic) 

In a lot of studies, the most common theory about inhibition  
of anammox bacteria by nontoxic organic matter is competition 
between heterotrophic bacteria and anammox bacteria.  
This competition in consequence cause elimination of anammox 
bacteria and reduce their nitrogen removal capability. 
Due to the properties of heterotrophic bacteria, one of the strategies 
increasing the efficiency of PN/A process should be the reduction of the 
easily biodegradable organic carbon. 

3) Salinity 

Although anammox bacteria have been identified as occurring naturally 
in the marine environment, too high salinity can increase osmotic 
pressure and may be fatal for them. 

4) Heavy metals 

Heavy metals are not easily biodegradable and can accumulate  
in organisms, causing biological accumulation toxicity. Exact impact on 
PN/A has not been thoroughly investigated. However, in one study  
it was noted that 1mmol of HgCl2/L can fully inhibit anammox activity.  

5) Phosphate and sulphide. 

In many studies inhibition of anammox by phosphate and sulphide, 
which is reduced form of SO42 made during anaerobic digestion,  
was proven. As with others inhibitors, size of inhibition may vary 
depending on the operational conditions and biomass characteristics.  

2.3. Systems for Partial Nitritation/Anammox process 
Since discovery of the anammox bacteria, various systems  
for implementation them into the deammonification process have been 
tested. Most common systems are Membrane Biological Reactor (MBR), 
Moving Bed Biofilm Reactor (MBBR) and Granular Sludge. 
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2.3.1. Membrane Biological Reactor 

The membrane biological reactor is widely-applied for wastewater treatment.  
A few studies have proved that MBR can be excellent solution for enriching 
slow-growing (like anammox bacteria) microorganisms (Tao et al., 2012).  
It is caused by membrane construction i.e. effluent is withdrawn  
via a membrane, which is impermeable for microbial cells (Wouter et al., 
2008). 

The main disadvantage of this system is possibility of harming anammox 
bacteria by replacing membrane modules because of biofouling (Tao et al., 
2012). 

2.3.2. Granular Sludge 

The granular sludge system is based on dense, well settling granules.  
The granular sludge has more advantages compared to other systems  
(Abma et al., 2007). 

One of it is significantly higher volumetric loading rate of the reactor strictly 
connected with significantly higher specific surface area of the biomass  
(up to 3000 m2/m3 compared to the 200-1200 m2/m3 in MBBR system). 

The second advantage is easier mixing of the reactor content - it is not 
disturbed by the carriers so the granular biomass can be dispersed more 
easily. Well mixing of reactor is important to avoid inhibition of the process 
caused by sulphide formation and high nitrite levels in dead zones. 

Quality of produced granules is good enough to ensure biomass retentions 
and stable operation. 

2.3.3. Moving Bed Biofilm Reactor 

The moving bed biofilm reactor (MBBR) was invented in Norway and at first 
it was designed for operation in cold climate regions, where protection from 
wash-out of slow-growing organisms is needed. 

Application of MBBR for deamonification process is based on the premise 
that biofilm on carriers consist of ammonium oxidizing bacteria (AOB)  
and anammox bacteria. AOB are on outer layer of biofilm, which gives them 
access to oxygen and allows to oxidise part of ammonium nitrogen to nitrites. 
The rest of ammonium nitrogen with produced nitrites is converted under 
anaerobic conditions into nitrogen gas by anammox bacteria located  
in the internal layer of biofilm.  

Main advantages of the MBBR are tolerance to inhibiting substances, 
compactness and avoiding biomass loss. (Zekker et al., 2012).  

2.3.4. Integrated Fixed-Film Activated Sludge 

One of the most promising systems for deammonification process  
is Integrated Fixed-Film Activated Sludge (IFAS). It is also known as hybrid 
biological reactor due to combining suspended sludge with the slow-growing 
biomass attached to the carriers into aerated tank. 
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It contains both suspended growth and attached-growth biomasses,  
so the total biological treatment capacity is a sum of these two types of 
biomass activity. In several papers it was proven that nitrogen removal rate 
(NRR) in IFAS mode can be even 3 - 4 times higher compare to the MBBR 
(Malovanyy et al., 2015) (Veuillet et al., 2014). 

IFAS may be an attractive option for retrofitting existing facilities without 
construction of new reactors and providing improved nitrogen removal. 

2.4. Application of Partial Nitritation/Anammox in sidestream wastewater 
treatment 
After discovering anammox bacteria in 1995 (Mulder et al., 1995),  
most studies were focused on applying partial nitritation/anammox (PN/A) 
process to treat reject water (from digester sludge dewatering process),  
which is characterized by low content of easy degradable organic matter,  
a high nitrogen concentration and temperature between 25-40°C  
(Hu et al., 2013). Finally, the first full-scale anammox reactor in the world for 
treating reject water was started in Rotterdam in 2002 (van der Star et al., 
2007). Despite many start-up problems, the full scale PN/A process has been 
implemented by 2014 in more than 100 installations worldwide,  
for treatment municipal and industrial wastewater (Lackner et al., 2014).  

One of the first full-scale reactor in Sweden for nitrogen removal via PN/A 
from reject water was started at the Himmerfjärden WWTP in April, 2007. 
After relatively short start-up period (in comparison with Rotterdam) over 
80% nitrogen removal efficiency was obtained (Płaza et al., 2011). 

In Poland, first deammonification reactor for reject water was built in 2015 
on Kujawy WWTP in Cracow. Implementation of this solution resulted in 
reduction of the total nitrogen (TN) concentration in effluent wastewater 
from Kujawy WWTP by about 1,5 mg N/L (Biedrzycka A., 2016)  
and consequently it aids to meet the strict requirements of the Urban Waste 
Water Treatment Directive (91/271/EWG). 

2.5. Partial Nitritation/Anammox as a challenge in mainstream wastewater 
treatment 
Following the success of PN/A implementation to reject water treatment, 
next task faced by scientists is the application of these processes in treatment 
of mainstream wastewater.  

Due to different characteristics of typical municipal wastewater i.e. low 
temperature (especially in winter months), low nitrogen concentration  
and high ratio of COD/N, study of the processes in lab- and pilot-scale 
reactors is essential. 

The main challenges for researchers, strictly connected with characteristics  
of mainstream wastewater are (Malovanyy, 2017): 

� low nitrogen transformation rates (low activity of anammox bacteria  
as a consequence of low temperature), 



 

5 

� effective retention of anammox biomass in a reactor (low growth rate  
of anammox bacteria as a consequence of low inflowing nitrogen 
concentration and low temperature), 

� suppression of NOB growth (nitrites converted into nitrates  
as a consequence of low temperature and distortion between NOB  
and ammonium oxidizing bacteria (AOB)). 

3. CURRENT RESEARCH ON PN/A IN MAINSTREAM 
During research review, it was noted that PN/A study led on mainstream 
wastewater, in 15°C and in IFAS mode, were conducted on Hammarby 
Sjöstadsverk. The latest results from this facility were included in master 
thesis written by Noureddine K. (2017). As a result of his research  
it was found that the highest nitrogen removal efficiency in 15°C was achieved 
during the aeration strategy R = 1/3 (20 minutes of aeration and 40 minutes 
without aeration) and with set point concentration of oxygen DO = 1.3 mg 
O2/L. 2 years earlier Malovanyy et al. in the same reactor, but in 25°C, 
reached 70% of nitrogen removal efficiency under aeration strategy R = 1/4 
(i.e. 15 minutes of aeration in 1-hour cycle) and DO = 1.0 mg O2/L. 

Before introducing IFAS system on Hammarby Sjöstadsverk for PN/A 
process, the MBBR for treating mainstream has been tested. Malovanyy et al. 
(2015) achieved only 40% of nitrogen removal efficiency in process 
conducted on mainstream wastewater after pre-treatment on UASB reactor 
in 25°C. One of the conclusions from the study described above is observation 
that ammonium is consumed in both phases (aerated and non-aerated),  
not only while nitrites are produced. Intermittent aeration helps in NOB 
suppression and keep the nitrate concentration in the effluent on low level. 
This study is also included and report of Plaza et al. (2016). This summary  
in detail describes transition from MBBR to IFAS and results achieved.  
Better performance of process in IFAS pilot-scale mode was proved and the 
maximum nitrogen removal efficiency (equal to almost 75%) was achieved. 

At the same time Laureni et al. (2016) has compared two systems - MBBR 
and hybrid MBBR (H-MBBR) at decreasing temperature from mesophilic  
to psychrophilic (15°C). In both systems nitrogen removal efficiency was 
higher in 25°C, but also in lower temperature high efficiency was achieved 
(73% and 63%, respectively). However, the authors noted that results cannot 
be understood as a comparison between pure MBBR and IFAS for 
mainstream applications, because of H-MBBR operated with only a minor 
fraction of biomass, which was periodically exposed to washout to evaluate 
its' impact on process. 

Regmi et al. in 2011 achieved 75.1 % of nitrogen removal efficiency after 
converting one fully-aerobic aeration basin (465 m3) with secondary 
clarification to IFAS train in a modified Ludzack Ettinger configuration.  
This high efficiency was achieved in average ratio COD/TKN = 7,  
MLSS = 2514 mg/L and 21.3°C in average. Size of reactor and real influent 
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(mainstream wastewater from James River WWTP) cause this study  
to be considered as full-scale research. 

Other interesting research performed in IFAS mode was conducted  
on mainstream wastewater with solution containing (NH4)2SO4 and NaHCO3. 
Zhang et al. achieved under 50% of nitrogen removal efficiency in 25.0°C,  
but with increase of temperature to 28.5°C, the efficiency increased to 80%. 
Furthermore, authors have managedto achieve even 95% of efficiency, what 
is a higher value than removal efficiency of PN/A process in theory  
(from stoichiometric equations). Conversion ratio of produced nitrate  
to ammonium occurred in system was likewise occasionally lower than  
the theoretical value of 0.11, what could be caused by unwanted existence  
of denitrification process. 

Regmi et al. (2015) worked with MBBR reactor preceded by system called 
AOB vs. NOB (AvN) for partial nitritation/denitritation. Combination  
of these two stages was named AvN+. During a study lasting 296 days, the 
highest TIN removal efficiency (averaged 91%) were obtained in phase III, 
with the longest hydraulic retention time (HRT) in both stages (6  
and 3.4 hours, respectively) and at relatively high COD/NH4-N ratio (10.5). 
This phase was also characterised by the lowest NOB out-selection  
as indicated by nitrite accumulation and the highest ratio of NOB rate  
and AOB rate equal to 1.  

The research made on granular sludge and contained in tabular summary, 
was conducted by Lotti et al. (2015). Beyond periods with technical problems 
scientists from Netherlands obtained around 46% of nitrogen removal 
efficiency with ratio NO3 produced/NH4removed equal 0.35 in average, what 
is well above theoretical value of 0.11. Because of research conducted  
on Dokhaven WWTP, it was easy to prove similar or higher ammonium 
conversion in pilot-scale anammox system in comparison to the conventional 
system for nitrogen removal existing on this facility. During study the rate-
limiting process of nitrite formation has been proven too. 

A summary of found studies conducted under similar condition/in similar 
system are contained in Table 1. The results of these researches are contained 
in Table 2.  
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Table 1 Studies on mainstream deammonification; operation parameters 

No. Authors Paper title 
Type of 
reactor 

Type of 
wastewater 

Temp
. [°C] 

Volume 
of 

reactor 
[L] 

pH 
DO 

[mgO2/L] 

Aeratio
n 

time  
[1/h] 

COD/ 
NH4-N 

HRT 
[h] 

SRT 
[d] 

MLSS 
[mg/l] 

NLR 
[gN/m2/d] 

1 
Noureddine K.  

(2017) 

Deammonification efficiency based 
on combined systems for treatment 

of mainstream wastewater 
IFAS mainstream 15 200 7.0 

1.3 
(aeration 

phase) 
0.33 1.91 14.8   1520 0.39 

2 
Malovanyy et al.  

(2015) 

Mainstream wastewater treatment in 
integrated fixed film activated sludge 

(IFAS) reactor by partial 
nitritation/anammox process 

IFAS mainstream 25 200 6.9 
1.0 

(aeration 
phase) 

0.25 1.8     839   

3 
Regmi et al.  

(2011) 

Nitrogen removal assessment 
through nitrification rates and media 

biofilm accumulation in an IFAS 
process demonstration study 

IFAS - 2 
zones 

mainstream 21.3 465000       
COD/ 

TKN = 7 
  4.8 2514   

4 Zhang et al. 
(2015) 

Integrated fixed-biofilm activated 
sludge reactor as a powerful tool to 

enrich anammox biofilm and 
granular sludge 

IFAS - 2 
zones 

municipal 
+solution 

25 12000 
8.15-
8.38 

0.3-0.5     
24   3000 

 

28.5 12000 
8.15-
8.38 0.5-0.8      

5 Laureni et al. 
(2016) 

Mainstream partial nitritation and 
anammox: long-term process 

stability and effluent quality at low 
temperatures 

MBBR 

mainstream 

25 
12 

7.4 

0.18 

    

9 
  

  

  

15 14  

H MBBR 
25 

12 0.15 
12 

7  
15 14  

6 
Plaza et al. 

(2016) 

Systems with Anammox for 
mainstream wastewater treatment; 

pilot scale studies 
IFAS mainstream 15 200 6.8 1.0 0.33 2.0 

  
350-
900 

0.29 

7 Malovanyy et al. 
(2015) 

Combination of upflow anaerobic 
sludge blanket (UASB) reactor and 

partial nitritation/anammox moving 
bed biofilm reactor (MBBR) for 
municipal wastewater treatment 

MBBR mainstream 25 200 6.9 0.43 0.5 
(15/15) 

1.62 17     0.27 

8 
Regmi et al. 

(2015) 

Optimization of a mainstream 
nitritation-denitritation process and 

anammox polishing 

AvN+ 
(AvNMB

BR) 
mainstream 22.7 600+450 6.7     10.5 9.4 6 2737    

9 
Lotti et al. 

(2015) 

Pilot-scale evaluation of anammox-
based mainstream nitrogen removal 

from municipal wastewater 

granular 
sludge mainstream 19 4000 7-7.5 0-2   

BOD/N 
0.67 1.5-2 120 

VSS = 
4000   
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Table 2 Studies on mainstream deammonification; results 

No. Autors Paper title 

Outlet 
concentration of 

NH4-N  
[mg NH4-N/L] 

N 
removal 

efficiency 
[%] 

NO3-N 
produced/NH4-

N removed 
ratio 

1 Noureddine K.  
(2017) 

Deammonification efficiency based on 
combined systems for treatment of 

mainstream wastewater 
  52   

2 Malovanyy et al.  
(2015) 

Mainstream wastewater treatment in 
integrated fixed film activated sludge 

(IFAS) reactor by partial 
nitritation/anammox process 

4-7 70 19 

3 
Regmi et al.  

(2011) 

Nitrogen removal assessment through 
nitrification rates and media biofilm 

accumulation in an IFAS process 
demonstration study 

TN = 9.95 75   

4 
Zhang et al. 

(2015) 

Integrated fixed-biofilm activated sludge 
reactor as a powerful tool to enrich 

anammox biofilm and granular sludge 
6-8 

<50 

<0.11 

80 

5 Laureni et al. 
(2016) 

Mainstream partial nitritation and 
anammox: long-term process stability and 

effluent quality at low temperatures 

2.1 
91   

73 16 

2.1 
    

63 27 

6 
Plaza et al. 

(2016) 
Systems with Anammox for mainstream 
wastewater treatment; pilot scale studies 

TN = 18.4 74.8 
 

7 Malovanyy et al. 
(2015) 

Combination of upflow anaerobic sludge 
blanket (UASB) reactor and partial 

nitritation/anammox moving bed biofilm 
reactor (MBBR) for municipal wastewater 

treatment 

10 40   

8 Regmi et al. 
(2015) 

Optimization of a mainstream nitritation-
denitritation process and anammox 

polishing 
10.5 91 23 

9 
Lotti et al. 

(2015) 

Pilot-scale evaluation of anammox-based 
mainstream nitrogen removal from 

municipal wastewater 
6.8 46 35 

 

4. AIM OF THE STUDY 
The main aim of this master thesis was optimization of PN/A process 
operated in pilot plant IFAS mode and efficiency evaluation based  
on laboratory analysis and data from online sensors. 

Main tasks of research work were to stabilize the ongoing process and find 
the optimal conditions for maximizing effects of nitrogen removal via PN/A 
from mainstream wastewater. The use of online sensors has allowed 
continuous process control and monitoring. 
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During research the influent wastewater flow, recirculated sludge flow,  
time of aeration, set point of dissolved oxygen (DO) and temperature were 
changed. The task was to study the effect of those changes on process 
performance. 

5. RESEARCH ON HAMMARBY SJÖSTADSVERK 
5.1. Hammarby Sjöstadsverk 

Hammarby Sjöstadsverk is a research facility built in 2003 on the top of the 
WWTP Henriksdal, Stockholm. The plant is owned and operated  
by a consortium led by the Royal Institute of Technology (KTH) and Swedish 
Environmental Research Institute (IVL) since 2008. The facility was created 
for research, development and demonstration of new technologies  
and solutions of water purification. A significant part of the research projects 
has been reported by more than 40 Master-theses from various universities. 

5.2. Pilot-scale reactor 
The research was conducted on the system based on combination of upflow 
anaerobic sludge blanket (UASB) and PN/A in IFAS mode reactor with 
continuous inflow and outflow. Total volume of PN/A reactor 200 L, but 40% 
of it is filled with Kaldness Carriers K1. Air supply was provided by pipe 
diffuser with rubber membrane. To maintain steady temperature the cooling 
and heating was provided and kept by thermostat. Well mixing was provided 
by mechanical stirring in the centre of reactor. 

Flow path of wastewater is shown on Figure 1. 

 

 
Figure 1 Pilot-scale scheme (modified Płaza et al. 2016) 

5.3. Experimental methodology 
During study period different operational parameters were tested. Decisions 
about changing were made every last working day of the week to give enough 
time for system to adapt before analysis days.  
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From the beginning (January, 30th) till May, 26th the temperature was 
maintained at 15°C. For the last 4 weeks of study (May, 27th to June, 22nd) 
the temperature was raised and maintained at 17°C. 

One of the crucial factor was aeration strategy and DO. During study period  
5 different strategies of aeration were used. All of tested strategies  
are contained in Table 3. 

Table 3 Aeration strategies 

Number of week 
DO  

mg O2/L 

Aeration time 

[1/h] 

1 1,0 20 

3, 4, 8-21 1,3 20 

weekend of 15 week 1,3 25 

2, 5, 7 1,3 30 

6 1,5 30 

 
For the first eight weeks of study HRT was maintained at 11.9 h.  
Starting from 9th week to 14th week of study the HRT was maintained  
at 17.9 h and for the last six weeks of study the HRT was decreased to 15.9 h. 

MLSS have changed over time and was maintained in pilot-scale reactor 
between 1200-1800 mg/L by adjusting pump flow of recirculated sludge.  

No chemicals were added to the reactor during entire study time. 

5.4. Sampling strategy 
Throughout the research period chemical analysis in laboratory have been 
done and physical parameters have been controlled.  

All types and locations of performed analysis and measurements are included 
in Table 4. 

Table 4 Analysis and measurements performed during research period 

Parameter Inlet Inside 

Wastewater flow + - 

Sludge flow - + 

pH + + 

Alkalinity + + 

COD + + 

COD tot. + + 

NH4-N + + 

NO3-N - + 

NO2-N - + 

TSS  + 

VSS  + 
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Samples for all analysis (except COD T, TSS and VSS) were collected  
and filtrated on Munktell glass filter 0.45 µm. two times a week.  
After filtration the samples were analysed using WTW cuvette tests. 

Samples for COD T analysis were collected to times a week and analysed 
using WTW cuvette tests.  

For total suspended solids (TSS) the samples were taken and analysed using 
standard procedure once a week. Analysis of volatile suspended solids (VSS) 
were made after performing of TSS analysis. 

Sludge and wastewater flow was measured manually using measuring 
cylinder and pH was controlled also by a portable pH-meter.   

To have better view and to control the process, online sensors specified  
in the Table 5 were installed. 

Table 5 Location of online sensors 

Inlet Inside 

NH4-N NH4-N 

Conductivity NO3-N 

 NO2-N 

 MLSS 

 DO 

 Temperature 

 ORP 

 pH-meter 

 Conductivity  

 
Calibration of NH4-N and NO3-N online sensors were made once per week, 
based on laboratory analysis and set with knowledge of concentration of K+ 
and Cl- ions (also analysed in laboratory with use of WTW cuvette tests).  
On the same days sensors for DO, MLSS and pH were also calibrated, 

6. RESULTS AND DISCUSSION 
6.1. Influent wastewater characterisation 

6.1.1. Expanded characteristics 

During week 3, 4, 5 and 6 expanded characteristics of influent wastewater has 
been done. In addition to the standard set of analysis consisted of pH, 
chemical oxygen demand in filtered sample (COD), alkalinity and NH4+-N 
concentration, once per week the sample was tested in laboratory for 
concentration of TN, NO3-N and NO2-N. 

Results of the expanded tests of influent wastewater are shown in Table 6. 
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Table 6 Characteristics of influent wastewater - expanded analysis 

Date 
COD COD T pH Alkalinity TN NH4-N NO3-N NO2-N 

COD/ 
NH4-N 

mg O2/L mg O2/L - mmol/L mg/L mg/L mg/L mg/L - 

2017-02-17 111 152 7.84 6.61 54 48.0 <0.1 0.017 2.31 
2017-02-24 74 100 7.57 5.41 46 42.2 0.07 0.017 1.75 
2017-03-03 89 148 8.20 6.00 51 46.0 0.05 0.017 1.93 
2017-03-10 83 140 7.98 7.28 50 46.5 <0.1 0.018 1.78 

Average 89 135 7.90 6.33 50 45.7 0.03 0.017 1.94 

Min 74 100 7.57 5.41 46 42.2 0.05 0.017 1.75 
Max 111 152 8.20 7.28 54 48.0 0.07 0.018 2.31 

St. 
devation 

16 24 0.26 0.80 3 2.5 0.01 0.000 0.26 

 

As a result of the analysis of data contained in Table 6, it was found that 
wastewater inflowing to the IFAS mode is characterized by stable 
concentration of nitrogen forms. It was noted that concentrations of NO3-N 
and NO2-N were negligibly small so further analysis of this parameters were 
not done. Also analysis of TN were made only during expanded 
characteristics because of stable concentration caused by dominance  
of nitrogen in ammonium ions form. 

Nitrogen in organic form is a difference between TN and sum of all form  
of inorganic nitrogen. According to the Table 6 it was found that organic 
nitrogen is quite stable over time and equals 4.5±1.2 mg N/L in average  
(less than 10% of TN). 

Ratio between COD and ammonium in influent wastewater varied over time 
and equals 1.94±0.26 in average. It might be an consequence of unstable 
work of UASB reactor operated by other master student and changes 
connected with dilution during snow melting.  

6.1.2. Whole study period 

During whole study period the average of ammonium concentration  
in influent wastewater was 47.2±3.2 mg NH4-N/L. Due to research conducted 
on real municipal wastewater from Henriksdal WWTP and no influence  
of UASB reactor for ammonium concentration, periodic concentration value 
fluctuations were probably caused by dilution of wastewater by rainwater.  

One of the most variable parameter was COD and COD T (88±14  
and 145±32 mg O2/L, respectively) what was probably caused by unstable 
work of UASB reactor connected with research conducted at the same time  
by other master student. After UASB reactor the values of COD in IFAS 
influent wastewater were still high what may affected for denitrification 
bacteria growth (high value of COD in filtrated sample is an content indicator 
of easily biodegradable organic substrate).  
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Also alkalinity and in consequence pH has varied over time. If it is possible  
to accept the wrong work of electrode of a pH-meter, cuvette test  
for alkalinity etc. are highly accurate when analysis are performed according 
to instruction. 

Detailed results of performed measurements and analysis are contained  
in Table 7. 

6.2. Operational parameters 
During entire period, process was studied by changing DO, time of aeration 
(fully described in subchapter 6.4), recirculated sludge and wastewater flow. 
In consequence the HRT, NLR and MLSS had been changing. 

Operation parameters used during days of laboratory analysis  
and measurements are compiled in Table 8. Reactor was working in 1-hour 
intermittent aeration cycle. Therefore, time of aeration equals 0.33 h means 
20 minutes of aeration and 40 minutes without aeration and time of aeration 
equals 0.5 h means 30 minutes of aeration and 30 minutes without aeration.  
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Table 7 Parameters of influent wastewater - whole study period 

Date 
COD COD T pH alkalinity TN NH4-N NO2-N NO3-N 

mg O2/l mg O2/l - mmol/L mg N/L mg/L mg/L mg/L 
31-01-17 84   7.93 5.96   45.4 

  03-02-17 102     6.45   48.9 
  07-02-17 94     6.12   49.0 
  10-02-17 95   7.59 6.32   48.5 
  14-02-17 87   7.66 6.33   45.6     

17-02-17 111 152 7.84 6.61 54 48.0 0.017 <0.1 
21-02-17 92 123 7.65 5.59   43.2     
24-02-17 74 100 7.57 5.41 46 42.2 0.017 0.07 
28-02-17 82 116 7.83 5.52   41.0     
03-03-17 89 148 8.2 6.00 51 46.0 0.017 0.05 
07-03-17 91 196 7.32 7.20   46.0     
10-03-17 83 140 7.98 7.28 50 46.5 0.018 <0.1 
14-03-17 94 140 7.29 5.74   46.8     
17-03-17 99 112 7.78 8.32   43.8 

  21-03-17 58 116 8.47 6.73   45.6     
24-03-17 72 128 8.47 6.26   45.9     
28-03-17 87 175 7.65 7.88   49.1     
31-03-17 54 145 7.37 7.58   48.3     
04-04-17 78 168 7.88 7.40   47.2     
07-04-17 86 162 7.57 7.70   49.2     
11-04-17 108 174 7.80 6.55   47.7     
13-04-17 92 142 7.79 7.32   46.8     
19-04-17 74 155 7.96 7.48   43.0     
21-04-17 85 153 7.88 7.19   47.8     
25-04-17 83 138 8.12 7.24   46.7     
28-04-17 81 128 7.65 6.78   46.5     
03-05-17 82 179 7.86 7.71   48.9     
05-05-17 61 90 7.85 7.10   50.6     
09-05-17 69 90 8.02 6.61   52.3 

  12-05-17 94 140 7.88 6.85   53.0 
  17-05-17 66 70 7.66 6.50   53.2 
  19-05-17 105 158 7.30 7.32   53.2 
  23-05-17 102 170 7.40 7.26   51.6 
  26-05-17 102 153 7.30 7.16   51.3 
  31-05-17 94 237 7.18 6.80   47.2 
  02-06-17 100 173 7.25 7.20   49.3 
  09-06-17 97 139 7.31 6.43 

 
43.5 

  13-06-17 89 132 7.45 4.15 
 

39.6 
  16-06-17 92 175 6.34 2.86 

 
42.8 

  20-06-17 104 148 7.50 6.42 
 

45.5 
  22-06-17 97 161 7.27 6.83 

 
47.4 

  
Average 88 145 7.66 6.64 50 47.2 0.021 0.03 

Min 54 70 6.34 2.86 46 39.6 0.013 0.05 

Max 111 237 8.47 8.32 54 53.2 0.060 0.07 
St. 

Deviation 
14 32 0.39 0.99 3 3.2 0.015 0.01 



 

15 

Table 8 Operational parameters 

Week Date 
DO  

set point * 
Time of 
aeration 

DO  
average ** 

Influent 
flow 

Sludge 
 rec. flow 

HRT 

mg O2/L h mg O2/L L/h L/h h 

1 31-01-17 1.0 0.33 0.33 16.8 16.8 11.90 
03-02-17 1.0 0.33 0.33 16.8 16.8 11.90 

2 07-02-17 1.3 0.50 0.65 16.8 16.8 11.90 
10-02-17 1.3 0.50 0.65 16.8 16.8 11.90 

3 14-02-17 1.3 0.33 0.43 16.8 16.8 11.90 
17-02-17 1.3 0.33 0.43 16.8 0 11.90 

4 21-02-17 1.3 0.33 0.43 16.8 16.8 11.90 
24-02-17 1.3 0.33 0.43 16.8 16.8 11.90 

5 28-02-17 1.3 0.50 0.65 16.8 8.4 11.90 
03-03-17 1.3 0.50 0.65 16.8 8.4 11.90 

6 07-03-17 1.5 0.50 0.75 16.8 8.4 11.90 
10-03-17 1.5 0.50 0.75 16.8 8.4 11.90 

7 14-03-17 1.3 0.50 0.65 16.8 7.2 11.90 
17-03-17 1.3 0.50 0.65 16.8 7.2 11.90 

8 21-03-17 1.3 0.33 0.43 16.8 7.2 11.90 
24-03-17 1.3 0.33 0.43 16.8 7.2 11.90 

9 28-03-17 1.3 0.33 0.43 11.2 4.8 17.86 
31-03-17 1.3 0.33 0.43 11.2 4.8 17.86 

10 04-04-17 1.3 0.33 0.43 11.2 4.8 17.86 
07-04-17 1.3 0.33 0.43 11.2 4.8 17.86 

11 11-04-17 1.3 0.33 0.43 11.2 4.8 17.86 
13-04-17 1.3 0.33 0.43 11.2 4.8 17.86 

12 19-04-17 1.3 0.33 0.43 11.2 4.8 17.86 
21-04-17 1.3 0.33 0.43 11.2 4.8 17.86 

13 25-04-17 1.3 0.33 0.43 11.2 4.8 17.86 
28-04-17 1.3 0.33 0.43 11.2 4.8 17.86 

14 03-05-17 1.3 0.33 0.43 11.2 4.8 17.86 
05-05-17 1.3 0.33 0.43 11.2 4.8 17.86 

15 09-05-17 1.3 0.33 0.43 12.6 5.4 15.87 
12-05-17 1.3 0.33 0.43 12.6 5.4 15.87 

16 17-05-17 1.3 0.33 0.43 12.6 5.4 15.87 
19-05-17 1.3 0.33 0.43 12.6 5.4 15.87 

17 23-05-17 1.3 0.33 0.43 12.5 5.4 16.03 
26-05-17 1.3 0.33 0.43 12.5 5.4 16.03 

18 31-05-17 1.3 0.33 0.43 12.7 5.4 15.72 
02-06-17 1.3 0.33 0.43 12.5 5.4 16.03 

19 09-06-17 1.3 0.33 0.43 12.6 5.4 15.87 

20 
13-06-17 1.3 0.33 0.43 12.5 5.4 16.03 
16-06-17 1.3 0.33 0.43 12.5 5.4 16.03 

21 
20-06-17 1.3 0.33 0.43 12.6 5.4 15.87 
22-06-17 1.3 0.33 0.43 12.6 5.4 15.87 

* DO set point - value set in computer software for pilot operating, which should be 
obtained during aeration phases 

** Average DO - average calculated as multiplication of DO set point during aeration 
phase and duration of aeration phase expressed as part of an hour. 
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6.2.1. Dissolved Oxygen (DO) 

The dissolved oxygen is one of the operational parameters which could be set 
and then controlled via online sensor.  

During the whole study period almost always the DO average from online 
sensor was above DO average calculated based on DO set point and time  
of aeration. It may be caused by reading fault of online sensor, failure  
(the sensor was replaced by new one on March, 20th) or failure of the air 
valve, but one of the most likely reasons is air extraction during mixing. 

A few weekends increases of DO during entire study period are results  
of testing different aeration strategies for a couple of days. Like the other, 
increase of DO between 11th and 15th of May was caused by experiment 
conducting with changing time of aeration, fully described in subchapter 6.5.  

Results of DO average measurements by online sensor and calculated 
theoretical value during whole study period are presented on Figure 2. 

 

 
Figure 2 Dissolved oxygen (calculated and online) average during whole 

study period 

6.2.2. Hydraulic Retention Time (HRT) 

One of the operational parameters is HRT, which was controlled by influent 
wastewater flow. For the first 8 weeks HRT was equal 11.9h and from ninth 
week it was increased of 1/2 to 17.9h. From 15th week the HRT was decreased 
to around 16h. 

Finding optimal time of retention was important for process performance 
because too short HRT may cause insufficient ammonium removal and too 
long HRT may cause conversion from nitrites to nitrates by NOB. 
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6.2.3. Sludge Retention Time (SRT) 

Quantitative analysis of taken away sludge have been done once per week, 
starting  
of May, to get information about SRT in average. Ensuring optimal sludge 
retention time is important for keeping activated sludge in good condition 
and to minimise possibility of growth of unwanted microorganisms. 

Due to manually removal of excess sludge from sedimentation tank,  
the result of SRT calculations are various, but order of magnitude similar. 
Compare to literature study, the SRT in this research was between extreme 
values and equal to around 47±15 [d] in average.  

All performed analysis of SRT are contained in Table 9. 

Table 9 SRT calculations 

Week Date 
SRT 

d 

14 05-05-17 43 
15 12-05-17 65 
16 19-05-17 51 
17 26-05-17 58 

18 

29-05-17 38 
30-05-17 56 
31-05-17 12 
01-06-17 38 
02-06-17 54 

19 09-06-17 56 
20 16-06-17 61 
21 22-06-17 36 

Average 47 
Min 12 
Max 65 

St. deviation 15 
 

6.3. Evaluation of process performance (based on laboratory analysis) 

6.3.1. Nitrogen conversions 

During whole study period the ammonium in nitrogen form concentration in 
influent remained at stable level equal to 47.6±3.0 mg NH4-N/L in average. 
An ammonium concentration in effluent for the first half of research  
was mostly above 30 mg NH4-N/L, but in the second half of study period 
decreased and varied between 20 and 30 mg NH4-N/L (with some exceptions 
due to technical problems). 

For the first ten weeks of study, the NO3-N concentration was quite small  
and fluctuated below 2 mg NO3-N /L. Two weeks after flow decreasing 
nitrates started to raise and equal to 5.0 mg NO3-N /L in average  
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(last 11 weeks of research). It may be an evidence of change in composition  
of activated sludge and unwanted NOB growth. 

Decrease of ammonium nitrogen concentration and increase of nitrates 
nitrogen concentration may be a sign of occurrence of unwanted nitratation 
process and in consequence removing ammonium from wastewater via full 
nitrification path, not via partial nitritation/anammox processes. 

Despite the problems at the beginning with stabilising ongoing process, 
nitrite were stable with value below 0.7 mg NO2-N/L.  

Results of performed analysis of nitrogen forms are shown on Figure 3. 

 
Figure 3 Nitrogen conversion during whole study period 

6.3.2. Nitrogen removal efficiency and nitrogen removal rate 

Because nitrogen removal efficiency and NRR are results of TN removed 
from wastewater, the trend lines for both process performance indicators  
are similar. However, one of the noteworthy facts is that the highest nitrogen 
removal efficiency and NRR in 15°C were achieved in different periods  
(April, 4th and March, 7th, respectively). 

Detailed values of nitrogen removal efficiency and NRR are presented  
on Figure 4. 

0

2

4

6

8

10

12

0

10

20

30

40

50

60

N
O

2
-N

 [
m

g
/L

]

N
H

4
-N

, 
N

O
3
-N

[m
g

/L
]

Date [YY-MM-DD]

NH4-N in NH4-N out NO3-N out NO2-N out



 

19 

 
Figure 4 Nitrogen Removal Efficiency and NRR calculated on laboratory 

analysis during whole study period 

The highest nitrogen removal efficiency (43.2%) was achieved in the 18th 
week of research, after raising the maintained temperature from 15 to 17°C. 
However, almost the same efficiency was achieved in 15°C during 10th week 
of study (4-04-17, based on laboratory analysis). In both weeks the process 
was conducted in the same aeration strategy (DO during aeration time equal 
to 1,3 mg O2/L and time of aeration equal 20 minutes in 1-hour cycle);  
the difference was in HRT (17.9 and 16h, respectively) and sludge 
recirculation flow (4.8 and 5.4 L/h, respectively). This may be the tip for the 
future implementation that the process can be operated in various strategy 
depending on the capabilities of the facilities (i.e. for example to achieve 
similar efficiency with a greater influent flow of wastewater to WWTP,  
the HRT may be reduced, but at the same time MLSS should be raised).  

The highest nitrogen removal rates were achieved on 7th of February,  
7th of March and 2nd of June (the last one at 17°C). Every of this rates was 
obtained in different aeration strategy, HRT and MLSS. The last one was 
achieved in the same conditions as the highest nitrogen removal efficiency.  
At 15°C the highest NRR was achieved in the highest average DO  
in 1-hour cycle during whole study i.e. DO = 1,5 mg O2/L and time of aeration 
equal 30 minutes in 1-hour cycle). Flow of recirculated sludge was a half  
of influent wastewater flow (HRT = 11.9h in both cases and nitrogen load 
equal to 15.8 and 18.6 gN/d, respectively).  

The lowest nitrogen removal efficiency and nitrogen removal rate was 
achieved in February, 17th (11.4% and 0.059 g/m3d, respectively) and had 
been caused by failure of pump for recirculated sludge what in consequence 
had led to significantly lower MLSS in the reactor (around 652 mg/L).  
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The concentration of nitrites in influent wastewater was negligently small  
so this extremely low value might be caused by insufficient production  
of nitrites and may be a proof that AOB which produce nitrites are mainly 
located in activated sludge. 

At 17°C the lowest nitrogen removal efficiency and nitrogen removal rate was 
achieved in June, 13th. It was caused by a failure of pumping from 
equalization tank to pilot-scale mode, lack of influent wastewater  
and in consequence too big HRT which led to conversion of produced nitrites 
to nitrates by NOB (NO3-N produced to NH4-N removed ratio was equal  
to 46.3%, see: Fig. 5). 

6.3.3. NO3-N produced to NH4-N removed ratio 

As already presented, the theoretical value of NO3-N produced to NH4-N 
removed ratio during PN/A process is 11%.  

From February, 14th till 7th of April the ratio was below this value what may 
be proof of the ongoing denitrification process, in which produced nitrates 
are converted to nitrogen gas. After this date, the steady growth of ratio for 
three weeks was observed, reaching 31.1% on April, 21st. These three weeks 
without any operational parameter change may be sign of change  
in composition of activated sludge and multiplication of NOB. 

Other ratio values over 25% (19th, 21st and 28th of April; 19th, 23rd and 31st 
of May and 13th, 16th of June) were achieved according to change of aeration 
strategy (too long aeration time) or problems with reactor operation  
(e.g. lack of influent wastewater, recirculated sludge flow etc.) a day  
or few days before analysis days.  

After problems started June, 5th situation with too high NO3-N produced  
to NH4-N removed ratio started to normalise in the last week of study  
(the ratio decreased below 11). 

Fluctuation of NO3-N produced/NH4-N removed ratio is presented  
in Figure 5. 
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Figure 5 NO3-N produced to NH4-N removed ratio calculated on laboratory 

analysis during whole study period 

6.4. Influence of the aeration time on process performance (based on 
laboratory analysis) 

6.4.1. 20 minutes of aeration - main strategy 

For the most of the study period the pilot-scale reactor was aerated  
for 20 minutes in one hour cycle with setpoint of DO on 1.3 mg O2/L 
(according to Noureddine K. (2017)). During these periods the average  
of NO3-N concentration was 3.6 mg NO3-N/L.  

At the beginning under conditions described above the concentration  
of nitrates did not exceed 2 mg NO3-N/L, what caused NO3 produced to  
NH4 removed ratio usually much lower than theoretical level of 11%.  

The situation had changed 2 weeks after flow decrease of influent wastewater 
and recirculated sludge by 1/3 from the initial value - concentration  
of nitrates increased to 5.2 mg NO3-N/L in average (weeks 11-14)  
and NO3 produced to NH4 removed ratio was 22.6% in average. It probably 
means that the part of ammonium was oxidised on full nitrification path.  
One of the noteworthy fact is that the situation did not change for 2.5 weeks 
after raising of influent wastewater and recirculated sludge to 3/4 of initial 
value what can be a sign of unfavourable biomass composition and existence 
of too much NOB. 

During time with aeration strategy described in first paragraph nitrites were 
0.49 mg NO2-N/L in average. Increase to around 0.64 mg NO2-N/L have 
occurred in connection with changing time of aeration experiment from 20  
to 25 minutes (described in subchapter 6.5) and making analysis during 
transition period. 

0

5

10

15

20

25

30

35

40

45

50

N
O

3
-N

 p
ro

d
u

ce
d

/N
H

4
-N

 r
e

m
o

v
e

d
 r

a
ti

o

[%
]

Date [YY-MM-DD]
Theoretical value



 

22 

Low but not zero level of nitrites means that Anammox bacteria probably 
have enough substrate to conduct the second step of deammonification 
(convert the rest of ammonium) and a set point of DO is sufficient.  

For the period with 20 minutes of aeration the highest value of ammonium 
removed from effluent wastewater was 27.3 mg NH4-N/L (April, 21st) and 
the highest value of nitrogen removed which was obtained was 21.3 mg N/L 
(June, 2nd). In average the removal of ammonium and nitrogen equal to 
 18.7 mg NH4-N/L and 14.7 mg N/L, respectively. The highest nitrogen 
removal efficiency was obtained on June, 2nd and equal to 43.2%.  
The average for entire study period with 20-minutes of aeration strategy 
equal to 30.9%. 

6.4.2. 25 minutes of aeration in one-hour cycle 

Strategy with 25 minutes of aeration in one-hour cycle have been checked 
only during 3-days (afternoon of May, 12th to afternoon of May, 15) 
experiment fully described in subchapter 6.5. Additional analysis have been 
done after transition from 20 to 25 minutes of aeration when process has 
stabilised. The efficiency during experiment was low and equal 26.9%. 
Moreover, extension of aeration time caused significant increase of ratio 
between NO3-N produced and NH4-N removed to 44.75% what means high 
activity of NOB and conversion of produced nitrites to nitrates what is  
a nitratation path. The highest nitrogen removal efficiency was obtained  
on first day of experiment (May, 13th) and equal 39.6% (daily average based 
on online sensors). 

6.4.3. 30 minutes of aeration in one-hour cycle 

During entire research study there were 4 weeks with time of aeration equal 
30 minutes in one-hour cycle (2nd, 5th, 6th and 7th week of study), but each 
of this week is characterised by different DO set point level or recirculated 
sludge flow. 

The smallest difference between NH4-N removal efficiency and nitrogen 
removal efficiency has been achieved at recirculated sludge flow equal a half 
of influent wastewater flow or less (weeks 5-7). The NO3-N produced  
to NH4-N removed ratio was 4.52% what is smaller value than theoretical  
and means that part of nitrates might be converted in denitrification process.  

During week 2, when recirculated sludge flow was the same as influent 
wastewater flow, NO3-N produced to NH4-N removed ratio was 19.5%  
in average what may be caused of ammonium removal via full nitrification 
path.  

The highest value of nitrogen removal efficiency which was obtained  
is 33.21% (March, 7th) and 27.8% in average from these weeks.  
The highest value of ammonium removed and nitrogen removed from 
effluent wastewater was achieved on February, 7th (23.4 mg NH4-N/L and 
14.9 mg N/L, respectively); averages for these 4 weeks are 15.8 mg NH4-N/L  
and 12.8 mg N/L, respectively. 
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6.5. 1 hours cycle analysis (based on online data) 
During study period a short experiment (3 days in different conditions) with 
increasing of aeration time and return to the initial state has been conducted.  

The experimental strategy for aeration assumed the transition to 25 minutes 
of aeration in one-hour cycle, working in this condition till stabilisation  
and then transition to 20 minutes of aeration in one-hour cycle.  

6.5.1. 20 minutes of aeration 

The main strategy during study period was 20 minutes of aeration with  
40 minutes of no aeration in one-hour cycle. This strategy was used for a long 
time before experiment conducting.  

It was noted that right after switching-off aeration, the nitrates concentration 
was increasing more than twice (from around 3 mg NO3-N/L to a little over  
8 mg NO3-N/L. The growth ended exactly on switching-on time and started 
dropping in 6-12 minutes reaching initial value. 

Concentration fluctuations of NH4-N and NO2-N in effluent are too small  
to state with certainty that they are connected with the phase of cycle and 
shows Anammox or AOB activity. Also impact of continuous inflow  
of influent wastewater with very low level of nitrites and quite stable level  
of ammonium should be considered. 

Typical cycles with visible concentration changing of nitrogen forms  
and DO over time are showed on Figure 6. 

 

 
Figure 6 One-hour cycles before aeration time change - 20 minutes of 

aeration (11/05/2017 based on online sensors) 
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6.5.2. 25 minutes of aeration 

During days with extended phase of aeration disproportion between 
concentrations of NO3-N over entire cycle diminished. In opposite  
to the common strategy, during aeration phase the nitrates were increasing 
from 7.8 to around 8-8.5 mg NO3-N/L and with aeration switching off 
nitrates decrease was noted. That may be a result of too high and/or too long 
aeration phase and in consequence converting nitrites to nitrates. 

Typical cycles with visible concentration changing of nitrogen forms and DO 
over time during day with 25 minute of aeration and 35 minutes without 
aeration are showed on Figure 7. 

 

 
Figure 7 One-hour cycles after aeration time change - 25 minutes of 

aeration (13/05/2017 based on online sensors) 

6.5.3. Transition from 20/40 to 25/35 

Based on the Figure 8 it was found that right after change of aeration time 
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time the concentration of ammonium and nitrites has been observed.  
The ammonium concentration in outlet wastewater decreased only from 
around 25 to 21 mg NH4-N/L what may be caused by insufficient level  
of nitrites due to their conversion to nitrates under too long aerobic 
condition. 

After process stabilising in aeration strategy: 25 minutes of aeration in 1-hour 
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consisted of ammonium nitrogen in influent wastewater and ammonium, 
nitrites and nitrates in effluent wastewater was made.  

According to NO3-N produced/NH4-N removed ratio and low nitrogen 
removal efficiency (44.8% and 26.6%, respectively) it was found that during 
25-minutes aeration phase nitrogen in ammonium form was converted  
to nitrites and then to nitrates what is a full nitrification path of nitrogen 
removal. 

The results of additional analysis and calculations are summarised  
in Table 10. 

 

Table 10 Additional laboratory analysis after aeration strategy change 

Date 

Influent Effluent N 
removal 

efficiency 

NO3-N 
produced/NH4-

N removed NH4-N NH4-N NO2-N NO3-N 

mg/L mg/L mg/L mg/L % % 

15-05-17 50.2 24.5 0.698 11.5 26.9 44.8 
 

 
Figure 8 Change of nitrogen form concentration during transition from 20 

to 25 minutes of aeration (based on online sensors) 
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noted that after transition to main aerations strategy the fluctuation on 
nitrogen was higher over 1-hour cycle than during period with 25 minutes  
of aeration. Probably it was caused by stimulation of NOB growth during 
longer aerobic phase and in consequence change of activated sludge 
composition. 

 
Figure 9 Change of nitrogen form concentration during transition from 25 

to 20 minutes of aeration (based on online sensors) 

6.6. Utility of online sensors 
Because of the characteristics of medium (stickiness of activated sludge)  
and location of the online sensors (inside the baskets with dense net), 
they cannot be considered as a maintenance-free. There were many 
factors which had influence of accurate results of NH4-N, NO3-N and 
NO2-N sensors like frequent cleaning and calibration in the same phase 
as a time of sample probing. Moreover, the parameters presented  
in Appendix I, Table 1C are daily average and the ones collected for 
laboratory analysis and measurements were grab samples  
so evaluation of results and usefulness of online sensors cannot be done 
directly. 

6.7. Temperature change from 15 to 17°C 
From the middle of March vanishing of the biofilm on the Kaldness 
carriers and lack of satisfactory nitrogen removal efficiency after 
reduction of nitrogen load was observed. Therefore, it was decided to 
increase and maintain temperature to 17°C for the last 4 weeks of 
research (from May, 31st to June, 22nd). 

0

2

4

6

8

10

12

14

16

18

20

0

10

20

30

40

50

60

2017-05-15 00:00 2017-05-16 00:00 2017-05-17 00:00 2017-05-18 00:00 2017-05-19 00:00

N
O

3
-N

, 
 N

O
2
-N

 [
m

g
/L

]

N
H

4
-N

 [
m

g
/L

]

NH4-N in NH4-N out NO2-N out NO3-N out



 

27 

As mentioned before, within one week after temperature change 
nitrogen removal efficiency has risen and amounted 43.2% (based on 
laboratory analysis). Starting from the next week (19), there have been 
technical problems with pump for influent wastewater resulting in too 
high HRT and converting ammonium directly to nitrates and with pump 
for recirculated sludge resulting in MLSS below 1000 mg/L.  
The process has stabilised on June, 9th, however smaller nitrogen 
removal efficiency was achieved that day (35.7%). For last 3 weeks due to 
problems with pump for recirculated sludge it was not possible to 
maintain MLSS on the stable level and in consequence, efficiency for this 
period decreased and equal 30.7% in average. 

Due to many technical problems further analysis in 17°C are essential  
as data obtained during June are not representative for the evaluation. 

7. CONCLUSIONS 
During entire study the partial nitritation/anammox process was 
conducted in IFAS mode operated for nitrogen removal preceded  
by UASB reactor for organic matter removal. For 17 weeks  
the temperature of wastewater was maintained on stable value equals  
to 15°C and in the last 4 weeks the temperature was raised to 17°C.  

Over 21 weeks different strategies of aeration were tested: 20, 25 and 30 
minutes of aeration in one-hour cycle with DO from 1.0 to 1.5 mg O2/L. 
Flow of influent wastewater varied over time between 11.2 and 16.8 L/h 
resulting in HRT varying between 11.9 and 17.9 h. 

Main observations from the research are following: 

1. Within 21-weeks nitrogen removal efficiency and nitrogen removal 
rate have varied. The best result in 15°C equal to 46.6% was obtained  
at HRT = 15.9h, recirculated flow equal to 43% of influent wastewater 
flow and NL = 16.1 g N/d (based on online data). 

2. During study different aeration strategy and DO set point was tested: 

� DO = 1.0 mg O2/L and time of aeration = 20 minutes in 1-hour 
cycle 

� DO = 1.3 mg O2/L and time of aeration = 20 minutes in 1-hour 
cycle 

� DO = 1.3 mg O2/L and time of aeration = 25 minutes in 1-hour 
cycle 

� DO = 1.3 mg O2/L and time of aeration = 30 minutes in 1-hour 
cycle 

� DO = 1.5 mg O2/L and time of aeration = 30 minutes in 1-hour 
cycle 

The optimal aeration strategy was 20 minutes of aeration in 1-hour cycle 
with DO set point at 1.3 mg O2/L. Under other conditions the NO3-N 
production was too high which means occurrence of full nitrification 



 

28 

process or NO2-N production was too small to ensure the right level for 
reduction the rest of ammonium via anammox process. 

3. The temperature was one of the most significant factor affected the 
process performance. The study was mainly performed at 15°C.  
Within a week after temperature raise to 17°C, nitrogen removal 
efficiency increased from 30.8% to 43.2% (based on laboratory analysis).  
Because of later technical problems with pilot plant, the part of study  
in 17°C could not be evaluated. 

4. The concentration of nitrites in influent wastewater was negligently 
small  
so for the right anammox process performance the nitrites production 
by AOB mostly located in activated sludge is necessary. Value of nitrites 
observed in reactor was in most samples below 0,6 mg NO2-N/L.  
This is an evidence that NO2-N amount produced during partial 
nitritation by AOB was insufficient for right anammox process 
performance or nitrites were converted to nitrates during nitratation 
process under aerobic conditions. 

5. After increasing HRT of 50% (from 11.9 to 17.9h), the nitrogen 
removal efficiency significantly increased and stabilised above 30%.  
In connection with dependence between HRT and NL it was found that 
with decreasing of NL, the nitrogen removal efficiency increased. 

6. In future controlled removal of excess sludge from sedimentation tank 
is needed to study the impact of SRT on the process performance and 
efficiency. 

7. Composition of biomass and condition of biofilm attached to Kaldness 
carriers have to be examined in order to accurate understanding of the 
deammonification process. 

8. The use of online sensors was helpful in constantly process 
monitoring, however they were not maintenance-free.  

9. To implement system into full-scale further studies are essential  
to gather more knowledge about deammonification process operated  
in mainstream conditions.   
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APPENDIX I  EXPERIMENTAL RESULTS 

Table 1A Chemical analysis and measurements of effluent - laboratory 
analysis 

Week Date 
COD pH alkalinity TN NH4-N NO2-N NO3-N TSS VSS 

mg O2/L -  mg N/L mg/L mg/L mg/L mg/L mg sm/L 

1 
31-01-17 40 7.10 4.75 

 
34.0 <0.1 0.30 2660 

 
03-02-17 33 

 
5.10 

 
40.3 0.7 0.92 2094 1704 

2 
07-02-17 32 

 
4.03 

 
25.6 4.8 3.70 

  
10-02-17 46 7.61 4.91 

 
25.9 3.0 5.30 1728 1516 

3 
14-02-17 47 7.96 4.84 

 
30.3 1.7 1.60 

  
17-02-17 22 8.19 6.04 46 41.9 0.323 0.32 652 378 

4 
21-02-17 38 7.55 5.17 

 
35.1 0.298 0.18 

  
24-02-17 31 7.76 4.47 36 32.6 0.297 0.13 2136 1874 

5 
28-02-17 44 7.87 4.71 

 
28.5 0.755 0.66 1598 

 
03-03-17 25 7.90 4.88 36 32.2 0.558 0.39 1596 1402 

6 
07-03-17 32 7.31 5.59 

 
29.4 0.660 0.69 

  
10-03-17 23 7.45 5.51 35 30.4 1.09 0.90 1702 1492 

7 
14-03-17 31 7.35 5.94 

 
37.8 0.199 0.23 

  
17-03-17 31 8.33 7.43 

 
31.2 0.593 0.60 1446 1282 

8 
21-03-17 35 8.22 6.07 

 
31.0 0.299 0.36 

  
24-03-17 24 7.94 5.79 

 
34.8 0.375 0.23 1500 1342 

9 
28-03-17 30 7.55 7.53 

 
29.7 0.488 1.06 

  
31-03-17 31 7.28 4.93 

 
28.9 0.404 1.96 1496 1362 

10 
04-04-17 38 7.70 4.96 

 
24.9 0.488 1.52 

  
07-04-17 33 7.18 5.55 

 
31.3 0.365 0.68 1534 1402 

11 
11-04-17 17 7.63 4.86 

 
27.4 0.440 2.9 

  
13-04-17 20 7.46 4.67 

 
26.6 0.529 3.7 1698 1492 

12 
19-04-17 24 7.34 4.24 

 
23.2 0.548 5.2 

  
21-04-17 14 7.54 4.52 

 
20.5 0.531 8.5 1284 1180 

13 
25-04-17 27 7.58 4.89 

 
24.6 0.448 4.7 

  
28-04-17 17 7.29 4.09 

 
22.3 0.547 7.6 1600 1438 

14 
03-05-17 17 7.54 4.67 

 
26.6 0.493 5.2 

  
05-05-17 28 7.62 4.97 

 
27.9 0.309 3.4 1468 1328 

15 
09-05-17 33 7.79 5.26 

 
33.0 0.495 3.9 

  
12-05-17 32 7.28 5.04 

 
31.4 0.423 3.0 1543 1355 

16 
17-05-17 31 7.26 5.37 

 
28.3 0.648 6.0 

  
19-05-17 50 7.27 4.44 

 
27.7 0.637 8.3 1528 1350 

17 
23-05-17 53 7.26 4.90 

 
30.2 0.467 7.0 

  
26-05-17 53 7.29 5.15 

 
33.1 0.302 2.1 1118 1063 

18 
31-05-17 58 7.16 4.09 

 
22.7 0.490 7.3 

  
02-06-17 60 7.20 5.41 

 
24.0 0.606 3.4 1465 1315 

19 09-06-17 58 7.29 4.28 
 

22.4 0.389 5.2 975 908 

20 
13-06-16 61 7.23 3.75 

 
23.4 0.502 7.5 

  
16-06-17 66 7.19 0.83 

 
21.0 0.572 7.7 1078 988 

21 
20-06-17 47 7.31 4.63 

 
29.1 0.576 1.5 

  
22-06-17 51 7.27 4.88 

 
30.7 0.299 0.32 935 870 

Average 36 7.31 4.95 38 29.1 0.674 3.08 1515 1288 

Min 14 7.10 0.83 35 20.5 0.199 0.13 652 378 

Max 66 8.33 7.53 46 41.9 4.8 8.5 2660 1874 

St. Deviation 14 0.31 1.02 5 5.0 0.812 2.74 424 318 



 

II 

Table 1B Calculations of removal efficiency and rates - laboratory analysis 

Week Date 
VSS 
/TSS 

NH4-N 
removed 

NH4-N 
removal 

efficiency 

N 
removed 

N  
removal 

efficiency 
NL NLR NRR 

NO3-N 
produced/

NH4-N 
removed 

% mg/L % mg/L % g N/d g/m3d g/m3d % 

1 
31-01-17 

 
11.4 25.11 11.10 24.5 18.31 0.488 0.119 2.6 

03-02-17 81.4 8.6 17.59 6.98 14.3 19.72 0.526 0.075 10.7 

2 
07-02-17 

 
23.4 47.76 14.90 30.4 19.76 0.527 0.160 15.8 

10-02-17 87.7 22.6 46.60 14.30 29.5 19.56 0.521 0.154 23.5 

3 
14-02-17 

 
15.3 33.55 12.00 26.3 18.39 0.490 0.129 10.5 

17-02-17 58.0 6.1 12.71 5.46 11.4 19.35 0.516 0.059 5.2 

4 
21-02-17 

 
8.1 18.75 7.62 17.6 17.42 0.464 0.082 2.2 

24-02-17 87.7 9.6 22.75 9.17 21.7 17.02 0.454 0.099 1.4 

5 
28-02-17 

 
12.5 30.49 11.09 27.0 16.53 0.441 0.119 5.3 

03-03-17 87.8 13.8 30.00 12.85 27.9 18.55 0.495 0.138 2.8 

6 
07-03-17 

 
16.6 36.09 15.25 33.2 18.55 0.495 0.164 4.2 

10-03-17 87.7 16.1 34.62 14.11 30.3 18.75 0.500 0.152 5.6 

7 
14-03-17 

 
9.0 19.23 8.57 18.3 18.87 0.503 0.092 2.6 

17-03-17 88.7 12.6 28.77 11.41 26.0 17.66 0.471 0.123 4.8 

8 
21-03-17 

 
14.6 32.02 13.94 30.6 18.39 0.490 0.150 2.5 

24-03-17 89.5 11.1 24.18 10.50 22.9 18.51 0.494 0.113 2.1 

9 
28-03-17 

 
19.4 39.51 17.85 36.4 13.20 0.352 0.128 5.5 

31-03-17 91.0 19.4 40.17 17.04 35.3 12.98 0.346 0.122 10.1 

10 
04-04-17 

 
22.3 47.25 20.29 43.0 12.69 0.338 0.145 6.8 

07-04-17 91.4 17.9 36.38 16.86 34.3 13.22 0.353 0.121 3.8 

11 
11-04-17 

 
20.3 42.56 16.96 35.6 12.82 0.342 0.122 14.3 

13-04-17 87.9 20.2 43.16 15.97 34.2 12.58 0.335 0.114 18.3 

12 
19-04-17 

 
19.8 46.05 14.05 32.7 11.56 0.308 0.101 26.3 

21-04-17 91.9 27.3 57.11 18.27 38.2 12.85 0.343 0.131 31.1 

13 
25-04-17 

 
22.1 47.32 16.95 36.3 12.55 0.335 0.122 21.3 

28-04-17 89.9 24.2 52.04 16.05 34.5 12.50 0.333 0.115 31.4 

14 
03-05-17 

 
22.3 45.60 16.61 34.0 13.14 0.351 0.119 23.3 

05-05-17 90.5 22.7 44.86 18.99 37.5 13.60 0.363 0.136 15.0 

15 
09-05-17 

 
19.3 36.90 14.91 28.5 15.82 0.422 0.120 20.2 

12-05-17 87.8 21.6 40.75 18.18 34.3 16.03 0.427 0.147 13.9 

16 
17-05-17 

 
24.9 46.80 18.25 34.3 16.09 0.429 0.147 24.1 

19-05-17 88.4 25.5 47.93 16.56 31.1 16.09 0.429 0.134 32.6 

17 
23-05-17 

 
21.4 41.47 13.93 27.0 15.46 0.412 0.111 32.7 

26-05-17 95.0 18.2 35.48 15.80 30.8 15.37 0.410 0.126 11.5 

18 
31-05-17 

 
24.5 51.91 16.71 35.4 14.41 0.384 0.136 29.8 

02-06-17 89.8 25.3 51.32 21.29 43.2 14.77 0.394 0.170 13.4 

19 09-06-17 93.1 21.1 48.5 15.51 35.7 13.15 0.351 0.125 24.6 

20 
13-06-17 

 
16.2 40.9 8.20 20.7 11.86 0.316 0.065 46.3 

16-06-17 91.7 21.8 50.9 13.53 31.6 12.82 0.342 0.108 35.3 

21 
20-06-17 

 
16.4 36.0 14.32 31.5 13.76 0.367 0.116 9.1 

22-06-17 93.0 16.7 35.2 16.08 33.9 14.33 0.382 0.130 1.9 

Average 87.3 18.1 38.2 14.35 30.3 15.58 0.416 0.123 14.7 

Min 58.0 6.1 12.7 5.46 11.4 11.56 0.308 0.059 1.4 

Max 95.1 27.3 57.1 21.29 43.2 19.76 0.527 0.170 46.3 

St. Deviation 7.8 5.5 10.8 3.80 7.0 2.63 0.070 0.025 11.7 



 

III 

Table 1C Chemical and physical parameters of influent and effluent - online 
data 

Week Date 

Influent 
Effluent 

T NH4-N pH DO NH4-N NO2-N NO3-N MLSS 

°C mg/L - mg O2/L mg/L mg/L mg/L mg/L 

1 
31-01-17 15.5 52.95 7.18 0.37 35.7 0.09 0.5 937 

03-02-17 15.6 51.83 7.30 0.42 36.5 0.21 0.1 1009 

2 
07-02-17 15.0 46.28 7.27 0.72 24.4 4.43 1.7 782 

10-02-17 15.0 40.39 7.37 0.77 26.0 3.03 2.7 1819 

3 
14-02-17 15.2 26.65 6.83 0.55 25.2 0.97 0.6 1768 

17-02-17 15.5 49.25 6.84 0.65 33.5 
 

0.1 1801 

4 
21-02-17 15.0 45.35 7.08 0.49 34.2 0.04 0.1 1818 

24-02-17 15.0 41.59 7.10 0.49 26.5 0.09 0.1 1893 

5 
28-02-17 15.5 43.37 7.39 0.70 23.1 0.47 0.9 1924 

03-03-17 15.0 45.29 7.44 0.73 26.3 0.37 0.4 1755 

6 
07-03-17 15.0 45.41 7.50 0.70 25.3 0.31 0.2 1907 

10-03-17 15.1 44.25 7.44 0.72 26.7 0.94 0.4 1673 

7 
14-03-17 15.0 47.15 7.35 0.95 32.2 0.12 0.1 1961 

17-03-17 15.0 47.11 7.39 0.80 26.3 0.98 0.3 1793 

8 
21-03-17 15.0 43.62 7.70 0.49 21.8 0.47 0.8 1339 

24-03-17 15.0 43.46 7.72 0.46 30.5 0.25 0.1 1599 

9 
28-03-17 15.0 45.08 7.69 0.49 26.2 0.79 0.6 1651 

31-03-17 15.0 46.15 7.47 0.51 24.6 0.83 2.6 1656 

10 
04-04-17 15.0 44.30 7.43 0.49 23.6 0.78 0.8 1741 

07-04-17 15.0 47.30 7.45 0.49 26.8 0.44 0.9 1788 

11 
11-04-17 15.0 44.19 7.40 0.51 23.3 0.79 4.5 1795 

13-04-17 15.0 43.21 7.34 0.51 23.0 0.74 4.3 1798 

12 
19-04-17 15.0 36.35 7.17 0.54 18.6 0.66 6.1 1697 

21-04-17 15.0 47.59 6.96 0.53 16.8 0.46 8.8 1569 

13 
25-04-17 15.0 44.26 6.74 0.52 21.7 0.68 6.1 1529 

28-04-17 15.0 44.74 6.69 0.52 19.5 0.56 7.5 1547 

14 
03-05-17 15.0 43.77 6.83 0.53 22.5 0.69 6.6 1590 

05-05-17 15.0 44.56 6.84 0.53 23.6 0.51 4.4 1620 

15 
09-05-17 15.0 49.50 6.87 0.54 25.9 0.46 4.9 1634 

12-05-17 15.0 50.36 6.86 0.56 25.1 0.70 4.1 1734 

16 
17-05-17 15.0 50.47 6.86 0.54 22.9 0.55 7.1 1627 

19-05-17 15.3 52.12 6.89 0.55 22.1 0.51 5.7 1625 

17 
23-05-17 15.0 48.79 6.94 0.56 22.8 0.42 10.3 1623 

26-05-17 15.8 48.43 6.94 0.54 25.5 0.55 10.6 1480 

18 
31-05-17 17.0 45.42 6.81 0.52 14.7 0.61 9.0 1323 

02-06-17 17.0 46.64 6.85 0.51 17.8 0.81 7.2 1577 
19 09-06-17 17.0 43.21 6.79 0.57 16.4 0.59 13.5 1261 

20 
13-06-17 17.0 40.20 6.81 0.60 15.5 0.51 16.0 1131 

16-06-17 17.0 41.81 6.78 0.50 13.8 0.42 17.4 1072 

21 
20-06-17 17.0 41.42 6.87 0.50 20.2 0.78 6.4 1480 

22-06-17 17.0 42.51 6.81 0.61 24.8 0.08 6.7 1257 

Average 15.4 45.03 7.12 0.57 24.2 0.67 4.4 1575 

Min 15.0 26.65 6.69 0.37 13.8 0.04 0.1 782 

Max 17.0 52.95 7.72 0.95 36.5 4.43 17.4 1961 

St. Deviation 0.7 4.54 0.31 0.11 5.3 0.77 4.6 281 



IV 

Table 1D Calculations of removal efficiency and rates - online data 

Week Date 
NH4-N removed NH4-N removal 

efficiency N removed N removal 
effieciency 

mg/L % mg/L % 

1 
31-01-17 17.23 32.5 13.13 24.8 

03-02-17 15.30 29.5 11.40 22.0 

2 
07-02-17 21.91 47.3 11.95 25.8 

10-02-17 14.42 35.7 4.99 12.4 

3 
14-02-17 1.49 5.6 -3.77 -14.1

17-02-17 15.73 31.9 12.06 24.5

4 
21-02-17 11.14 24.6 7.37 16.3 

24-02-17 15.07 36.2 11.23 27.0 

5 
28-02-17 20.29 46.8 15.27 35.2 

03-03-17 19.02 42.0 14.58 32.2 

6 
07-03-17 20.14 44.4 15.97 35.2 

10-03-17 17.58 39.7 12.59 28.5 

7 
14-03-17 14.97 31.7 11.15 23.6 

17-03-17 20.78 44.1 15.88 33.7 

8 
21-03-17 21.78 49.9 16.86 38.7 

24-03-17 12.99 29.9 8.98 20.7 

9 
28-03-17 18.85 41.8 13.77 30.5 

31-03-17 21.56 46.7 14.45 31.3 

10 
04-04-17 20.67 34.8 15.42 34.8 

07-04-17 20.55 33.0 15.61 33.0 

11 
11-04-17 20.93 27.1 11.99 27.1 

13-04-17 20.25 26.7 11.54 26.7 

12 
19-04-17 17.71 20.1 7.30 20.1 

21-04-17 30.76 37.5 17.86 37.5 

13 
25-04-17 22.54 27.4 12.12 27.4 

28-04-17 25.23 30.2 13.53 30.2 

14 
03-05-17 21.27 23.6 10.33 23.6 

05-05-17 20.92 27.8 12.39 27.8 

15 
09-05-17 23.57 29.5 14.61 29.5 

12-05-17 25.29 33.4 16.80 33.4 

16 
17-05-17 27.58 40.6 20.48 40.6 

19-05-17 29.98 46.6 24.30 46.6 

17 
23-05-17 25.99 32.1 15.65 32.1 

26-05-17 22.95 25.5 12.37 25.5 

18 
31-05-17 30.76 48.0 21.78 48.0 

02-06-17 28.86 46.5 21.69 46.5 

19 09-06-17 26.83 30.8 13.33 30.8 

20 
13-06-17 24.68 21.6 8.69 21.6 

16-06-17 28.02 25.4 10.61 25.4 

21 
20-06-17 21.18 35.7 14.77 35.7 

22-06-17 17.71 26.0 11.05 26.0 

Average 20.84 33.9 13.22 28.7 

Min 1.49 5.6 -3.77 -14.1

Max 30.76 49.9 24.30 48.0

St. Deviation 5.75 9.4 4.79 10.3





TRITA SEED-EX 2017:22

www.kth.se


	Blank Page
	Blank Page



