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STRESZCZENIE 
Wraz z rozwojem uprzemysłowienia na świecie, wzrasta zanieczyszczenie 
wód, powietrza i gleby. Działalność człowieka znacząco przyczyniła się 
do degradacji środowiska naturalnego wprowadzając między innymi 
związki biogenne wraz ze ściekami bytowo-gospodarczymi, z przemysłu 
oraz rolnictwa. Nieefektywny proces oczyszczania ścieków z azotu 
i fosforu powoduje zanieczyszczenie wód powierzchniowych, efektem 
czego jest zaburzenie równowagi biologicznej ekosystemów wodnych. 
Powstały deficyt tlenowy prowadzi do zanikania naturalnych warunków 
niezbędnych do samooczyszczania się zbiorników wodnych. Kolejnym 
problemem może stać się zarastanie akwenów oraz przyspieszony proces 
eutrofizacji  wód spowodowany dostarczeniem nadmiernej ilości azotu, 
co prowadzi do gwałtownego rozrostu roślin. Regulacje prawne na 
świecie, określające dopuszczalną zawartość związków biogennych 
w ściekach oczyszczonych odprowadzanych do zbiorników wodnych, 
wymusiły stosowanie innowacyjnych technologii oczyszczania ścieków. 
Klasyczne metody biologicznego usuwania azotu ze ścieków (oparte na 
procesie nitryfikacji w połączeniu z procesem denitryfikacji) 
charakteryzujących się niekorzystną relacją pomiędzy ilością węgla 
organicznego w stosunku do azotu, generują wysokie koszty 
eksploatacyjne. Jest to związane z dozowaniem zewnętrznego źródła 
węgla organicznego oraz dużym zużyciem powietrza w fazie nitryfikacji. 
Potrzeba alternatywnego, efektywniejszego sposobu usuwania azotu ze 
ścieków, doprowadziła do opracowania procesów wykorzystujących 
specyficzne grupy mikroorganizmów.  
Innowacyjną metodą  bazującą na częściowej nitrytacji w połączeniu 
z procesem Anammox jest deamonifikacja. Zasadniczo proces ten 
stosowany jest dla ścieków komunalnych, w których występuje wysokie 
stężenie azotu amonowego. W tym przypadku korzystne jest 
wykorzystanie mikroorganizmów zdolnych do beztlenowego utleniania 
amoniaku takich jak bakterie Anammox należące do typu 
Planctomycetales. Ze względu na wrażliwość tych bakterii na zmiany 
warunków otoczenia wymagane jest systematyczne monitorowanie 
składu dopływających ścieków, temperatury, odczynu pH oraz 
kontrolowanie systemu napowietrzania podczas prowadzenia procesu 
w układzie technologicznym. Produktem końcowym usuwania azotu 
w procesie deamonifikacji jest azot cząsteczkowy, który zostaje 
uwolniony z układu do atmosfery, jako neutralny dla środowiska gaz. 
Niemniej, w ściekach komunalnych zawierających duże ilości azotu 
amonowego, podczas nitryfikacji powstaje szkodliwy podtlenek azotu 
(N2O) jako pośredni produkt przemiany związków azotu, który również 
zostaje emitowany do otoczenia. W drugiej fazie procesu (denitryfikacja) 
przy niedostatecznej ilości węgla dochodzi do akumulacji związków 
pośrednich tj.: NO2 i N2O, a następnie ich emisja do atmosfery.  
Biodegradacja materii organicznej zawartej w ściekach jest uważana za 
jedno z antropogenicznych źródeł emisji gazów cieplarnianych (GHG). 
Globalny potencjał cieplarniany (GWP) dla podtlenku azotu wynosi 298, 
co oznacza, że taka sama masa N2O powoduje aż 298-krotnie większy 
efekt cieplarniany niż CO2 (“U.S. Energy Information Administration,” 
2011). W związku ze słabą rozpuszczalnością podtlenku azotu w wodzie, 
nie jest on wymywany z opadami, przez co ulega kumulacji w atmosferze 
(czas trwania wynosi 144 lata) i prowadzi do ocieplenia klimatu. 
Szacunkowa wartość emisji podtlenku azotu ze ścieków w 2000 roku 
wynosiła ok. 3% w stosunku do globalnej wielkości emisji tego gazu ze 
wszystkich źródeł i według prognoz tendencja ta jest nadal wzrostowa. 
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Globalne stężenie podtlenku azotu w atmosferze w 2012 roku wynosiło 
ok. 0,324-0,326 ppm według raportu CDIAC z 2014 roku (EPA, 2015). 
Decyzje przedstawione w Protokole z Kioto opracowanym w 2006 roku 
warunkują ilość emitowanych gazów cieplarnianych przez państwa 
członkowskie Wspólnoty Europejskiej. Obliguje to poszczególne 
państwa do przeciwdziałania globalnym zmianom klimatycznym przez 
wdrożenie technologii pozwalających na obniżenie lub redukcję emisji 
gazów cieplarnianych. Większość dostępnych raportów dotyczących 
emisji GHG z oczyszczalni ścieków ma charakter szacunkowy, dlatego 
by skutecznie przeciwdziałać antropogenicznym skutkom 
zanieczyszczenia środowiska, ważne jest, aby przed wdrożeniem danej 
metody oczyszczania ścieków w skali przemysłowej, przeprowadzić 
odpowiednie badania. Taką możliwość stwarza stacja badawcza 
Hammarby Sjöstadsverket w Sztokholmie, prowadzona pod nadzorem 
Swedish Environmental Research Institute (IVL) oraz Royal Institute of 
Technology (KTH). Jednym z projektów w tym ośrodku naukowym jest 
proces biologicznego oczyszczania cieczy osadowych po fermentacji 
osadów z azotu w procesie deamonifikacji, prowadzony równolegle 
w dwóch reaktorach w skali pilotażowej z różnymi strategiami 
napowietrzania. 
Projekt naukowy będący przedmiotem tej pracy miał na celu ilościowe 
określenie emisji gazu cieplarnianego, jakim jest N2O, w procesie 
deamonifikacji. Wyniki przeprowadzonych badań wraz z interpretacją 
i schematami zamieszczono w części badawczej niniejszej pracy oraz 
w załącznikach.  
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SUMMARY IN SWEDISH 

Med utvecklingen av industrialisering i världen, ökad vattenförorening, luft 
och jord. Mänsklig aktivitet har väsentligt bidragit till degraderingen av 
miljön, bland annat genom att införa de biogena föreningarna med 
avloppsvatten från bostäder avfall, industri och jordbruk. Ineffektiv 
process för behandling av avloppsvatten från kväve och fosfor orsaka 
förorening av ytvatten, som leder till en störning i den biologiska balansen 
hos akvatiska ekosystem. Den resulterande syrebrist leder till 
försvinnandet av naturliga förutsättningar för självrengörande till 
vattendrag. Ett annat problem kan bli igenväxning dina vatten och 
påskyndat processen av övergödning av vatten orsakas av leveransen av 
stora mängder av kväve, vilket leder till en snabb tillväxt av växter. 
Förordningar i världen, definiera tillåten innehåll av biogena ämnen 
i spillvattnet i vattendrag, tvingade att använda innovativa avloppsvatten 
behandling teknik. De klassiska biologiska kväve borttagning metoder av 
avloppsvatten (baserat på nitrifikation processen i samband med 
denitrifikation) kännetecknas av ogynnsamma förhållande mellan mängden 
organiskt kol och kväve, generera höga driftskostnader. Detta är relaterat 
till expanderande extern källa av organiskt kol och hög luftförbrukning på 
stadiet nitrifikation. Behovet av en alternativ, mer effektiva sätt att ta bort 
kväve från avloppsvatten, har lett till utvecklingen av processer som 
använder en specifik grupp av mikroorganismer. 
En innovativ metod baserad fractional nitritation i samband med 
processen för Anammox är deammonification. Huvudsak denna process 
används för avloppsvatten från tätbebyggelse där det finns en hög 
koncentration kväve. I det här fallet är det bra att använda 
mikroorganismer kan anaeroba ammoniak oxidation som bakterier 
i Anammox tillhör Planctomycetales. Dessa bakterier till förändringar 
i miljöförhållanden känsliga krävs för systematisk övervakning av 
sammansättningen av inkommande avfall vatten, temperatur, pH och 
luftning systemkontroll under körning i processen. Den slutliga produkten 
av kvävereduktion i deammonification är den molekylära kväve, som 
frigörs från atmosfären, som neutral miljö för gas. dock i kommunalt 
avloppsvatten som innehåller stora mängder kväve under nitrifikation 
förekommer skadliga lustgas (N2O) som en mellanprodukt omvandling av 
kväveföreningar, som också släpps ut i miljön. I den andra fasen av 
processen (denitrifikation) med tillräckliga mängder av kol till ansamling av 
intermediärer: NO2 och N2O, och sedan deras utsläpp i atmosfären. 
Biologisk nedbrytning av organiskt material i utflödet anses vara en av 
källorna av antropogena utsläpp av växthusgaser (växthusgaser). Globala 
växthusgasutsläppen potential (GWP) för lustgas är 296, vilket innebär att 
samma vikt av N2O orsakerna till 298 gånger större växthuseffekt än CO2 
("US Energy Information Administration," 2011). På grund av den låga 
lösligheten av lustgas i vatten, det är inte eluera; med nederbörd, som är en 
ansamling i atmosfären (längden är 144 år) och leder till en värmande 
klimat. Det uppskattade värdet av utsläpp av lustgas från avloppsvatten 
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i 2000 var ok. 3% av de globala utsläppen av denna gas från alla källor och 
enligt prognoserna, trenden är fortfarande uppåtgående. Globala 
koncentrationen av lustgas i atmosfären i 2012 var ok. 0.324-0.326 ppm 
enligt rapporten från CDIAC 2014 (EPA, 2015). 
De beslut som anges i Kyotoprotokollet utvecklats i 2006 och leder till 
mängden växthusgaser som släpps ut av medlemsstaterna 
i Europeiskagemenskapen. Det åläggs medlemsstaterna att bekämpa 
globala klimatförändringarna genom att implementera teknik som tillåter 
minskning eller minskning av utsläppen av växthusgaser. De flesta av de 
tillgängliga rapporterna om utsläppen av växthusgaser från avloppsvatten 
beräknas, för att effektivt motverka effekterna av antropogena 
föroreningar av miljön, är det därför viktigt att före genomförandet av 
metoder för rening av avloppsvatten i industriell skala, genomförandet av 
lämpliga undersökningar. Denna möjlighet skapar en forskningsstation 
Sjöstadsverket i Stockholm, Hammarby som utförs under tillsyn av svensk 
Environmental Research Institute (IVL) och den Kungliga Tekniska 
högskolan (KTH). Ett av de projekt inklusive vetenskapligt centrum är 
processen för biologisk behandling av flytande avfall efter jäsning av 
inlåning från kväve i deammonification, köra parallellt i två pilotskala 
reaktorer med olika luftning strategier. 
Vetenskapliga projekt som är föremål för detta arbete var att kvantifiera 
växthusgaser av N2O, som håller på att deamonifikacji. Resultaten med 
tolkning och ger diagram i en del av detta forskningsarbete och i bilagorna. 
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ABSTRACT 
Wastewater treatment plays significant role in the environmental protection. The process has 
direct impact on quality of air and water. All treated sewage reaches fresh water reservoirs as 
well as gasses escaping from the process are emitted to the atmosphere. Main aim of the 
thesis is to determine N2O emissions from partial nitritation/Anammox (deammonification 
process) in one-stage system applied in MBBR technology. Whole project was operated 
successfully on two pilot-scale reactors parallel, fed by the same reject water. Both reactors 
were filled to capacity of 200 L each, where 40% of the working volume was fulfilled by 
Kaldnes carriers suspended in liquid by mechanical stirrer. First reactor (R1) presented 
strategy of intermittent aeration with ratio (R=1/3) and stable DO concentration at amount 
of 1.5 mg O2/L, whereas second one (R2) operated in constant aeration with variable values 
of dissolved oxygen which differ in range of 1.0-2.5 mg O2/L. Every week analyses of 
ammonium and nitrogen forms were carried out in influent and effluent by Hach-Lange 
cuvettes. Results of measurements showed high NH4+-N removal efficiency of 
approximately 95% for R1 reactor and 86% for R2. During the process, the continuous 
measurement of nitrous oxide in gaseous and liquid phase was performed by Teledyne data 
logger and Unisense microsensor. Measurements during 4 months resulted in assessment of 
nitrous oxide emission tendency dependent on aeration system. The result from reactor R1 
showed that 1.0-2.4% of N-load was emitted as N2O to the atmosphere, and 0.05-0.28% was 
released as dissolved N2O in outgoing water. Regarding reactor R2 tendency of nitrous oxide 
production is similar. Estimated emission of N2O in gaseous phase in reactor R2 is 1.4-2.0% 
of nitrogen load and 0.02-0.39% in liquid phase. All gathered results are shown in the 
appendix of the paper. 

Key words: Anammox, Deammonification, Kaldnes, MBBR, Nitrous oxide. 

1. INTRODUCTION 
Nowadays, demand for nitrogen removal from water reservoirs requires 
technological development especially in Wastewater Treatment Plants. 
Nitrogen is one of the most essential element to life on Earth as a basic 
building block of DNA and proteins. Gaseous form of nitrogen makes 
up to 78% of atmosphere which is difficult to assimilate by plants and 
animals. Due to that fact organisms are using combined nitrogen. 
Further, the nitrogen can reach aquatic system by fertilizers or sewage 
and potentially favour algae blooming in water environment. It effects 
on eutrophication and as a consequence increases level of nutrients and 
depletion of oxygen in water. 
This problem was reflected in The Urban Waste Water Treatment 
Directive (91/271/EEC of 21 May 1991). It refers to the discharge of 
urban and industrial wastewater. The Directive strictly specifies the limits 
for nitrogen load in wastewater as well as acceptable doze of nitrogen in 
surface water after treatment. Daily average permissible level of total 
nitrogen (Norg., NH4-N, NO2-N, NO3-N) must not exceed 10 mg/L and 
the minimum reduction degree should amount to 70-80%. Those crucial 
rates forced WWTPs to use alternative methods of treatment to avoid 
the negative environmental effects. The researchers put special attention 
to the treatment of highly nitrogen contaminated wastewater, 
particularly, landfill leachate and water recycled from the dewatering 
process of digested sludge (supernatant). It is a cost-efficient process in 
wastewater management as the supernatant side stream is returned to the 
inlet of the WWTP and contributes up to 20% of the influent nitrogen 
load (Gut, Plaza, & Hultman, 2007) and COD/N ratio becomes 
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unprofitable. To treat economically that discharge, operators decided to 
look over new methods. 
A conventional biological process in WWTPs is grounded on 
nitrification and denitrification. Improper COD/N ratio (low organic 
carbon contents and high NH4-N load) in denitrification process cause 
need for external carbon addition as the electron donor, whereas 
nitrification process demands oxygen supply with alkalinity adjustment. 
Those requirements place additional expenses.  
The breakthrough point was implementation of several new processes 
based on short-cut in nitrogen cycle and crucial discovery of Anammox 
bacteria which brought a new approach into the subject. In WWTPs 
different technical solutions are used to remove nitrogen from reject 
water. Among them, special attention should be point to innovative 
anaerobic ammonium oxidation using specific microorganisms. 
Currently, deammonification process became attractive for WWTPs due 
to its economic benefits. The combination of two separated processes in 
single-stage reactor, more accurately, nitritation and Anammox. The 
connection of both, different processes require considerably smaller 
amounts of external carbon and oxygen addition, than classical methods.  
The ammonia conversion into elementary nitrogen by autotrophic 
microorganisms leads to increase of NO and N2O production, 
potentially dangerous to the environment. Anammox process, likewise 
nitrification/denitrification can probably be responsible for N2O release 
in the nitric oxide detoxification pathway (Penton, 2009). The global 
warming potential of nitrous oxide is about 298-fold larger than carbon 
dioxide. Last discoveries state that the main responsibility for climate 
change becomes from natural sources like soil, rivers, and oceans. 
Anthropogenic nitrogen input from agriculture, industry and transport is 
being estimated to 0.22 Tg N/year (Kampschreur, Temmink, 
Kleerebezem, Jetten, & Van Loosdrecht, 2009). The largest share of this 
emission comes from wastewater treatment and it varies, depending on 
sewage influent volume, type of wastewater treatment system as well as 
supernatant composition. Nitrogen removal and its emission problems 
has been discussed for years and still require more reliable experimental 
data from pilot-scale and full-scale treatment plants.  
To estimate rate of nitrous oxide emission from deammonification 
process, some researches from Royal Institute of Technology and 
Swedish Environmental Research Institute IVL established in 
Hammarby Sjöstadsverket pilot-scale reactors with the process. Both 
tanks were equipped with latest technology facilities for N2O 
measurements in gaseous and in liquid phase to follow the test. It 
supports estimation of nitrous oxide emission during treatment process. 

2. BACKGROUND 
Extensive human and industrial activity has significant contribution to 
the nitrogen circulation and transformation on Earth. The highest rates 
of nitrogen emission are noticed in fast-developing countries and in Asia. 
Nitrogen cycle runs correctly when all of the components are in 
equilibrium. There exist close interrelationships between different 
nitrogen forms such as ammonium, nitrite and nitrate (Table 1), which 
undergo different chemical transformations. The trial of all changes 
begins from gaseous nitrogen conversion by microorganisms into fixed 
nitrogen (an organic form available for plants and heterotrophs). Living 
organisms (like chemotrophs), use nitrogen as inorganic energy source 
and as a building blocks for protein synthesis.  
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Table 1. The most common nitrogen forms in the environment. 

Oxidation 
state Species Name 

-3 NH3. NH4
+ ammonia, ammonium ion 

-2 N2H4 hydrazine 

-1 NH2OH hydroxylamine 

0 N2 nitrogen gas 

1 N2O nitrous oxide 

2 NO nitric oxide 

3 HNO2. NO2
- nitrous acid, nitrite ion 

4 NO2 nitrogen dioxide 

5 HNO3. NO3
- nitric acid, nitrate ion 

 
Nitrogen cycle (Fig. 1) includes complex of biogeochemical processes as: 
a. Nitrogen fixation - biological process proceeded by Rhizobium 

bacteria which combines free nitrogen with hydrogen to produce 
ammonia. Nowadays approximately 30% of the total fixed 
nitrogen is manufactured in chemical plants. 

b. Ammonification (mineralization) - transformation of nitrogen 
present in organic compounds into ammonium salts or ammonia.  

c. Assimilation - absorption of inorganic nitrogen (occurring in 
ammonium ions form) from soil by plants. 

 
 
 
 
 
 
 
 
 
 
 

 
Fig. 1. Biological nitrogen conversions. (1) Aerobic ammonia 
oxidation (autotrophic and heterotrophic AOB and AOA), (2) 
aerobic nitrite oxidation (NOB), (3) nitrate reduction to nitrite 
(DEN), (4) nitrite reduction to nitric oxide (AOB and DEN), (5) 
nitric oxide reduction to nitrous oxide (AOB and DEN), (6) 
nitrous oxide reduction to dinitrogen gas (DEN), (7) nitrogen 
fixation (not relevant in most WWTPs), (8) ammonium oxidation 
with nitrite to dinitrogen gas (Anammox). Complete nitrification 
comprises step 1 and 2, complete denitrification step 3–6. 
(Kampschreur, Temmink, et al., 2009) 
 
d. Nitrification - natural aerobic process including two steps 

(nitritation and nitratation). Ammonium is converted by nitrifying 
bacteria to nitrate, where nitrite is an intermediate product. 
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Accumulation of nitrites in plants can be toxic so must be 
converted to nitrates. 

e. Denitrification - final stage of the nitrogen cycle is reduction of 
nitrates into nitrogen gas via nitrite (denitritation). This process is 
performed mainly by heterotrophic bacteria in anaerobic 
conditions using the nitrate as an electron acceptor instead of 
oxygen. Nitrite transformation to free nitrogen through nitrogen 
oxides (NO, N2O) is assumed as alternative pathway. 

f. Deammonification - short-cut in the nitrogen cycle. Process goes 
under oxygen-limited conditions and high concentration of 
ammonium. Characteristic is a direct conversion of ammonium 
into gaseous nitrogen.  

2.1. Conventional processes for nitrogen removal 
For decades, the traditional method for biological nitrogen removal from 
wastewater was generally nitrification and denitrification process. Both 
base on natural reactions occurring in N-cycle. Due to wide, practical 
knowledge and highly developed operation, the process is the most 
common biological application for nitrogen removal systems in WWTPs.  
 
 
 
 
 
 

Fig . 2. External substrates supply in nitrification/denitrification 
process. www.vwea.org 

2.1.1. Nitrification 
Transformation of ammonium compounds into nitrates is known as 
nitrification. Ammonia is a product of biodegraded proteins by micro-
organisms, which easily hydrolyse to ammonium in water environment. 
The process is carried out in two steps by chemolithoautotrophic 
bacteria in aerobic conditions.   
Two stages of nitrification process can be presented as follows: 

NH4
+ + 1.5 O2 →  NO2⁻  + 2 H+ + H2O   - nitritation  [1] 

NO2⁻ + 0.5 O2 →  NO3⁻                - nitratation  [2] 
First step is called nitritation and it is performed by ammonia-oxidizing 
bacteria (AOB) represented by Nitrosomonas, Nitrosocystis, Nitrosolobus, 
Nitrosospira species and ammonia-oxidizing archaea (AOA). During that 
stage, ammonium cation is oxidized to hydroxylamine and next to nitrite. 
First reaction is catalysed by ammonia monooxygenase (AMO) and the 
second one by hydroxylamine oxidoreductase (HAO) (Abeliovich, 1992). 
The second step of nitrification - nitratation, is an oxidation of nitrite to 
nitrate, performed by nitrite-oxidizing bacteria (NOB). The type of 
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bacteria is represented by: Nitrobacter, Nitrococcus and Nitrospira species. 
The most specialized nitrite oxidizer of the above-mentioned group is 
Nitrospira (Schmidt. Sliekers & Strous, 2003). Whole reaction is catalysed 
by nitrite dehydrogenase. 
Table 2. Selected factors in nitrification process. (Paredes et al., 
2007) 

  Factor Effect 

 Temperature  
  T > 15°C  Ammonium oxidizers grow faster than nitrite oxidizers 
    T = 25°C Ammonium oxidizers can out-compete nitrite oxidizers 

 pH 
  7.0–8.0 Optimum range for nitrification 
  7.9–8.2  Optimum range for ammonium oxidizers (Nitrosomonas) 
    7.2–7.6 Optimum range for nitrite oxidizers (Nitrobacter) 

 Free NH3 [mg/L]  
  150 Inhibition of ammonium and nitrite oxidizers 
    1.0–7.0 Inhibition of ammonium oxidizers and nitrite accumulation 

 HNO2 [mg/L]  
    > 2.8 Inhibition of ammonium and nitrite oxidizers 

 
Autotrophic bacteria use nitrification to produce energy needed to its 
vital functions. They are slow growing, therefore it takes a long time to 
reach the full nitrification potential in a reactor. No single known 
autotrophic bacteria are capable to complete oxidation of NH3 to NO3 
in one step. Majority of nitrifier bacteria are running under aerobic 
oxidation but some reports have confirmed its anaerobic metabolism. It 
is therefore possible to reduce nitrite to nitrate without oxygen. In 
anoxic condition, nitrite is used as electron acceptor. Other nitrifier 
bacteria using oxygen for growing, request aeration range between 1-2 g 
O2/m3. However, concentration of dissolved oxygen lower than 0.5 
g/m3 cause inhibition of Nitrobacter sp. growth. Apart from dissolved 
oxygen concentration, the parameters influencing nitrification are: 
• temperature (optimal: 30-35°C) 
- nitrification rate increases with increasing temperature  
- under 5°C Nitrosomonas sp. stops growing and the process is suppressed 
• pH (optimal: 8-9)  
• organic load  
- above 4.5 g COD/m3·d process requires more oxygen 
• concentrations of ammonium and nitrogen components 
- high nitrite concentration in wastewater treated under anaerobic 
conditions emits by-products as nitrite oxide and nitrous oxide 
• alkalinity 
moreover, its specific factors are shown in Table 2. 
It was found that intermittent aeration as well as few hours of anaerobic 
condition does not affect activity of nitrifier bacteria. The presence of 
acidic components in the reactor must be neutralized. In that case, pH 
adjustment is necessary, usually by sodium-hydroxide. 
Free nitrous acid (FNA) and free ammonia (FA) are an inhibition factors 
for both AOB and NOB bacteria. Due to high ammonia concentration, 
which inhibit the nitrification process the start-up of the rector is slow 
(Munz, Lubello, & Oleszkiewicz, 2010). Abeling and Seyfried at the 
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beginning of the 1990s realized that nitrification inhibition could be  
useful concerning oxygen and carbon saving (Seyfried, Hippen, & 
Helmer, 2001). When nitrification is finished, then denitrification can 
started immediately from nitrate substrates. 

2.1.2. Denitrification 
Denitrification process is essential to complete nitrogen removal from 
wastewater in biological stage. In this process, diverse group of 
microorganisms (bacteria as well as archaea) cooperates. Depend on 
conditions one of these groups dominates. An example of bacteria 
carrying out this process is: Enterobacter, Escherichia, Paracoccus, Pseudomonas 
and others (Kumar & Lin, 2010). 
The process is a multistage reaction involving different enzymes under 
anaerobic or anoxic conditions, where nitrite and nitrate are electron 
acceptors. Enzymes are reducing nitrate to nitrogen gas through nitrite, 
nitric oxide and nitrous oxide. Conversion of nitrogen by enzymes could 
be expressed as follows: 
NO3⁻ + UQH2 → NO2

⁻ + H2O + UQ - nitrate reductase (NaR)   [3] 

NO2⁻ + 2 H+ → NO + H2O    - nitrite reductase (NiR)   [4] 

2NO + 2 H+ → N2O + H2O    - nitric oxide reductase (NOR) [5] 

N2O + 2 H+ → N2 + H2O    - nitrous oxide reductase (N2OR) [6] 

The rate of that process depends on temperature. Optimal range is 
between 5-35°C, whereas temperature lowers than 5°C interrupts the 
process. Free nitrogen occurs mostly in the range 20-30°C. Appropriate 
pH range for denitrification is: 7-8, but a decrease below 7 results in 
N2O and NO amount increase. Another factor influencing this process 
is pH. Alkalinity/acidity below 4 and above 9.5 is highly toxic for the 
process. Another requirement is low NH4+ concentration (alkalinity 
increase), COD/N ratio under 4 increases the denitrification efficiency 
while below 2.5 the denitrification is practically impossible (Seyfried et 
al., 2001). In that case, external carbon source is needed. Additional dose 
of carbon is obligatory because it acts as electron donor and a source of 
energy for bacteria. In that case as the carbon source: methanol, organic 
acids or glucose is used. The selection of carbon source is determined by 
economical aspect. 

2.1.3. Nitrification/Denitrification system 
This system is the most frequently used technology for nitrogen removal. 
In first step, ammonium is transformed to nitrate via nitrite (nitritation). 
In a second stage (denitrification), nitrate is reduced to N2 by numerous 
heterotrophic bacteria.  

 
Fig . 3. Traditional nitrification/denitrification. (Paredes et al., 2007) 

Those steps include the reduction of nitrate to nitrite, nitric oxide, 
nitrous oxide and finally to free nitrogen. The rate of the denitrification 
process depends mainly on the COD/N ratio in the bioreactor. To 
enhance the process efficiency, methanol is added as an external carbon 
source (Fig. 2). This addition significantly increases the operational costs. 
This technology consumes also high amounts of oxygen 4.6 kg O2/NH4-
N kg (Paredes et al., 2007) for the nitrification. Due to those facts, both 
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processes should be developed in different reactors, what on the other 
side leads to construction and operation costs overestimation. 
Fig. 3 shows transformation scheme in traditional treatment process. 

2.2. Short-cut processes of nitrogen removal 
The necessity for highly-efficient treatment of municipal and industrial 
wastewater has driven researchers to seek for new treatment solutions. 
Space limitation and profitability aspect are the main factors that do not 
allowed for expanding the capacity of existing treatment plants. This 
brought necessity for development and application of novel approaches 
in wastewater treatment (especially sewage contaminated by a huge 
ammonium load). Beside physicochemical methods (mechanical 
separation, membrane filtration, ammonia stripping, ion exchange, 
breakpoint chlorination, struvite precipitation, electrodialysis) also the 
biological methods are used to treat sewage.  
Apart from the conventional systems for sewage treatment with high 
nitrogen loads, there exist also several short-cut systems. Depends on 
conditions implemented in WWTP following combination of processes 
can be approved:  
• ANAMMOX (Anaerobic Ammonium Oxidation) 
• CANON (Completely Autotrophic Nitrogen removal Over Ni-

trite) - nitritation and Anammox in one reactor 
• Deammonification (aerobic/anoxic) 
• OLAND (Oxygen Limited Autotrophic Nitrification-Denitri-

fication) 
• SHARON (Single reactor systems for High Ammonium Removal 

Over Nitrite) - nitritation and denitritation (Sinha, 2007) 
The partial nitrification used in those systems favour AOB growth what 
influence the following effects: 
1. Increasing free ammonia concentration influence pH value and 

limit NOB growth due to its higher sensitivity to free ammonia 
compared to AOB - concept of Anthonisen’s study, 1976. 

2. Decreasing dissolved oxygen concentration caused by lower 
oxygen affinity of NOB compared to AOB. 

3. Operating at temperatures above 25°C since the maximum specific 
growth rate of the AOB will be higher than NOB at these 
conditions. In fact this is the basis of the SHARON technology 
which consists of a continuous stirring tank reactor operated 
a hydraulic retention time of around 1 day and 30°C to favour the 
growth of AOB and the washout of the NOB (Vázquez-Padin et 
al., 2009). 

2.2.1. Anaerobic ammonium oxidation (Anammox) 
ANaerobic AMMonium OXidation is an innovative, environmentally 
friendly treatment of high ammonia-nitrogen loads in municipal and 
industrial wastewater. Compared with traditional N-removal methods it 
is more economical and effective. 
This process was discovered by Mulder and co-workers in 1995 in 
denitrifying pilot plant at baker’s yeast factory Gist-Brocades in Delft. 
Netherlands (Wuter van der Star, 2007). According to researchers, idea 
of Anammox process reaction could be presented as below: 

5 NH4
+ + 3 NO3

⁻ → 4 N2 + 9 H2O + 2 H+          [7] 
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A next research shows that nitrite (not nitrate) is a preferable electron 
acceptor and more probably reaction is: 

NH4
+ + NO2

⁻  →  N2 + 2 H2O             [8] 
More specified metabolism pathway: 

NH4⁺ + 1.32 NO2⁻ + 0.066 HCO3⁻ + 0.13 H⁺ → 1.02 N2 + 0.26 NO3⁻  
+ 0.066 CH2O0.5N0.15 + 2.03 H2O             [9] 
None of those Anammox pathways has been proved. Swiss researches 
speculate that nitrite is directly reduce to free nitrogen and on deeper 
part of biofilm anaerobic bacteria is settled where ammonia compounds 
could be anaerobically oxidized.  

NH3 → NH2OH → NO2⁻ → N2               [10] 
Another theory relies upon reaction between ammonium and nitrite ions. 
Nitrite is reduced to hydroxylamine and in next step to hydrazine, which 
are two intermediates. The reduction product is free nitrogen. 

                                        [11]  
Third proposition is based on work of Schmidt and Bock. They 
suggested that hydrazine is an oxidizing factor. 
One of the most important enzymes being involved in anaerobic 
oxidation is hydroxylamine oxidoreductase/hydrazine reductase 
(HAO/HZO) from Anammox culture characterized by Schalk. That 
enzymes are able to catalyse oxidation of hydroxylamine and hydrazine 
under anoxic condition to NO, N2O and N2. Thereby ammonium 
monooxygenase oxidize ammonium ion to hydroxylamine. 

  [12] 
It has been reported that in Anammox process reactors could release 
NO and N2O, which is about 1.2% of the total nitrogen load (Kartal et 
al., 2010). To inactivate toxic character of NO many bacteria employ 
proteins to convert it to the less-reactive and more stable nitrous oxide. 
Nonetheless the idea that ammonium could be oxidized under anaerobic 
conditions predicted the Austrian chemist Engelbert Broda in 1977. 
Under strict anoxic or oxygen-limited conditions, nitrite is an electron 
acceptor in the conversion of ammonium to nitrogen gas. This fully 
autotrophic system does not require organic carbon addition. Instead of 
that CO2 is used as a main source of carbon for growth. 
Anammox process is mediated basically by Nitrosomonas eutropha 
(Zhang, Zheng, Tang, & Jin, 2008), which oxidizes ammonium under 
anaerobic conditions with NO2⁻ as electron acceptor and an unknown 
group of Gram-negative bacteria. That bacteria was referred as the 
“lithotrophs missing from nature” (van der Star et al., 2007) belonging to 
the bacterial phylum Planctomycetales. It was discovered that Anammox is 
involved in nitrogen biochemical cycle in the oceans and is responsible 
for 50% of total nitrogen loss. The discovery of Anammox bacteria 
provokes scientific storm, which resulted in providing more details about 
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this group of organisms. It derives from marine and fresh water 
environment and is classified and listed below. 
Table 3.  Recognized and classified Anammox bacteria (Schmidt et 
al., 2003) and (Mikhailovskaya, 2009) 
  Genera   Species         
 Brocadia   Candidatus Brocadia anammoxidans  
   Candidatus Brocadia fulgida   
 Kuenenia   Candidatus Kuenenia stuttgartiensis  
 Scalindua  Candidatus Scalindua sorokinii    
   Candidatus Scalindua brodae   
   Candidatus Scalindua wagneri   
 Anammoxoglobus Candidatus Anammoxglobus   
   Candidatus Anammoxoglobus propionicus  
 Jettenia  Jettenia asiatica     

 
So far, it is not possible to obtain pure Anammox cultures, but those 
bacteria could be purified to 99.5%. Anammox bacteria are characterized 
by specific cell membrane structure, containing unique lipid-ladderane 
which causes its impermeable (Shivaraman & Shivaraman, 2003). The 
hydrazine is situated in anammoxasome where supposedly anaerobic 
ammonium oxidation is taking place. Thanks to ladderane presence, 
membrane is extremely dense and tight barrier for diffusion. Inside cells 
Anammox bacteria accumulate hydrazine - toxic and mutagen 
intermediate product of the Anammox reaction (Karlsson. webpage). 
Additionally hydrazine loss from anammoxasome leads to biomass yield 
decrease and associated energy loss. For that reasons, limitation of 
diffusion is very important for slow growing bacteria. Extremely slow 
growth rate and low biomass yield is the most unprofitable feature of 
Anammox organisms. The generation times for the bacteria growth was 
determined empirically and estimated to 10–20 days (Ward, Capone, & 
Zehr, 2007). This issue is important for application due to long start-up 
time of the reactors and is one of the biggest challenges for operators. 
Generation time could be reduced significantly when it is known how to 
seed a new reactor. Over the main disadvantage a lot of advantages 
exists. First of all anammox process do not require external organic 
carbon addition and reduce needs for dissolved oxygen. Secondly this 
process generate small amounts of biomass and decreases CO2 emission 
up to 90% compared to traditional nitrification/denitrification process. 
As a result this process reduce energy and costs demands and brings the 
plant’s carbon footprint down to a minimum. 
First time full scale Anammox reactor was developed in the Netherlands 
in 2002. Another two wastewater treatment plants working on 
Anammox appeared in the same country 4 years later. First one was fed 
up with a municipal effluent and second one with industrial one. All of 
them were using that method successfully and process was accepted as 
an efficient and cost-saving nitrogen removal method for wastewater 
treatment. However, this method is not universal.  
Anammox process can be performed in different reactor configurations 
and combined with several processes. In order to remove ammonia, 
compulsory is conversion into nitrite under aerobic conditions and then 
allow nitrite and the remaining ammonium to react anaerobically with 
help of Anammox bacteria to produce dinitrogen gas. Reactor design 
providing the proper ammonium to nitrite ratio (1:1) is an important 
task. The Anammox activity can be maintained without inhibition by 
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nitrite if the proper ratio of influent ammonium to nitrite is kept. Nitrite 
concentration should be low during the Anammox reaction (Kimura, 
Isaka, Kazama, & Sumino, 2010). Several novel systems were developed 
to ensure the sufficient substrate ratio.  
One of the combinations is the application of partial nitritation- 
Anammox that is especially beneficial for treatment wastewater with high 
ammonium content and low organic carbon amount. This system is 
known under various names as CANON or deammonification where the 
oxygen concentration is a key control parameter for such an application. 
Another option is a system consisted of two reactors in series with 
a partial nitrification reactor as a first step and a separate unit for the 
anaerobic oxidation of ammonia as a second step. With this 
configuration, both processes can be controlled separately.  

 
Fig. 4. Layers on Kaldnes carrier. www.anoxkaldnes.com 

The activation energy for Anammox bacteria was calculated as 70 
kJ/mol. Optimal pH range is 7-8 and amount of dissolved oxygen 0.25-
1.3 mg/L (Mikhailovskaya, 2009). To ensure optimal growth for bacteria 
the temperature should be 20-40°C (Rothrock, Vanotti, Szögi, Gonzalez, 
& Fujii, 2011). Nitrite and ammonium are toxic to those bacteria. Its 
activity of is 25-fold higher than aerobic nitrifying bacteria in anoxic 
process and 7-fold lower in aerobic process. Acetylene, phosphate and 
oxygen are known to be strongly inhibiting Anammox activity. 

2.2.2. Deammonification 
Deammonification is defined as an autotrophic reaction for nitrogen 
removal from ammonia rich streams (landfills leachates and supernatants 
from dewatering of digested sludge) with low concentration of organic 
material. Two steps oxygen-limited (intermittent aeration) processes in 
one reactor eliminate nitrogen by ammonium conversion into dinitrogen 
gas with nitrite intermediate. 
First stage is partial nitrification (nitritation) catalyzed by AOBs and the 
subsequent anaerobic ammonium oxidation performed by Anammox 
bacteria. During nitritaton it is obligatory to maintain oxidation of about 
60% of ammonium into nitrite which can be control by several 
parameters (low oxygen concentration, low pH values, suitable 
temperature) (Plaza, Trela, & Hultman, 2009). Demand of oxygen is only 
40% compared to complete nitrification. During the second process 
equal amounts of ammonium and nitrite react to produce nitrogen gas. It 
should be accomplished with low oxygen and nitrite concentrations. 
Nitrit in capacity of above 30 g N/m3 is irreversibly toxic for 
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microoganisms and value 4.8 mg NO2-N/L decreases its activity (Wett et 
al., 2007). Nitrite poisoning accelerates decay than slow bacteria growth. 
Optimal setting of control parameters in the process ensures energy 
saving for aeration. Both provide cost-effective alternative method for 
the treatment of wastewater with high nitrogen loads and low COD/N 
ratios. 

 
Fig . 5. Exploitation of resources at different metabolic routes:         
[a]  via nitrite and nitrate. [b]  only via nitrite [c]  partially via nitrite 
(Wett, 2006) 

It was suggested that main difference between deammonification and 
CANON were organisms responsible for anaerobic ammonium 
oxidation. Supposedly  denitrification activity become from conventional 
aerobic nitrifiers in deammonification, whereas CANON incorporates 
the Anammox process (Jetten et al., 2001). Later studies confirmed that 
anaerobic ammonium oxidation in both reactors was conducted by 
Anammox organisms (Van Hulle et al., 2010). 
Stabile Anammox process was developed in various kind of reactors 
such as fluidized bed reactor (FBR), sequencing batch reactor (SBR), 
rotating biological contactor, gas-lift reactor and moving bed biofilm 
reactor (MBBR). Variety of possibilities can be performed for biofilm 
growth. The operation was reported in suspended or granular one 
attached to gel or plastic carrier as shown in Fig. 6. The most popular 
alternative is plastic carriers with specific shapes and different sizes. The 
carrier formed biofilm had an outer layer with aerobic microorganisms to 
perform nitrification and an inner layer inhabited by anaerobic bacteria 
(Fig. 4). Arrangement of layers in career favour intermittent aeration. 

 
Fig . 6. Empty Kaldnes carriers and inhibited by bacteria on the 
right side. 

First successful implementation of deammonification process in a full-
scale system using Kaldnes carriers was running in 2001 at the Hattingen 
(Germany) WWTP. Configuration for deammonification process: 
Aerobic Step: 
• sustain growth of AOBs to nitrify nitrate to nitrite 
• limit the growth of NOBs to eliminate competitors to Anammox 

for nitrite and prevent nitrate formation which consumes oxygen and 
requires carbon for denitrification 
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Anaerobic Step: 
• sustain growth of Anammox bacteria by long SRT, sufficient 

ammonium, nitrite and inorganic carbon contents 
• prevention of nitrite toxicity 

2.2.3. Other systems 
CANON 
In this system, ammonium is being converted to dinitrogen gas in 
oxygen-limited environment (Fig. 7). CANON is used for treatment low 
COD/N ratio wastewater. In this process, aerobic AOB and Anammox 
bacteria coexist in one reactor. AOB oxidize ammonium to nitrate under 
aerobic condition. Next nitrite reacts with remained ammonium, which 
is converted to gaseous nitrogen in anaerobic condition. There is no 
need of external carbon addition and because oxygen is used just in one 
phase, so the process is energy efficient. CANON process integrates 
nitritation and Anammox processes in one single reactor. Aerobic 
nitrifiers can generate nitric and nitrous oxide in intermittent aeration. 
The ammonium load and DO concentration in an influent are the main 
factors influencing the microbial system composition. When 
concentration of ammonium and dissolved oxygen is appropriate then 
AOB oxygen consumption limits NOB growth but do not suppress 
Anammox bacteria growth. NOB growth can be stimulated by 
accumulation of nitrite and oxygen excess. Ammonium and oxygen is 
the key control parameter in the CANON process. In a continuous 
oxygen-limited reactor, AOB and the Anammox bacteria cooperate in 
the aerobic and anaerobic phases in biofilm. Due to that, the thickness 
of biofilm matters in DO concentration to eliminate maximum nitrogen 
load. Large granular sludge is not so permeable to oxygen and favors 
growth of anaerobic bacteria. In CANON system the maximum oxygen 
consumption used for 2 g N/m2·d removal is 1.3 g O2/m3, and total 
nitrogen reduction is estimated to 82% (Szewczyk, 2005). That system is 
not often applied to wastewater with high ammonium concentration 
because of difficulties in DO regulation and incomplete nitrogen 
removal. Single-stage CANON process is cost effective due to low 
oxygen demand, but technically. operational control is more sensitive 
than the two-stage stable SHARON- Anammox process (Bagchi, Biswas, 
& Nandy, 2010). 

 
Fig . 7. Canon/Oland processes. (Paredes et al., 2007) 

SHARON 
Main concept of the SHARON process is partial nitrification (Fig. 8) 
which is possible due to selective temperature-dependent competition of 
ammonium and nitrite oxidizers. This process is controlled by optimal 
hydraulic retention time (HRT) without biomass retention at 
temperatures above 25°C. Those parameters mobilize the ammonium 
oxidizers (AOB) to grow fast enough to stay in the reactor, while the 
nitrite oxidizers (NOB) are washed out. Nitrite produced in the reactor 
caused pH decrease and to stabilize the process denitrification with 
intermittent aeration is used. Low pH favours nitrite growth so 
alkalization is needed to stop the nitrification in first stage. Three effects 
have been identified for optimum pH range during nitrification. First is 
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the activation-deactivation of nitrifying bacteria, next nutritional effects, 
associated with the alkalinity and last inhibition through free ammonia 
and free nitrous acid.  

 
Fig . 8. Partial nitrification/Denitrification. (Paredes et al., 2007) 

Most successful full-scale applications have been obtained by combining 
SHARON process with denitrification. If process is carried out in one-
stage system then it is controlled by the hydraulic retention time and 
temperature in reactor to gain nitrite. Next step provide additional 
carbon source and stops air pumping into reactor. In two-stage system, 
both processes are separated. That process is cost-effective because of 
low oxygen and external carbon addition requirements. 
Partial nitrification – Anammox 
That strategy is combination of two processes (nitritation and Anammox 
(Fig. 10). In first stage, ammonium is partly nitrified to nitrite by 
ammonium-oxidizing bacteria as result of incomplete nitrification. Then 
the nitrite is denitrified with the residual ammonium in Anammox part. 
Stable nitritation process can be run in temperature above 25°C, but also 
its course is possible in lower temperatures (Paredes et al.. 2007). Figure 
9 presents chart of min. age of AOB and NOB at different temperatures. 

 
Fig. 9. Minimum residence time for ammonium and nitrite 
oxidizers at different temperatures. (Zhang et al., 2008) 

Researchers suggested that SRT between 1 and 2.5 days is acceptable for 
the process. Suitable DO concentration for nitritation, favourable for 
ammonium-oxidizing bacteria, should be around 1.0 mg/L. Wastewaters 
with pH around 8 created an environment rich with NH3, which 
promotes AOB but suppresses NOB. NOB grow rate in neutral pH is 
eight times higher. Due to that fact, it is recommended to operate partial 
nitritation in a slightly alkaline condition. This is essential for the 
nitrification, because at pH lower than 6.5 nitrification does not take 
place. Significant factors influencing nitritation are pH, temperature and 
DO concentration. 
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Fig . 10. Partial nitrification/Anammox. (Paredes et al., 2007) 

Application of the partial nitrification and the Anammox processes can 
be performed in two different units (Sharon–Anammox processes) or in 
a single one, as CANON, OLAND or deammonification. (Vázquez-
Padin et al., 2009). 

2.3. Comparison between conventional and short-cut technologies 
Through the decades traditional method for nutrient removal was 
combination of complete nitrification and denitrification processes. 
Nowadays this process optimization focuses mainly on energy saving 
and on the reduction of external carbon demand by using e.g. novel 
processes like deammonification. Fresh view of this aspect brought the 
possibility to shortened nitrification process and interrupt conversion on 
nitrite which directly can be used by denitrifiers. That shortcut is 
commonly used in nitrogen removal systems, especially for wastewater 
highly contaminated by ammonium. 
It was shown that oxidation from ammonia to nitrogen gas is not 
possible in a single stage. Traditional process requires external substrates 
and is associated with costs increase. There could be also problem with 
the presence of nitrite, which is undesired and toxic in conventional 
nitrification-denitrification process. Economic aspects of WWTP desire 
to obtain cost-effectiveness together with satisfactory efficiency. That 
strategy could fulfil the short-cut biological nitrogen removal (SBNR).  
Table 4 shows differences between wastewater treatment processes. 

2.3.1. Process operation objectives 
Scope for developing a low cost biotechnology for control of ammonia 
nitrogen pollution got primary rank in WWTPs. Traditional nitrification-
denitrification processes conversion of nitrite to nitrate by nitrite 
oxidizers affects a consumption of chemicals and energy. The 
denitrifying bacteria are using organic carbon for growth as well as 
oxygen during oxidation of nitrite into nitrate.  

 
Fig . 11. Substrates savings in partial processes. (Sinha, 2007) 
Optimization of the process was aimed on potential substrates savings 
(oxygen and external carbon) (Fig. 11). For that, reason short-cut in the 
aerobic oxidation of ammonium leads to stop on nitrite by selective 
inhibition of the nitrification stage. Next nitrite is reduced to dinitrogen 
gas in the denitrification stage. It is the easiest way to improve N-
compounds removal from wastewater and is named partial nitrification.  
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Advantages of partial-nitrification (Villaverde, 2004): 
• 25% reduction of the oxygen requirements for nitrification 
• 40% reduction of the carbon source for denitrification 
• 30-40% reduction of reactor volumes 
• smaller sludge production 
Free ammonia in the reactor can inhibit the nitrifying microorganisms 
where the most sensitive are nitrite oxidizers and their activity is limited 
(Anthonisen, 1976). That is the main cause of nitrite accumulation in the 
nitrification process among other factors such as pH, organic 
compounds and heavy metals occurrence. Anyway, it was observed that 
the free ammonia inhibition effect was highly dependent on pH values, 
temperature and ammonium concentration in reactor. 
Some experiments were run with selective inhibition techniques but are 
considered as inefficient, because Nitrobacter sp. were quickly adapting to 
new conditions and process was not limited any more. In consequence, 
Technical University of Delft has brought a novel process capable to 
produce constant amounts of nitrite. The process is known as SHARON 
and its limiting factor is based on temperatures of 30-35°C, the ammonia 
oxidizing bacteria grow faster than the nitrite oxidizing one. In 
consequence in the reactor the sludge is washed out continuously, there 
is not enough time to convert nitrite into nitrate, so is converted directly 
into dinitrogen gas. 
Table 4. Characteristic of biological wastewater treatment 
processes. (Szewczyk, 2005). 

Process Microorganism N-removal O2 Corg. 
[kg N/m3d] [kg O2/kg N] [kg COD/kg N] 

nitrification H + A 2 - 8 4.6 7.6 
denitrification 
partial nitrification 

H + A 1.5 2.3 4.6 
denitrification 

aerobic H 4.7 2.3 1.5 
deammonification 
SHARON A + H 1.5 2.3 2.4 

OLAND A 0.1 1.7 0 

ANAMMOX A 5.1 0 0 

ANAMMOX with 
SHARON A 0.745 1.9 0 

CANON A 1.2 - 8.9 2.1 0 

A - autotrophic, H - heterotrophic microorganisms 
 

3. GAS EMISSIONS IN BIOLOGICAL WASTEWATER TREATMENT 
3.1. N2O in various nitrogen removal processes 

Recently, minimization of the greenhouse gas footprint from WWTPs 
has become a major issue for plant design and operations. Organic and 
inorganic N-compounds are transferring and moving into environment. 
Natural processes of nitrogen conversion into water and soil are leaded 
by participation of microorganisms and its volatile products are released 
to the atmosphere. Especially free nitrogen is emitted by natural factors 
but new researches showed, that it could also enhance the emission of 
other compounds, such as NO or N2O. Those toxic oxides are 
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responsible for global warming effect and influence climate even more 
than other greenhouse gases (GHGs).  
Apart from natural sources, GHGs come from anthropogenic processes. 
Kyoto protocol from 1997 to the group of harmful gasses included N2O, 
CO2, CH4, hydrofluorocarbons (HFCs), perfluorocarbons (PFCs) and 
sulphur hexafluoride (SF6). Its release into atmosphere is related to: 
wastewater treatment systems, power stations, industrial processes, 
transportation, agricultural by-products and others. One of the gases that 
is not scored in Kyoto protocol, but significantly influenced global 
warming is water vaporization (“U.S. Energy Information 
Administration,” 2011).  
The Fourth Assessment Report (AR4) of the Intergovernmental Panel 
on Climate Change (IPCC) estimate that human activity affected climate 
change in 90%. This activity started in XVIII century, during Industrial 
Revolution. Due to that fact in XXI century global temperature might 
rise even of 4.5°C. Some sceptics are placing blame of climate change 
not on anthropogenic sources but for instance on solar activity. 
However, warming effect occurs and constantly influences the 
environment. Natural warming is in a sense, positive phenomena, 
because it is keeping optimal temperature for living organisms. Without 
it temperature would be approx. 33°C lower than now and life on the 
planet would not be possible (Anderson, Barlett, & Frolking, 2010). 
Nowadays much attention is directed to nitrous oxide, which has 
a global warming potential (GWP) 298-fold higher than CO2 and has an 
atmospheric lifetime of about 120 years as reported by IPCC. The 
concentration of atmospheric N2O is estimated to be approximately 8% 
higher than during the preindustrial era and it is still  increasing from 0.2-
0.3% per year (Park, Inamori, Mizuochi, & Ahn, 2000). Much attention 
is put on WWTPs which share in the nitrous oxide emission is relatively 
small (3% of the estimated total anthropogenic N2O emission), but is a 
significant factor (26%) in the greenhouse gas footprint. 
Emission of nitric oxide (NO) and nitrous oxide (N2O) was discovered 
during nitrogen removal at WWTPs in activated sludge units. It was 
determined as intermediate, final product or side product of some 
processes. For now, there are disagreements on which process 
(nitrification or denitrification) or phase (aerobic or anaerobic) 
contributes mostly to its production. Nitrification process is considered 
to be capable of reducing nitrite to NO and N2O in ammonium 
oxidation pathway (Itokawa, Hanaki, & Matsuo, 2001). A possible 
production mechanism of NO and N2O during nitrification by 
Nitrosomonas is that excess of hydroxylamine reacts chemically with nitrite 
to form of that oxides. Later studies did not confirm whether nitrifiers 
release nitrogen oxides. Other possibility of nitrogen oxides production 
can be realized by nitrite-oxidizing bacteria and denitrifying 
microorganisms. generally as side-products (Kampschreur, Poldermans, 
et al., 2009). When nitrate or nitrite is finally reduced to molecular 
nitrogen by denitrifying microorganisms. NO and N2O are an 
intermediates of the pathway. Although other researchers stated that 
denitrification process is able to form N2O as an intermediate by-
product or may consume it during the process depending on some 
factors such as oxygen and nitrogen contents, pH and temperature 
(Anderson et al., 2010). Biological and chemical denitrification proceed 
sequentially (NO3 → NO2 → NO → N2O → N2). Also nitrifiers 
releases N2O on a denitrifying reaction (Abeliovich, 1992) and the 
process is named nitrifier denitrification. More than 20% of the influent 
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nitrogen can be emitted as N2O during biological nitrogen removal from 
highly ammonium contaminated sewage (typically 500-1500 mg N/L) if 
available organic carbon for denitrification is insufficient.  
In denitrification process accumulation of NO3⁻ enhance N2O 
production under organic carbon-limiting conditions due to that NO3⁻ is 
a better electron acceptor than N2O. It results in accumulation of nitrous 
oxide. Addition of organic carbon in anoxic or aerobic phase reduces 
both products. Thereby, correlation between NO2⁻ and N2O 
concentration is followed by NO2⁻ accumulation, which has toxic effect 
and may inactivate N2O reductase and promote NO formation. That on 
the other side provoke an increase of N2O emission at the same time 
(Itokawa et al., 2001). Supply of external carbon in anoxic phase, 
substrate for growing particularly heterotrophs microorganisms, may be 
associated to high N2O flux. Incomplete denitrification is possible due to 
limited organic carbon supply. It has been noticed that addition of 
methanol as organic matter rising COD/N ratio and is a method of 
suppressing N2O production and completing denitrification process 
(Park et al., 2000). Function of external carbon is to maintain low level of 
NO2⁻ and NO3⁻ inside reactor. In conclusion, complete nitrification and 
denitrification could be helpful to eliminate N2O emission. Main source 
of N2O is denitrification in anoxic phase in low COD/N ratio operation, 
although a small amount of N2O was produced by nitrification in aerobic 
phase. Dominant wastewater treatment process is anoxic denitrification 
but is the most probable that aerobic denitrification and nitrifier 
denitrification yield more N2O (83%). often with low oxygen level or in 
anoxic conditions (Kampschreur, Temmink, et al., 2009). 
The IPCC 2006 report assumes that the largest contribution in direct 
N2O emission derive from natural processes. Natural source of N2O 
emission are soils, oceans and rivers by bacteria while anthropogenic 
source is mainly livestock and agriculture. Based on the available data the 
AR4 report estimates natural emissions of N2O from oceans, estuaries, 
rivers on 5.8 Tg N/year and emissions from soils under natural 
vegetation on 6.6 Tg N/year. Atmospheric N2O level starting from 
XVIII century shows a relatively rapid rise (Anderson et al., 2010). Due 
to that fact The United Nations Framework Convention on Climate 
Change (UNFCCC), also known as Earth Summit determines how to 
stabilize greenhouse gas (GHG) in the atmosphere by anthropogenic 
interference at a level that would not harm climate system. The 
important task is prevention of future N2O emissions to atmosphere, 
which depends on human activities. It’s necessary to create strict 
regulations and respect them. That subject still needs more studies to 
estimate the amount of N2O that might be emitted in WWTPs and 
improve processes highlighting prevention of GHG emission. 
Several studies from WWTPs showed a wide variation in fraction of 
nitrogen emitted as N2O in lab-scale (0-95% of the nitrogen load) and 
full-scale (0-14.6% of the nitrogen load). Information derives from 
studies run for maximum 380 days (Kampschreur, Temmink, et al., 
2009). Data were taken mostly from a full-scale activated sludge systems 
and lab-scale nitrifying-denitrifying reactors at low COD/N ratio, both 
working on real or artificial wastewater. Values are shown in different 
units of measurement what can cause difficulty. For instance the global 
N2O emission from wastewater treatment was estimated at 0.22 Tg 
N/year for 1990 (Kampschreur, Temmink, et al., 2009). Another value 
comes from New Hampshire in USA where nitrous oxide emission 
directly from WWTPs was about 0.0032 kg N2O/person∙year 
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(uncertainty range: 0.002–0.008) (Foley, de Haas, Yuan, & Lant, 2010). 
One more is defined as average N2O level in the off-gas in nitritation 
reactor and amount 135 ppm (Kampschreur et al., 2008). However, the 
easiest way to indicate comparable amount is percentage of N-load to 
the reactor. 
WWTPs in Paris treat a total amount of 3·106 m3/day sewage which 
represents reduction of nitrogen load of 106 T N/day. If whole Parisian 
wastewater is treated in a denitrification process using activated sludge 
system then N2O emissions would amount 155-241 T N2O-N/year of 
total nitrogen load (Tallec, Garnier, Billen, & Gousailles, 2008).  
Those estimations were done in anoxic conditions at approx. 19°C and 
in winter at 13°C what could increase product (N2O/N2) ratio. It results 
in high N2O fluxes what is also supported by the oxygen stripping to 
non-covered anoxic tanks. Oxygen contents range from 0.4 to 2.0 mg 
O2/L. what represents favourable conditions for N2O emissions than at 
a zero oxygenation. Anammox is a particular type of denitrification, 
where reduction of NO2⁻ is combined to ammonia oxidation. The 
reduction does not lead via nitrous oxide and consequently emission is 
not expected. During tests on Anammox cells purified to an accuracy of 
99.99%. N2O was not turned over (Kartal et al. 2007). That is why 
Anammox combined with another process is able to demonstrate nitrate 
oxides emission. During deammonification process NO emission was 
0.005% of the nitrogen load while the N2O was 1.2% of the nitrogen 
load to the reactor (Kampschreur, Poldermans, et al., 2009). N2O 
emission is higher than NO concentrations in the off-gas in reactor.  
Full-scale process in two-stage deammonification reactor showed N2O 
emission as sum of the nitritation part: 1.7% and Anammox part: 0.6%. 
Total 2.3% of the N-load. Simultaneously total NO in off-gas was 0.2% 
of the nitrogen load (Kampschreur, Poldermans, et al., 2009). Other 
source refers to nitrogen oxide value 0.6-2.6% (average 1.9%) of the total 
nitrogen load (de Graaff. Zeeman. Temmink. van Loosdrecht. & 
Buisman. 2010). Thereby single-stage reactor deammonification process 
was run with ammonium 250 mg N/L and DO 5.0 mg O2/L. During 
this operation emission of NO was 0.005% and N2O 1.23% of the N-
load in reactor. Change in operational conditions influence N2O and NO 
off-gas concentrations (Kampschreur, Poldermans, et al., 2009). 
In conclusion, some evidence exists that enriched Anammox culture 
produce low N2O emissions in anoxic experiments. Data from full-scale 
measurements revealed N2O emission of 0.6% of the total converted 
nitrogen loads from the Anammox reactor. Anyway, it is unclear if those 
bacteria were fully responsible for its production. Nowadays it is 
generally assumed that N2O does not play any role in the Anammox 
metabolism (Kampschreur, Poldermans, et al., 2009). There is proof of 
N2O production by NOB neither. The generally proposed mechanism of 
nitrous oxide emission is autotrophic denitrification. Lab-scale 
experiment on single-stage deammonification process in Germany 
proves that production of N2O is caused mainly through anoxic phase. 
(Schneider, Beier, & Rosenwinkel, 2011). 
Nitrite (NO2¯) and nitric oxide (NO) are direct precursors of N2O. 
Nitrous oxide thereby is one of the intermediates of heterotrophic 
denitrification immediately reduced to N2. However, nitrous oxide can 
be accumulated by dissolved oxygen inhibition of N2O reductase activity.  
The factors leading to increase of N2O production by AOB include low 
DO concentration (below 0.3 mg O2/L), high free ammonia and nitrite 
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concentration, low pH and low SRT. Potential emission under anoxic 
conditions can be limited by appropriate operation. Change providing 
low oxygen concentrations or intermittent aeration should be introduce 
in nitritation and tested more carefully.  

3.2. Factors influencing N2O emission 
Some parameters have been investigated to gain a better understanding 
of N2O gas emissions in wastewater treatment systems such as the 
concentration of dissolved oxygen (aeration rate), the carbon-to-nitrogen 
ratio (COD/N) and the accumulation of nitrite. 

3.2.1. Oxygen 
Oxygen is indeed recognized as an important controlling factor in 
WWTPs. In the single-reactor with intermittent aeration and low 
COD/N ratio, aerobic nitrification and anoxic denitrification processes 
are alternated. Implementing suitable time ratio of aerobic and anoxic 
phase is important on completion of the processes. N2O emitted in the 
gaseous phase under aerobic condition in lab-scale SBR was much larger 
than that in the anaerobic phase (Jian et al., 2006). Its production is 
favour under aerobic condition by NO2 reduction. However, does not 
mean that N2O is only produced in the aerated compartments. 
Anoxic stage can be also responsible for N2O production and 
subsequently be stripped to the gas phase in an aerated compartment. In 
that case, high aeration during nitrification could lead to increase N2O 
stripping. The influence of dissolved oxygen concentration on NO and 
N2O emission has been study by varying the aeration rate and 
introducing oxygen limitation. During nitrification lower dissolved 
oxygen concentrations lead to higher emissions.  
The nitrifier denitrification pathway is suggested to be responsible for 
the increased N2O emission due to oxygen limitation. At oxygen 
concentrations below 1 mg O2/L N2O production can correspond to 
10% of the nitrogen load. At the same time, too high aeration rates in 
nitrification may lead to an increased oxygen amounts in denitrification 
stage, which also may lead to enhanced N2O emissions. Oxygen inhibits 
activity of denitrification enzymes. Nitrous oxide reductase catalyses 
reduction of N2O to N2, which is inhibited by oxygen. It leads to N2O 
emission. Oxygen parameter needs controlling but combination of 
nitrification-denitrification process could be practically difficult because 
increased oxygen concentrations will lead to inhibition of the 
denitrification.  

3.2.2. Nitrite 
Another factor resulting in NO and N2O concentrations in exhaust gas 
is nitrite accumulation during nitrification and denitrification process. 
High nitrite concentrations during denitrification lead to a lower 
denitrification rate and accumulation of NO and N2O. In one-stage 
nitritation-Anammox reactors nitrite is immediately turned over. 
resulting up to 50-times lower nitrite level and possibly lower emissions 
of NO and N2O (Kampschreur et al., 2008). 

3.2.3. COD/N 
A limited availability of organic carbon during denitrification is known to 
increase N2O emission. When the COD/N ratio is below 3.5 in 
intermittently aerated bioreactor treating high-strength wastewater, 20-
30% of the nitrogen load were emitted as N2O (Itokawa et al., 2001). 
Addition of an external organic carbon (methanol) led to a considerable 
reduction of the N2O emission from 4.5% to 0.2% of the nitrogen load 
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(Park et al., 2000). The COD/N ratio of the influent cannot be control 
up to date, therefore, dosage of external carbon to maintain required 
proportion of COD/N during the process is difficult. 

3.3. Role of nitrous oxide in greenhouse effect 
Nitrous oxide is a colorless gas with a slightly sweet odor. Currently is 
the third largest contributor to global warming, after carbon dioxide and 
methane due to long atmospheric lifetime (approx. 120 years) and heat-
trapping effects. Nitrous oxide is an important greenhouse gas and its 
harmful impact on ozone layer is about 298-times more powerful than 
CO2. Nitrous oxide has high solubility in water. Dissolved N2O in 
effluent can lead to emission from receiving rivers. Nitrous oxides and 
ammonia acts similar to smog and acid rain as well as increased nitrogen 
inputs to ecosystems. 
Greenhouse gases can absorb infrared radiation (heat) leading to return it 
to atmosphere. That provides climate changes such as a warming of the 
Earth’s surface, as has been observed in recent decades. NOx gases play 
an important role in the ozone cycle. When N2O reach higher part of 
atmosphere (stratosphere) it reacts with atomic oxygen used naturally to 
build ozone particle. The effect is shown in two reactions: 

N2O + O → 2 NO          [13] 
NO + O3 → NO2 + O2         [14] 

Decreasing forms of oxygen cause ozone layer depletion in stratosphere 
and following temperature increase. Ultraviolet radiation can penetrate 
through the holes and might be dangerous for human beings. Nitrogen 
oxides as NO, NO2 and N2O, all are toxic to people and therefore 
relatively low maximum 8 hours exposure limits are defined by the 
Dutch government in 2007 of 0.2, and 83 ppm, respectively. NO is 
a highly reactive and toxic compound to organisms and atmosphere. 
Due to its hydrophobicity, NO can easily diffuse over cell membranes. 
Many bacteria employ an arsenal of proteins that are used to detoxify 
NO to the less-reactive and more-stable nitrous oxide.  
Nitrogen gas can be produced in natural and manmade sources. The 
main manmade sources of N2O are agricultural soil management, 
livestock waste management, fossil fuel combustion and nitric acid 
production. Nitrous oxide is also produced naturally from a variety of 
biological sources in soil and water and provides account for over 60% 
of total N2O emissions. In the last 20 years, atmospheric concentrations 
of N2O continue to increase at a rate of 0.25% per year (United States 
Environmental Protection Agency, 2006). 

4. THESIS OUTLINE  
The main scope of the study was to deliver valuable results about nitrous 
oxide emission during deammonification process in different oxygen 
concentration and aeration strategy conditions and finally compare 
obtained data with literature. Some researched demonstrated that 
Anammox bacteria couldn’t be considered as potential emitter of 
harmful nitrous oxide. It is mostly pointed that denitrification is the 
phase responsible for emission of N2O. My experiment on two pilot-
scale reactors located in Hammarby Sjöstadsverket pilot plant tried to 
prove or challenge mentioned thesis. In addition, my work should 
express what conditions inside reactor cause laughing gas emission. All 
results were analysed and calculated into percentage of emitted N2O to 
N-load from wastewater influent. 
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Experiments were conducted in different physicochemical conditions. 
One reactor was aerated intermittently, while the second one 
continuously. Change of DO concentration significantly influenced 
activity of microorganisms and grade nitrogen compounds removal.  
All experiments were conducted during spring and summer months so 
condition inside the plant was quite unstable. Temperature inside reactor 
was dependent on surrounding temperature and would be only increased 
by installed heaters. 
Some researchers showed that low DO concentration could increase 
N2O emission. This subject will be checked in reactor R2, while 
changing oxygen rate level during the project. Whole process was 
monitored by on-line system and followed by manual analysis. 

5. PILOT PLANT REACTORS 
Taking into consideration efficiency of ammonium-rich wastewater 
treatment the most important is selection of suitable reactor 
configuration and technical parameters. Until now, researchers are 
looking for opportunities to implement Anammox bacteria into nitrogen 
removal. It was found that the use of Anammox bacteria to remove 
nitrogen from sewage significantly reduces the operating costs of the 
process. Properly designated retention time inside reactor should ensure 
microorganisms immobilization avoiding its wash-out e.g. on granular 
sludge or biofilm.  
Main problem of landfill leachate biological treatment is changing 
concentration of its constituents dependent on material stored on waste 
prisms and its exploitation. During waste storage concentration of 
nitrogen ammonium increase due to fermentation of nitrogen fraction in 
organic compounds. The novel systems for ammonia removal would 
benefit industries, which discharge ammonia-containing effluents, 
especially those discharged from meat and milk processing, petroleum 
refining, fertilizer manufacture, certain synthetic fibre plants, explosive 
and latex processing industry, low temperature and high temperature 
carbonization process and ammonium nitrate manufacturing unit in steel 
plants (Shivaraman & Shivaraman, 2003). 
Waste loaded with high nitrogen concentration can be treated in 
sequencing batch reactor (SBR) integrated with Anammox process. To 
obtain right blend of activated sludge mixture include principally AOB 
and Anammox bacteria such reactor must be operated under oxygen-
depleted conditions. Another type of technology based on granular 
sludge could be Expanded Granular Sludge Bed (EGSB), which based 
on Anammox process. It is an innovation of UASB reactor characterized 
by high velocity inlet (Chen, Zheng, Tang, Wang, & Ding, 2011) and 
high nitrogen removal. A big advantage of this system is low volume 
requirement and low energy cost. Such reactor has good adaptability to 
substrate concentration with HRT rate 0.6-6.0 h. Shorter hydraulic 
retention time is typical for UASB reactor using Anammox granular 
sludge. Some studies has reported highest nitrogen removal rate (NRR) 
for UASB of 0.24 h on anaerobic conditions. To obtain high removal 
efficiency some aspects should be clarified. Due to slow growth rate of 
Anammox organisms essential for process is sufficient biomass 
accumulation what can be obtain by optimal sludge retention. 
Microorganism should aggregate as granular sludge or biofilm for 
optimum metabolic activity and substrate requirements need to be 
sufficient to avoid inhibition, especially by nitrite (C. J. Tang et al.. 2011). 
Membrane bioreactor (MBR) can prevent product inhibition and the 
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outflow of suspended cells. Membrane is an excellent tool for enriching 
slow-grow Anammox organisms. Main exploitation problem is frequent 
replace of membrane due to biofouling, which might be harmful for 
Anammox bacteria. (Tao, Gao, Fu, Wu, & Ren, 2011).   
Among reactors using Anammox bacteria where inflow was higher than 
5 kg N/m3·day biofilm type reactors, such as fixed bed, fluidized bed 
and gas lift deserve special attention. A new challenge was also hybrid 
reactors combining fluidized and fixed beds for Anammox application. 
As investigated experimentally this system allowed for sludge granular 
enrichment and high nitrogen removal efficiency estimated to 75%. 
Specially designed biomass carrier catch the suspended sludge and 
reduce its wash-out (Ma, Hira, Li, Chen, & Furukawa, 2011). Identically 
development in biofilters area has lead towards the use of moving bed 
biofilm reactors (MBBR) thank to its commercial success in large-scale 
wastewater treatment plants. That particular reactor was exploited in 
pilot plant on Hammarby Sjöstadsverket for deammonification process. 

5.1. Characteristics of MBBR reactor 
Treating wastewater in moving-medium biofilm reactors include: the 
fluidized-bed reactor (FBR), the moving bed biofilm reactor (MBBR), 
the rotating biological contactor (RBC) and the vertically moving biofilm 
reactor (VMBR). According to main subject of that thesis in these paper 
MBBR reactor is described.  
That process were developed and has been patented (European Patent 
no. 0.575.314) in Scandinavia in the late 1980s by Kaldnes Miljiteknologi 
in cooperation with SINTEF - Norwegian independent research 
organization. It has brought a commercial success for treatment of 
municipal and industrial wastewater (Rusten, Eikebrokk, Ulgenes, & 
Lygren, 2006). For these reasons currently exist more than 400 full-scale 
WWTP based on this process in 22 countries all over the world. After 15 
years of commercial operation on full-scale MBBR in Norway, it still 
works properly and no damage on carriers is observed.  
MBR can be used under aerobic, anoxic or anaerobic conditions. 
Advantages of moving bed biofilm reactor are that it’s very compact and 
operation can be lead continuously. 
The idea of the novel treatment system was to improve activated sludge 
process and to design shape of material where the active biofilm surface 
area is well-developed. The MBBR process utilizes total volume of tank 
for biomass. It is possible thanks to unique design of Kaldnes carriers 
where biomass grows. It is recommended that filling fractions should be 
below 70% (Rusten et al., 2006). Moving biofilm can be attached to 
different shapes of carriers but the dominating type is the Kaldnes 
K1.This method in comparison with static biofilm media does not need 
backwashing, sludge recycle and is no susceptible for clogging.  
Carrier suspension in the reactor is moving freely in liquid and is caught 
by sieve mounted in outlet to prevent the Kaldnes rings drain off. In the 
reactor, carriers are kept in motion by different mechanism. In aerobic 
MBBR process carriers are mixed by compressed air or oxygen aeration 
while under anoxic and anaerobic condition by mechanical rotating 
mixer, where clogging is controlled by hydraulic shear forces.  
Biofilm media compared to suspended-growth has many advantages as:  
• less energy consumption 
• simple operation and low equipment requirements 

 22 



Agnieszka Mazurek                      LWR-EX 2015:27 

• no problems with sludge bulking and better sludge thickening 
properties 

• compactness due to high specific surface area in biofilm media 
• co-existence of aerobic and anoxic bacteria in the same ecosystem 
• lower sensitivity and better recovery from shock loadings (Rodgers 

& Zhan, 2003) 
In well-designed MBBR including the aeration grids and sieves, whole 
capacity of reactor is active. There are no dead spaces or short circuiting. 
During start-up period very low and gentle increase in total ammonium 
nitrogen (TAN) load is required. Very important is also pH adjustment 
and temperature control for system manipulation. 

5.1.1. Kaldnes carrier 
The Anammox bacteria demonstrate commensal relationships with other 
microorganisms and coexist in the same environment. Therefore, in 
WWTP is preferred to cultivate biofilm than floating suspension 
microbial communities. Due to well-documented phenomenon of 
bacterial quorum sensing and a fact that Anammox organisms forms 
stable clusters made of up to 350 cells an attention was brought to 
immobilization methods. Microorganisms are cumulated in biomass or 
implanted into biofilm where necessary sludge age needs to have at least 
20 days to be in usage. Biofilm can be attached permanently to stabilize 
medium or is stuck to carriers and is moving in the reactor.  

 
Fig. 12. Krüger Kaldnes carriers (type: K1 - K3). (Rusten et al., 2006) 

Several alternative biofilm carriers and flow-sheets are applied for 
wastewater treatment processes. Biofilm systems are described by 
various factors, such as bacterial growth, substrate consumption, 
attachment, external-internal mass transfer of substrate and products, 
shear loss (biofilm loss due to erosion), structure of the support material, 
competition between bacterial species and influent of predators. All of 
those play significant role into formation of biofilm. Process conditions 
such as a concentration of substrate, temperature, pH, turbulence and 
dilution rate will influence these factors differently (Wijffels & Tramper, 
1995). The most popular carriers used in plants are original Kaldnes K1 
(Table 5) type rings produced by The Krüger Kaldnes (Fig. 12) or 
AnoxKaldnes. Carriers are made of polyethylene (PEHD) with two 
kinds of density, a standard version is 0.95 g/cm3 and heavy one is 0.98 
g/cm3. Efficiency of those is due to effective carrier area (g/m2 carrier 
area·d), significantly larger than the effective biofilm surface area. Into 
carrier, biomass sticks firstly inside, closer to the fibre and is inhabited by 
Anammox bacteria under anaerobic/anoxic conditions. On the upper 
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layer of biofilm aerobic bacteria (Nitrospira, Nitrosomonas and Nitrobacter) is 
deposited. 
Table 5. Different types of Kaldnes carriers. (Rusten et al., 2006) 

  

Type of Kaldnes biofilm carrier 

K1 K2 K3 

Nominal diameter (mm) 9.1 15 25 
Nominal length (mm) 7.2 15 12 
Bulk density (kg/m3) 150 95 100 
Specific biofilm surface area (in bulk) (m2/m3) 500 350 500 
Specific biofilm surface area at 60% fill (m2/m3) 300 210 300 

The carriers used in the project have outer diameter of approx. 9 mm.  

5.2. Composition of supernatant 
Reactor was continuously fed with supernatant from sludge dewatering 
process after anaerobic digestion. It becomes from Bromma Wastewater 
Treatment Plant, which serves the north-western part of Stockholm area. 
The reject water had a high content of ammonium, high alkalinity and 
low content of biodegradable organic matter. Due to that fact carbon to 
nitrogen ratio (expressed as the soluble ratio COD/NH4+) is low. Nitrate 
and nitrite concentrations were almost zero. High alkalinity makes this 
stream suitable for the deammonification process. Detailed composition 
of supernatant is shown in chapter 6.3.  

5.3. Reactors under different operation conditions 
Hammarby Sjöstadsverket is a pilot plant localized on top of Henriksdal 
WWTP in the centre of Stockholm. Several projects are conducted in 
pilot plant, where most of them concern wastewater purification. One of 
those is the technical-scale single-stage deammonification process 
operated in two moving bed biofilm reactors simultaneously (Fig. 13). 

 
Fig . 13. Pilot-scale reactors in Hammarby Sjöstadsverket. 

Both are representing different conditions strategies in the process but 
they are supplied with the same supernatant continuously. Reactors have 
inlet connected to a pump where has been adjusted different flow rate, 
calculated to get specific nitrogen load in the influent. The reject water 
was delivered approximately once a few weeks from digested sludge 
dewatering at Bromma WWTP in Sweden to carrying out the process. It 
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was stored in big container with capacity of 26 m3. From this tank, the 
reject water was regularly pumped to a smaller reject water tank with 
volume of 2.4 m3. Next, with adjusted flow rate, reject water was filling 
both 200-litres MBBR reactors. The reject water has low ratio of COD 
to N-NH4. Any other form of nitrogen was detectable. The high 
alkalinity inflow makes this stream suitable for the deammonification 
process. Samples for measurements were taken once a week from big 
tank where supernatant were stored. While the tank was supplied with 
new delivery of sludge and mix with old remains, it could cause deviation 
from predefined average values. Each reactor was filled up to 40% of 
total working volume with Kaldnes carriers for biofilm growth. Reactors 
were equipped with a mechanical stirrer to assure proper mixing and 
biofilm aeration in whole capacity of the tank (Fig. 14). Heaters with 
thermostat were set to keep required temperature. Inside reactors were 
also installed sensors for online monitoring system. That prepared 
equipment was measuring continuously pH, redox potential, 
conductivity, temperature and dissolved oxygen inside reactor, as well as, 
redox potential and conductivity in the inlet. 
Flow rate of influent was adjusted to get required N-load in the reactors 
depending on defined ammonium value in supernatant. Keeping strict 
N-load was needed to carry out specified conditions under which it was 
possible to evaluate interrelationship between other process parameters. 
During the project, two strategies concerning DO concentration were 
investigated. First reactor worked under intermittent aeration and second 
under constant aeration. In about one month of the tested period, 
variable aeration conditions were tested. The study present results of the 
experiments taken from 18th April 2011 to 25th July 2011. 
Oxygen is one of the most crucial parameter in biological nitrogen 
removal process influencing bacterial activity and process efficiency. The 
literature data indicate, that changes in oxygen concentration can 
encourage or inhibiting the growth of some bacteria.  

5.3.1. R1 - study on effects of intermittent aeration strategie 
Reactor R1 introducing intermittent aeration with stable rate of dissolved 
oxygen was adjusted to 1.5 mg O2/L. Nonetheless, aeration was 
alternating in one cycle. Whole cycle took one hour while 15 minutes in 
reactor dominated non-aerated phase (pump did not provide oxygen and 
stirrers were switched off). Further 45 minutes was performed by aerated 
phase. Generally, that method of aeration is described in ratio (R), which 
in mentioned strategy is 1/3.  

Fig. 14. Reactor in pilot plant 
from a bird’s eye view. 

 
 
 
 
 
 
Due to changes of aeration, process favour different group of 
microorganisms. First 15 minutes of cycle supposed to activate 
Anammox bacteria, and further aerated phase should favour AOB 
microorganisms. Inside reactor, temperature did not perform any 
changes through the whole experiment period and amount to 25°C.  
Reactor was fed with supernatant of N-load range of about 3 g N/m2d. 
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5.3.2. R2 - study on influence of constant aeration strategie 
Reactor R2 were continuously aerated with gradually change of DO 
concentration from 2.5-1.0 mg O2/L. Each change was introduced after 
approx. 2-weeks period. Temperature inside reactor was set to 19°C as 
the lowest temperature possible to reach due to fact that inside reactors 
were mounted only heaters without coolers. Reactor was fed with 
supernatant of N-load range of about 3 g N/m2d. 

6. MEASUREMENTS AND ANALYSIS 
Deammonification process was followed by chemical analysis and 
physical measurements. Whole equipment involved into online tests 
consist: cells, sensors and meters connected to the reactors. It was 
gathering quantitative data about pH, conductivity, redox potential, DO 
and temperature. Simultaneously, manual analysis was run in a 
laboratory. According to a schedule, tests were repeated systematically. 
 Fig. 15. Hach Lange cuvettes. 
 
 
 
 
 
 
 
Twice a week three nitrogen forms: NH4+-N. NO2⁻-N. NO3⁻-N were 
measured quantitative, whereas COD in filtrated and infiltrated samples 
for outflow and for inflow once a week. All analysis were carried out 
with Dr Lange Xion 500 spectrophotometer using Hach Lange cuvettes 
(Fig. 15). 
TSS/VSS in sludge and suspended solids in sludge liquid was monitored 
once a week. Filtered solids were prepared in aluminium moulds, after 
drying and mineralization in the heat oven (550°C). Further samples 
were weighted with 0.0001 g accuracy. 

6.1. On-line measurement system 
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Fig . 16. Diagram of the reactor and measuring equipment attached   
(1. Conductivity inflow cell, 2. Nitrous oxide microsensor, 3. pH 
meter, 4. Redox potential meter, 5. DO-meter, 6. Nitrous oxide 
analyser in gaseous phase, 7. Conductivity cell, M – motor with 
stirrer). Computer was collecting data online. 
Both reactors were equipped with sensors and conductivity cell 
connected to meters (Fig. 16). Current data of physical parameters were 
displayed continuously for real time monitoring and also were stored on 
the computer. To prove reliability of results in on-line measurement 
system manual analyses were done systematically. That system provided 
more efficient control of the process and enabled to detect any changes 
occurring during work on reactors.   

6.2. Physicochemical analysis 
Biological part of treatment depends on conditions into reactor. 
Especially important is what kind of inhibited microorganism were 
playing main role in the process. Process performing deammonification 
demanded implementation of particular conditions. Due to that fact 
control of physicochemical parameters were essential. Various 
parameters were monitored regularly and data were stored on computer 
by online measurement system.  

6.2.1. Chemical analyses 
Laboratory manual analysis was divided between inflow and outflow 
tests. According to schedule inflow samples were collected once a week 
and outflow twice a week. Before analysis, samples were filtered inside 
vacuum installation with two filter where first has 1.6 μm pore size and 
second one 0.45 μm. That stage is important to assure that any particle 
suspended in the liquid can distort the result. After that, filtered liquid 
was diluted to get result in specified range for cuvettes. Tests followed 
the instructions of Dr. Lange cuvettes. After required time for reaction 
of sample with chemicals, cuvettes were inserted to Dr. Lange Xion 500 
spectrophotometer. 
Inflow samples were analysed for:  
• ammonium-nitrogen (NH4-N) - Hach Lange cuvette LCK302 
• alkalinity - Hach Lange cuvette LCK362 
• chemical oxygen demand (COD) - Hach Lange cuvette LCK514  

  for unfiltered and filtered sample 
Outflow samples were analysed for: 
• ammonium-nitrogen (NH4-N) - Hach Lange cuvette LCK303 
• nitrite-nitrogen (NO2-N) - Hach Lange cuvette LCK342 
• nitrate-nitrogen (NO3-N) - Hach Lange cuvette LCK340 
• alkalinity - Hach Lange cuvette LCK362 
• chemical oxygen demand (COD) - Hach Lange cuvette LCK314 

  for unfiltered and filtered samples 
Physical analysis 
Measurements of total suspended solids (TSS) and volatile suspended 
solids (VSS) in floating sludge as well as in biomass were carried out to 
estimate bacteria yield inside reactors. TSS is the amount of inorganic 
and organic matter from wastewater trapped by a filter with specified 
pore size, while VSS is the amount of all microorganisms presented in 
the reactor. Both were expressed in unit [g/L].  
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Fig . 17. Filter with sample 
inside an aluminium dish 
after oven (left) and after 
furnace (right). 

 

 

 

 

 
First of all, in order to determine the amount of biomass attached to the 
rings, once a week biomass from 3 random carriers from working reactor 
were tested. Biomass had to be removed by needle from plastic rings and 
transferred to filter with pore size 1.6 μm. Vacuum inside funnel, used to 
filtration, kept biomass on filter paper. Firstly, to determine TSS 
parameter, sample with biomass putted into a dish was dried in 105°C 
for about 1 hour. Next, dish with filter were placed in a desiccator and 
weight. Later, sample was burnt inside furnace at 550°C to determine 
VSS (Fig. 17). Second stage was taking minimum 30 min, and after that, 
samples were again kept in a desiccator to cool down. Finally, samples 
were weighted on the same scale with 0.0001 g accuracy.  
Calculation for TSS in biomass: 

TSS (g/ring) = ([A-B]*1000)/D       [15] 
  

Where: 
A = weight of the filter with sample in aluminium dish after oven 
B = initial weight of the filter with aluminium dish 
D = volume of sample 
 
Calculation for VSS in floating sludge: 

VSS (g/ring) = ([A-C]*1000)/D       [16] 
 

Where: 
A = weight of the filter with sample in aluminium dish after oven 
C = weight of the filter with sample in aluminium dish after furnace 
D = volume of sample 
 
Results shows tendency of biomass growth inside tested reactors and is 
expressed as VSS. Additionally, percentage of ash were calculated to 
estimate inorganic substances contained in TSS.  
Samples to determine TSS and VSS values in floating sludge were taken 
by measuring glass from the middle of the reactors. Liquid in the glass 
were mixing to standardize probe and next 30 ml were taken by 
measuring cylinder. That volume of the liquid with suspended activated 
sludge was filtered on specified pore size filters (1.6 μm).  
 
Calculation for TSS in floating sludge: 

TSS (g/L) = ([A-B]*1000)/D       [17] 
  

Where: 
A = weight of the filter with sample in aluminium dish after oven 
B = initial weight of the filter with aluminium dish 
D = volume of sample 
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Calculation for VSS in floating sludge: 

VSS (g/L) = ([A-C]*1000)/D       [18] 
 

Where: 
A = weight of the filter with sample in aluminium dish after oven 
C = weight of the filter with sample in aluminium dish after furnace 
D = volume of sample 
 
Calculation for Ash in floating sludge and biomass: 

Ash (%) = TSS-VSS/TSS*100%      [19] 
 

Rest physical analysis was performed by online measurement system, 
which stored data of: 
• conductivity [μS/cm] 
• dissolved oxygen (DO) [mg O2/L] 
• pH 
• redox potential [mV] 
• temperature [°C] 
 
Conductivity could be implemented as an fast, inexpensive and reliable 
method to monitor the nitrogen removal efficiency in the process up to 
date (Szatkowska, 2004). The parameter highly depends on temperature 
and it should be determined at 25°C to enable comparison of readings 
taken under varying climatic conditions. It should be noted that the 
electrical conductivity of solutions increases approximately 2% per 1°C 
increase in temperature. While the temperature differs, then to calculate 
exact value, right coefficient has to be considered. Increase of 
conductivity in water indicates higher concentrations of inorganic 
dissolved solids (ions). Distilled water has conductivity in the range close 
to zero [μS/cm]. All data were gathered by Analon Cond 10, which is 
equipped with unique 5-electrode measuring cell (Fig. 18).  
 

Fig. 18. Conductivity monitor. 
www.konetic.or.kr 

 
 
 
 
 
 
Dissolved oxygen concentration expressed in mg O2/L is one of the 
crucial parameter for the process. DO level in the aerobic reactors have 
significant influence on the behavior and activity of the heterotrophic 
and autotrophic microorganisms living in the activated sludge. Aerobic 
bacteria use oxygen as a final electron acceptor. Thereby anaerobic 
organisms use other form of oxidizer e.g. nitrate or dissolved oxygen.  
Inside reactors were installed gauges to keep predefined flow of oxygen. 
During experiment one reactor was run under R = 1/3 and DO level 1.5 
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mg O2/L. Second reactor was performing constant aeration with 
different DO concentration levels.  
As well as temperature, also the pH is responsible for maintenance 
biological processes inside reactor. Bacterial growth in wastewater 
secretes acidic metabolite and decrease pH value, except denitrifiers, 
which alkalize the environment.  
This parameter has a decisive impact to microbial enzymes efficiency, for 
instance high pH value can inhibit Nitrobacter activity. Alkalinity/acidity 
was measured in the inlet as well as in outlet for both reactors. Influent 
pH was mostly constant and remains on 8.1 level and for outflow in 
reactors was approx. 7.7. No addition of chemical substances was 
needed for pH adjustment.  
Oxidation-Reduction Potential, also known as Redox, is measured by 
sensor plunged into sludge inside reactor. Redox reading comparing to 
chemical analysis is simple and fast. Controlling processes by redox 
measurements can improve treatment efficiency. The gauge (Fig. 19) can 
register electric charge (+/-) of ions in millivolts [mV]. Higher values 
indicate oxygen appearance as oxidation factor and lower as reduction 
substrate. ORP for nitrification oscillates between +100 to +350 mV 
when NH4⁺ is converted to NO3

⁻ and denitrification +50 to -50 while 
conversion from NO3

⁻ reach N2 (“Transtech-eco.pl,” 2009).  
 

Fig . 19. Cerlic control box for pH and redox 
potential reading. www.applitech.com.br 

 
 
 
 
 
 
 
Temperature [°C] generally affects bacteria activity and rates of biological 
reactions. Optimal temperature for microorganisms differs. During the 
entire experiment period the operating temperature in reactor R1 was 
fixed on 25±1°C, set by manual display connected to a heater. Reactor 
R2 was set on 19±1°C during whole experiment. Deviation from 
established temperature would be observed while increasing of 
temperature inside pilot plant due to lack of coolers installed inside both 
reactors. Heaters installed into reactors are stabilizing that parameter. 
Moreover some biological reactions can release warm inside reactor. 
Extra heating may increase cost of the process. 

6.3. Results and discussion 
Knowledge about operational parameters of the process helps to achieve 
maximum efficiency at minimal costs. Deammonification was 
characterized by inflow, specially adjusted to keep constant nitrogen load 
to run effective N-removal process inside reactors. Average value of 
flow rate for reactor R1 was 5.28 L/h and for reactor R2 amounts to 
approx. 4.68 L/h. Speed of a pump, which transferred sludge to reactors, 
was adjusted manually and has been changed only when COD/N ratio 
was unprofitable. Supernatant composition was fluctuating during the 
research period. Majority of the physical parameters were monitored by 
online measurement system. 
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Temperature and DO concentration 
Regarding parameters, temperature for R1 was set on 25°C, whereas for 
R2 was 19°C and would be only enhanced due to lack of coolers inside 
the tanks. DO concentration in reactors presented different modes, was 
changed in reactor R2 4-times during approx. 4 months period, and 
varies in range of 1.0-2.5 mg O2/L. For reactor R1 it was only one shift 
from 1.5 to 1.0 mg O2/L (which is not analysed due to insufficient data). 
Exact period of time when changes were introduced is showed in Table 
6. Although exact value of dissolved oxygen was predefined on control 
panel, however online measurement system never point to the particular 
amount (some deviations occurred). Nonetheless, mentioned system was 
providing many valuable information about the process.  
Table 6. DO concentration changes in both reactors. 

 
 
 
 
 
 
 

Conductivity 
In the case, low conductivity in outflow responds to higher nitrogen 
removal efficiency, therefore less nitrogen ions remained after treatment. 
Table 7. Average values of conductivity. 

 unit inflow R1 outflow R2 outflow number of 
samples 

Conductivity mS/cm 7.49±2.64 2.36±0.28 2.65±0.53 37 

Trend of the charts presenting conductivity and N-removal efficiency in 
outflow are alternated in reactor R1 (Fig. 20), as well as in reactor R2 
(Fig. 21). Peak of conductivity express lower efficiency of N-removal 
after treatment (outflow).  
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Fig. 20. Conductivity and N-removal efficiency, reactor R1. 

 

Hammarby Sjöstadsverket pilot plant 
Reactor 1 Reactor 2 

intermittent aeration constant aeration 

change of parameter T           
[°C] 

DO             
[mg O2/L]  

T           
[°C] 

DO              
[mg O2/L]  

18.04.2011 25 1.5 19 2.5 
20.06.2011 25 1.5 19 2.0 
04.07.2011 25 1.5 19 1.0 
13.07.2011 25 1.5 19 1.5 
19.07.2011 25 1.0 19 1.5 

  Period from 18th April 2011 to 25th July 2011 
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Fig. 21. Conductivity and N-removal efficiency, reactor R2. 
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Fig. 22. Conductivity and NH 4+-N concentration, inflow. 

If the conductivity is relatively higher, it means that in the time 
wastewater was not treated effectively and remains quantity of nitrogen 
ions in effluent. Data from reactor R1 were analysed without correction 
(temperature dependence). 

In contrast, curve on the chart of influent shows concentration of 
ammonium ions followed by conductivity (Fig. 21). Increase of nitrogen 
concentration induces increase of electrical current signal in wastewater. 
Average values are shown in Table 7, whereas more specified data of 
conductivity measurements are presented in Appendix.  
Chemical analyses 
Concentration of NH4+-N, COD and alkalinity in influent were quite 
stable during the examined period of time and vary mostly while new 
supply of supernatant were loaded to big black tank and mixed with 
remain sludge (Fig. 23). Average values as well as min. and max, of 
obtained results are shown in Table 8. Collected data of influent 
represents measurements values analysed with frequency once a week. 
Other forms of nitrogen apart from ammonium nitrogen were skipped 
in the measurements of supernatant due to its trace amounts. 
Concentration of remaining nitrogen forms after deammonification 
process is shown in Table 9, for reactor R1, and in Table 10 for R1. Data 
for outflow were gathered twice a week for alkalinity and nitrogen forms, 
and one a week for COD. Samples for measurements were taken form 
sedimentation tank. Mentioned average data are also presented on charts 
in Figure 23, 24, 25. 
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Table 8. Characteristics of supernatant from Bromma WWTP 

parameter  

influent 

COD           
[mg O2/L] 
unfiltered 

COD        
[mg O2/L] 
filtrated 

NH4
+-N      

[mg/L] 
Alkalinity 
[mmol/L] 

min 752 378 700 65 
max 1271 892 945 83 
average 933 520 843 73 

Period from 18.04.2011 to 25.07.2011 
 

Table 9. Average concentrations with extreme values of COD, 
forms of nitrogen and alkalinity for outflow, reactor 1. 
 
 
 
 
 
T
a
T 
Table 10. Average concentrations with extreme values of COD, 
forms of nitrogen and alkalinity for outflow, reactor 2. 
 
 
 
 
 

 
 

Ammonium reach supernatant stream (843 mg NH4+-N/L) treated by 
microbiological process performing intermittent aeration (R1) led to 
substantial decrease of NO2-N and NO3-N concentration in outflow 
comparing to influent from reactor R2. Nevertheless, nitrite 
concentration in reactor R2 mitigated while DO concentration was 
reduced to the range of 1.0 mg O2/L on 04.07.2011. After that change, 
nitrite indicated its minimal concentration range (2-5 mg/L).  
Regarding nitrate, it was main compound in reactor R1 outflow (91±41 
mg/L), while for R2 was values vary even its concentration was higher 
(131±56 mg/L). One high peak in NO3-N concentration in reactor R1 
on 16.07.2011 (198 mg/L) after influent flow rate change from 4.5 L/h 
to 6.0 L/h. 
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Fig. 23. Concentration of COD, NH4-N and alkalinity in influent. 

parameter  

R1 outflow 

COD        
[mg O2/L] 
unfiltered 

COD        
[mg O2/L] 

filtered 

NH4
+-N      

[mg/L] 
NO3-N      
[mg/L] 

NO2-N      
[mg/L] 

Ninorg 
[mg/L] 

Alkalinity 
[mmol/L] 

min 365 280 7 20 1 34 3 

max 934 424 132 198 11 151 19 
average 533 309 54 91 5 86 9 

Period from 18.04.2011 to 25.07.2011 

parameter  

R2 outflow 

COD           
[mg O2/L] 
unfiltered 

COD        
[mg O2/L] 

filtered 

NH4
+-N      

[mg/L] 
NO3-N      
[mg/L] 

NO2-N      
[mg/L] 

Ninorg 
[mg/L] 

Alkalinity 
[mmol/L] 

min 435 271 22 50 2 159 3 
max 826 352 251 273 18 365 30 
average 664 313 114 139 9 263 12 

Period from 18.04.2011 to 25.07.2011 
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Fig. 24. Concentration of nitrogen form in outflow, reactor R1. 
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Fig. 25. Concentration of nitrogen form in outflow, reactor R2. 
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Fig. 26. Alkalinity in influent and outflow in both reactors. 
In case of decreasing of alkalinity inside reactor, it could be easily 
corrected by addition of chemicals. Average alkalinity value for reactor 
R1 outflow was 900 mg CaCO3/L, and for R2 it was 1300 mg CaCO3/L. 
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Fig. 27. Nitrogen removal efficiency in reactor R1. 

Alkalinity was measured in influent and effluent in both reactors. The 
values in influent were rather constant (73±5 mmol/L), but were varying 
in outflow of both reactors at the beginning of measurements (Fig. 26). 
In the second half of the chart, values became more comparable and 
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were following the same trend. Validation of the insight was pH values 
(alkalinity is strongly dependent on pH value), which at the beginning 
were for both reactor fluctuating (R1=7.3, R2=7.8) and from 7.06 (half 
of experiment) begin to perform the same range (R1=7.4, R2=7.4). 
Alkalinity decreased on average 88% for R1, and 83% for R2. 
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Fig. 28. Nitrogen removal efficiency in reactor R2. 

Deammonification process requires specific ratio of ammonium to 
carbon and suitable oxygen concentration. Due to high amount of 
ammonium in sludge, it has to be treated with reliable efficiency. For the 
reactor R1 efficiency of nitrogen removal was on the average 82±7% 
and for NH4+-N 93±4%, whereas for R2 was 68±7% and 86±7% 
respectively. As estimated value of N-removal defined in g N/m2d for 
R1 was 2.2 and for R2 was 1.6. Removal efficiency graphs are shown in 
Figure 27 and 28. Analyses in outflow expressed low amount of nitrite-
nitrogen, while nitrate-nitrogen were still on high level.  
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Fig. 29. TSS and VSS in suspended sludge, reactor R1. 
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Fig. 30. TSS and VSS in suspended sludge, reactor R2. 
Total and Volatile Suspended Solids in floating sludge 
Suspended solids concentration inside reactor was variable and mostly 
was decreasing in reactor with intermittent aeration and increasing for 
reactor with continuous aeration (Fig. 29 and 30). Amount of suspended 
solids showed irregularity due to sedimentation in reject tank. Some 
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results are incorrect due to measurement problems.  Calculated VSS 
values for reactor R1 amount to 0.307 g/L and 0.288 mg/L for R2.  
On the 23rd May there are no results presented for measurement of VSS. 
For the first time new aluminum plates were used for burning filters with 
deposits inside a stove in 550°C. Those plates had golden covering paint 
which burned in that temperature and falsify result, so wouldn’t be taken 
into consideration.  
On 15th of June new supernatant was delivered to reject tank where it 
was mixed with old residues. That mixture (influent) were tested for TSS 
and VSS and resulted in amount of only 0.233 g/L and 0.230 g/l, 
respectively.  
Table 11. Analyses of TSS and VSS in biofilm and suspended 
sludge for outflow, reactor R1 and R2. 
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 Fig . 31. TSS and VSS in biomass, reactor R1. 
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Fig. 32. TSS and VSS in biomass, reactor R2. 

Total and Volatile Suspended Solids in biofilm 
Biomass measurements were carried out to estimate microorganisms 
growth inside rings and were expressed as VSS. As it is shown on the 
graph (Fig. 31 and 32), there is big difference between reactor R1 and R2 
reactors in rise of bacteria population. Moreover, inside carriers from 
reactor performing intermittent aeration (R1) were visible gaps while 
rings from reactor R2 were completely filled with attached bacteria and 
its estimated values for VSS were in range of approx. 15.1 g/ring and 

Parameter Unit R1 R2 Number of 
samples 

Biofilm 
TSS 

g/ring 
18.5 ±1.2 31.7 ±1.6 

15 
VSS 15.1 ±1.0 26.5 ±1.5 

Suspended 
sludge 

TSS 
g/L 

0.309 ±0.047 0.298 ±0.044 
16 

VSS 0.303 ±0.047 0.291 ±0.039 
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26.5 g/ring, respectively. Both characteristic were quite stable during the 
whole tested period.  
No correspondence between VSS in suspended solid and biomass were 
visible in presented results. Even significant increase of suspended solids 
in floating sludge between 21.03-13.04 in reactor R1 and 13-27.06 in 
reactor R2 had no impact on thickness of attached biofilm in carriers.  

6.4. Discussion 
Analyses in pilot-scale reactors proved that partial-nitritation/Anammox 
process is effective for treatment influent with low ratio COD/N charge. 
Deammonification process performed in reactor with intermittent 
aeration (R1, pH= 7.4, DO= 1.5 mg O2/L) were presenting better 
nitrogen removal efficiency than in reactor with continuous aeration 
(R2). The process needs nitrite to continue treatment in cooperation 
with Anammox bacteria, due to its role as a substrate for further 
conversions. Introduction of anaerobic period promote activity of those 
bacteria among other microorganisms, which effectively convert 
produced nitrite to dinitrogen gas. Slight amount of NO2-N is detectable 
in outflow of reactor R1, which is almost completely used-up by 
Anammox and what might prove mentioned insight. Additionally, lower 
rate of dissolved oxygen and pH value created preferential conditions to 
Anammox.  
To check current indication of the process, few meters and sensors were 
mounted inside reactor. Simultaneously, course of treatment can be 
monitored up to date by conductivity. It is fast and low-cost method to 
control situation inside reactor. While nitrogen is being removed, it 
affects conductivity decrease what can be proved in both reactors. To be 
sure, that whole process is running properly gradually were also checked 
forms of nitrogen, COD and alkalinity. Evaluation of readings shows in 
outflow high amount of nitrate, which apparently is not taking a part into 
the process due to lack of NOB microorganisms. Limitation of NOB 
was possible by providing regular anaerobic phases in R1. 
First stage of nitrification (nitritation) according to equation leads to 
production of high amount of acid (2 moles H+/1 mole NH4+-N) which 
mitigate alkalinity inside reactor. Online pH measurements were crucial 
for monitoring effectiveness of the biological process due to bacteria 
sensitivity to pH value. Optimum range for ammonium oxidizers 
(Nitrosomonas) amount to 7.9-8.2. In the beginning of the study with 
continuous aeration in reactor R2, effluent was representing mentioned 
pH range, and later reduced with DO concentration decrease, what 
might provoke activity of Anammox. 

7. GASEOUS N2O EMISSION MEASUREMENTS 
Experiments concerning N2O emission from wastewater treatment are 
run especially in lab and pilot-scale to estimate impact on environment 
before launching the process into full-scale plants. Environmental 
Protection Agency (EPA) reported that only 0.035% N2O emission of 
the N-load is emitted directly from wastewater treatment plants to 
atmosphere, which however is strongly harmful to the environment. The 
study describing emission of nitrous oxide from two pilot-scale reactors 
in specified conditions and were monitored is gaseous and liquid phase 
by the newest technological equipment. To prepare system to the survey 
it was necessary to cover both reactors and sealed all connected tubes 
and slots by which gas could escape from the headspace.  
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7.1. Equipment 
To get reliable data about emission of N2O, the operation process 
system was connected to the online measurement loggers. All data from 
both phases were stored and transferred to accessible Microsoft Excel 
output file to facilitate processing, its graphic representation and next 
evaluate tendency of nitrous oxide emission in different operations 
conditions. As far as in Hammarby Sjöstadsverket was only one 
instrument for each phase, it was required to change reactor. 

7.1.1. Liquid phase instrument (Unisense Microsensor Multimeter) 
The Unisense nitrous oxide microsensor used in a liquid phase is a highly 
sensitive tool designed especially for detection of slight amount of gas 
becoming from wastewater. That electrochemical sensor (Fig. 33) is 
miniaturized Clark-type with an internal reference and a guard cathode. 
The sensor is connected to a picoammeter converts the resulting 
reduction current to a signal which is generated in picoamperes (10-12A). 
Before first application, it has to be done polarization, which removes all 
oxygen from electrolyte inside the sensor, and to get maximum stability. 
After that, calibration must be performed.  
 
 
 
 

Fig . 33. N2O analyser with microsensor. [www.unisense.com] 

As N2O microsensor responds linearly to changes between 0-2.5% 
nitrous oxide concentrations, a two-point chart calibration is sufficient. 
To obtain zero, sensor tip is placed in nitrous oxide free water and the 
signal is read. For second point of the curve sensor were immersed in 
mixture of water with defined N2O concentration, which must be 
slightly above the maximum expected value. It can be determined using 
equilibrium at ambient partial pressure of 1 atm. in water as a function of 
temperature and salinity. To perform measurements, the microsensor 
have to be mounted inside reactor in ambient free of moving devices to 
avoid glass tip break. From the beginning device were reading the signal 
from the instruments every second. Later, the frequency has been 
changed for 15 second. 

7.1.2. Gaseous phase instrument (Teledyne and Apicom) 
A specialized Teledyne N2O-analyser (model: GFC7002) is used to 
measure low ranges of nitrous oxide in reactor headspace (Fig. 34). The 
instrument compares infrared energy absorbed by a sample to that 
absorbed by a reference according to the Beer-Lambert law. Before 
sampling, calibration is needed. In the experiment, long plastic tube was 
connected with one end to the headspace of the reactor and second to 
Teledyne instrument. All measured values are given in ppm. Other 
parameters are logging inside internal memory as average and 
instantaneous values, calibration data and operating parameters. In 
addition, Apicom recorder, which is connected to Teledyne, is collecting 
data converted to ppm. 
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Fig . 34 Teledyne GFC-7002E Gas Filter Correlation N2O Analyser.  
[Teledyne manual] 

7.2. Methodology 
The project was focused on detection of nitrous oxide in emitted gasses 
during deammonification process of wastewater treated in a pilot plant 
and next evaluates its amount. After installation of all devices and 
sensors inside reactors, needed to conduct tests, researches were 
accomplished in about 3 months. Firstly, to implement proper 
calibration method R&D department was supporting us to find accurate 
technique. Reading manuals, evaluating data and finally finding exact 
laboratory glassware provided us reliable method. Calibration of both 
equipment was repeated once a week. Measurement in gaseous phase 
demanded to cover reactor, because Teledyne device checked nitrous 
oxide presence indirectly by connected tube. All gases were transported 
by tubes to the Teledyne meter, but only N2O was detected and 
measured. As well liquid phase device was set only for nitrous oxide. 
Sensor of Unisense machine was plunged inside reactor within 
protection tube and net prevent from destroying glass sensor by spinning 
plastic Kaldnes rings. That part specially required care and frequent 
cleaning due to the fact that particles of active sludge got stick to sensor, 
what in result might falsify measurements. Maintenance of equipment 
was managed while sensor was disconnected from device and only under 
low stream of distilled water, without any manual cleaning. 
Measurements in headspace were collected by logger at the beginning, 
each second, which later was changed to every 15 seconds, until latest 
days of experiment when data was gathered every 5 minutes. Firstly, was 
determined characteristic of emission as well as its magnitude. Plenty of 
results was derived which next had to be evolved. Changing frequency of 
data uploading to each 15 seconds was accurate as results between these 
periods fluctuate slightly. Moreover, data of DO, conductivity and other 
parameters were kept every minute, so we have enough information 
about N2O production in comparison to rest of parameters. The same 
frequency was set in liquid phase meter. 

7.3. Calibration 
Performing Unisense liquid phase calibration was very difficult due to 
usage of such accurate sensor to determine exact value of required range. 
Prepared solution of N2O with water was highly unstable and value of 
dissolved gas into water was inconstant in every repeat attempt. To 
obtain that specimen, firstly, was needed a biuret with 2 taps on both 
sides with effective volume of 500 ml. The biuret was hanged on stand 
vertically with both taps opened. At the beginning, we dried carefully 
whole biuret and next connected it by tube to pure nitrous oxide 
cylinder. Then by some minutes, gas was letting through the biuret to fill 
whole volume and finally taps were closed. On biuret there is a hole 
blocked by rubber stopper where next needle was stuck inside to release 
pressure generate by the gas. Excess of the gas was escaping by needle 
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with specific hiss. After that procedure to closed biuret was added 10 ml 
of distilled water by syringe with needle through the same stopper. 
Shaking whole biuret for about 10 min. helped to dissolve gas into water. 
Further approx. 1 ml of mixture was taken by syringe with accuracy of 
0.1 ml and introduced to a bottle of 288 ml filled to the top by distilled 
water. The entire time bottle covered special film to avoid gas escaping. 
That prepared solution was calibration liquid. Sensor is responding 
linearly on range 0-2.5% of  N2O so two-point calibration graph was 
sufficient. Signal determined in distilled water is calibration value for 
zero nitrous oxide conditions. Second point as described in manual 
could be estimated as 3.68 ml of nitrous oxide saturated to 1000 ml 
water gives a concentration of 100 μM at 20°C. To calibration was used 
vessel of 288 ml, so mentioned volume of N2O will be divided by 3.47 
(1000/288 ml) what equal 1.1 ml. That volume of N2O solution in 288 
ml bottle has given second point of the graph.   
Regarding Teledyne analyser there was no need to clean any sensor as for 
Unisense that is why calibration was introduced rarely. Nevertheless 
procedure of calibration was quite similar with the difference that device 
was used in gaseous phase. To reach zero, it was used atmospheric gas 
and to get desired measurement range was prepared span gas in this case 
nitrous oxide. It is recommended to provide a span gas with a N2O 
concentration equal to 80% of the measurement range for the 
application. It was prepared by pumping for 15 minutes, pure N2O to 
tight plastic bag at volume of 1 litre with small valve and next connected 
by tube to Teledyne device to reach second point of expected range. The 
display shows values in ppm. 

7.4. Results and discussion 
Data from both devices were collected for about 3 months. One extra 
month took us to prepare accurate calibration method for nitrous oxide 
emission meters and to mount sensor and connect tubes appropriately 
with MBBR reactor to gather valuable data. In the end of April, both 
reactors were covered and sealed to enable proper measurements of gas 
emission.  During performed experiment, thousands of information had 
to be drowning up to get information regarding tendency of laughing gas 
emission in different conditions of the process. Mostly, the project was 
focused on reactor R2 that introduced continuous aeration with some 
change of dissolved oxygen concentration rate. In reactor R1 performing 
intermittent aeration, were analysed exclusively tendency in anaerobic 
and aerobic phase with stable DO concentration.  
In reactor with intermittent aeration (R1) during oxygen free period, as 
15 minutes every hour during the cycle, nitrous oxide emission in liquid 
phase increased in the end of the non-aerated period and started to  
decrease when aeration were switched on again. In gaseous phase took 
place opposite situation. Emission of N2O started with introduced 
aeration. In the beginning of aerated period occurred the gas emission 
peak. Followed-up trend were decreasing till drastic drop in the end of 
aeration. Non-aerated period performed gas emission fell close to zero 
(Fig. 35). Course in gaseous and liquid phase on the chart was alternating 
with high regularity. Aeration inside reactor might result in stripping of 
the dissolved nitrous oxide to headspace where emission in gaseous 
phase is measured. Redox potential parameter presents similar relation to 
nitrous oxide emission as with aeration, due to its oxidation-reduction 
characteristics. Higher value of Redox represents domination of oxida-
tion reactions inside reactor, whereas lower shows reduction (Fig. 36). 
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Fig. 35 N2O emission in reactor with intermittent aeration, R1 
Nitrous oxide is relatively soluble gas in water in comparison to oxygen. 
This implies that N2O could be accumulated in liquid phase in absence 
of active stripping. Transition from anoxic to aerobic conditions lead to 
domination of N2O emission in gaseous phase over liquid phase. 
Emitted gas either can be produced under aerobic conditions and 
instantly be stripped by aeration or accumulated during anoxic period 
preceding the aeration phase. 

   Fig . 36 N2O emission with Redox potential in reactor R1 
Comparing emission range in both MBBR reactors with the same DO 
concentration, in reactor R1 was obtained much higher production for 
DO=1.5 mg O2/L, with approx. outcome 2.35% N2O of N-load (Table 
12), than in reactor with stable aeration (R2), value of approx. 1.47.  
Table 12 Average values of nitrous oxide emissions in reactor R1 
N2O emission of N-load [%] in reactor R1 
  phase 

DO [mg O2/L] gaseous  liquid 
1.5 2.35 0.05 

Table 13 Average values of nitrous oxide emissions in reactor R2 
N2O emission of N-load [%] in reactor R2 
  phase 

DO [mg O2/L] gaseous  liquid 
1.0 1.41 0.15 
1.5 1.47 0.39 
2.0 1.57 0.03 
2.5 2.01 0.02 

Differently, for the schema, dissolved N2O presented in reactor R2 was 
considerably higher than in R1. The result (0.39% N2O emission of N-
load) for R2 was outside of estimated decreasing tendency with 
decreasing DO concentration (Table 13). 
In contrast, measurements of produced N2O in reactor performing 
stable aeration present considerable irregularity without periodicity. 
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Increasing of nitrous oxide emission corresponds to the opposite of the 
gas in liquid phase (Fig. 37). High peaks of gas emission lead to 
assumption that nitrous oxide is mostly dissolve in liquid and escaping 
from the reactor is connected to the concentration of oxygen inside 
reactor. As aeration is performed continuously and DO values vary 
slightly, so dependent N2O emission also change faintly. Emission in 
gaseous phase is strictly combined with accumulated gas quantity.  

Fig . 37 N2O emission in both phases (DO=2.0 mg O2/L), R2 

Nevertheless, in characteristics of N2O production in gaseous phase to 
liquid phase (expressed as percentage of N2O emission of N-load) might 
be discern increasing trend in liquid phase at DO concentration range 
from 1.0 to 1.5 mg O2/L, and next diminishing in DO range from 1.5 to 
2.5 mg O2/L with its minimum at about 2.1 mg O2/L. Gas emission 
characteristics in gaseous phase in chart is more linear. In DO range 
from 1.0 to 2.0 mg O2/L it is shown stable rise and from 2.0 to 2.5 mg 
O2/L unexpectedly trend increases (Fig. 38). 
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Fig . 38 N2O characteristics in liquid and gaseous phase with DO 
range from 1.0 to 2.5 mg O2/L, R2 

Evolved chart with determined average quantities of produced nitrous 
oxide per day presents different perspective. Highest production in 
gaseous phase is attributed to DO=2.5 mg O2/L, while in liquid phase 
dissolved gas is presented in max. range at DO=1.0 mg O2/L (Fig. 39). 
In MBBR with stable aeration (R2) operated at DO concentration of 2.0 
mg O2/L was observed the highest nitrous oxide production (2.76% 
N2O of N-load) combined with high-level nitrogen removal efficiency in 
form of ammonium and total nitrogen (Table 14). The lowest value of 
N2O emission (0.78% N2O of N-load) at DO=2.0 mg O2/L was omitted 
due to problem with influent flow, which diminished that day to 30 
ml/min apart from approx. 75 ml/min, and caused results inconsistency. 
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Fig . 39 N2O production in mg/L, at different DO conc., reactor R2 

Gathered outcomes in the chart shows the highest N-removal as 1.9 g 
N/m2d for average gas emission at DO=2.5 mg O2/L. It might be 
concluded that DO range from 2.0-2.5 in continuous aeration foster 
nitrous oxide production. 
Table 14 Extreme values of nitrous oxide emissions in gaseous 
phase and its removal efficiency, reactor R2 
 
 
 
 
 
 
 
 
 

Table 15 Extreme values of nitrous oxide emissions in liquid phase 
and its removal efficiency, reactor R2 

DO 
concentration 

[mg O2/L] 

N-removal 
efficiency 

[%] 

NH4
+-N 

removal 
efficiency 

[%] 

N-removal 
[g N/m2d] 

N2O of N-load  
[%] 

2.5 
73 92 1.9 0.024 max. 
67 89 1.8 0.012 min. 

2.0 
63 80 1.3 0.090 max. 
61 90 1.6 0.007 min. 

1.5 
59 93 1.3 0.538 max. 
63 88 1.4 0.226 min. 

1.0 
77 89 1.6 0.259 max. 
68 92 1.1 0.054 min. 

Balance between N2O production and N-removal might be find at 
DO=1.0 mg O2/L. The accumulation of N2O in liquid phase is mostly 
visible at DO=1.5 mg O2/L (Table 15). The most suitable strategy with 
the lowest gas emission was obtained at DO=2.5 mg O2/L and high N-

DO 
concentration 

[mg O2/L] 

N-removal 
efficiency 

[%] 

NH4
+-N 

removal 
efficiency 

[%] 

N-removal 
[g N/m2d] 

N2O of N-load  
[%] 

2.5 
73 92 1.9 2.40 max. 
70 92 1.6 1.09 min. 

2.0 
61 90 1.6 2.76 max. 
70 92 1.6 1.09 min. 

1.5 
59 93 1.3 1.77 max. 
63 88 1.4 1.37 min. 

1.0 
77 89 1.6 1.89 max. 
63 80 1.3 0.96 min. 

 

DO=2.5 DO=2.0 DO=1
 

DO=1.5 
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removal (1.9 g N/m2d). Low emission most likely is connected with 
stripping of dissolved nitrous oxide to the atmosphere, wherefore that 
aeration strategy is not as appropriate as it looks like for the first sight.  
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Figure 40 presents profiles of N2O and DO changes during the cycle as 
well as range of nitrous oxide emission. The higher DO concentration 
inside reactor the greater nitrous oxide emission to the atmosphere. 
Visualization in the charts presents lack of results repetitiveness and its 
disorder. Nevertheless, especially for DO=1.5 mg O2/L might be 
discern alternating trend of dissolved oxygen and N2O emission. Some 
linear phases are presented when concentration of dissolved oxygen was 
stable. First graph is not a representative one, due to differences in 
measurement frequency for oxygen and nitrous oxide. DO was checked 
every minute, whereas N2O each 5 minutes, which is less detailed.  
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Fig . 40 N2O production in different DO concentrations, reactor R2 
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Fig. 41 N2O production in liquid phase during different DO 
concentration level, R2 
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 Fig . 42 N2O production in gaseous phase with N-load during 
different DO concentration level, R2 
Another assumption is that N2O emission responds to nitrogen 
compounds range in influent. For liquid phase only period from 4-12.07, 
representing aeration value of 1.0 mg O2/L, presents that relation, as it is 
shown in Figure 41. For rest DO concentration ranges, most probably 
nitrous oxide is stripped to the atmosphere immediately as aeration is 
stronger. In contrast, for gaseous phase N-load tendency across whole 
graph is almost parallel to nitrous oxide emission (Fig. 42).  
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8. CONCLUSIONS 
• Supernatant from Bromma WWTP was suitable for carrying out 

deammonification process due to its low C/N ratio. 
• The highest N-removal efficiency was achieved in reactor conducting 

intermittent aeration with R=1/3 strategy and corresponded to 96%.  
• Introduce of intermittent aeration in partial nitritation/Anammox 

process is well-founded, due to appropriate condition for co-
existence of aerobic and anaerobic microorganisms. Moreover, the 
process is efficient (high N-removal) and cost-effective (less oxygen 
needed).  

• Conductivity is a useful parameter and cheap indicator to control and 
monitor process performance.  

• N2O production range is strictly connected to DO concentration 
inside reactor and nitrogen capacity in influent. 

• Emitted gas in R1 (intermittent aeration) can be either produced 
under aerobic conditions and instantly be stripped by aeration or 
accumulated during anoxic period preceding the aeration phase. 

• Slight fraction of N2O in liquid phase in reactor R2 is detected and its 
average value is 0.029-0.389% of N-load, whereas in gaseous phase 
corresponds to range of 1.41-2.01% of N-load. 

• Production of harmful gas is higher in R1 than R2, for the same DO 
concentration, as 1.5 mg O2/L. Predominantly nitrous oxide is 
emitted in aerated zones, furthermore, intermittent aeration 
contributes to peak sharply its emission after anoxic span. 
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APPENDIX I CHEMICAL AND PHYSICAL ANALYSIS DATA 
PERFORMED ON REACTORS FROM 18.04.2011 - 25.07.2011 
Measurements of influent. 

Date Day Flow 
(ml/min) 

INFLOW 

COD 
(mg/L) 
filtered 

COD 
(mg/L) 

unfiltered 

NH4-N 
(mg/L) 
filtered 

Alkalinity 
(mmol/L) 
filtered 

Ninorg 
(mg/L) 

NH4-N load 
(g N/m2d) 

11-04-18 1 63 589 907 896 74 896 2.0 
11-04-25 8 75             
11-04-27 10 75 596 1012 923 79 923 2.5 
11-04-29 12 75             
11-05-02 16 83             
11-05-04 18 83 592 887 895 83 895 2.7 
11-05-06 20 83             
11-05-09 23 81             
11-05-11 25 85 593 880 945 73 945 2.9 
11-05-13 27 82             
11-05-16 30 93             
11-05-18 32 97 514 956 818 74 818 2.9 
11-05-19 33 96             
11-05-23 37 92             
11-05-25 39 92 543 1072 835 67 835 2.8 
11-05-27 41 92             
11-05-30 44 87             
11-06-01 46 88 529 1271 870 73 870 2.8 
11-06-03 48 88             
11-06-07 51 88             
11-06-08 52 88 514 984 848 67 848 2.7 
11-06-10 54 90             
11-06-13 57 87             
11-06-15 59 89 492 864 833 69 833 2.7 
11-06-17 61 89             
11-06-20 64 87             
11-06-21 65 87 440 830 836 73 836 2.6 
11-06-23 67 98             
11-06-27 70 98             
11-06-29 72 89 420 785 700 65 700 2.2 
11-07-01 74 75             
11-07-04 77 75             
11-07-06 79 75 390 756 780 72 780 2.1 
11-07-08 81 75             
11-07-11 83 100             
11-07-13 85 100 390 752 819 73 819 2.9 
11-07-15 87 100             
11-07-18 90 97             
11-07-20 92 111 378 1110 809 79 809 3.2 

 
 
 
 
 
 
 
 
 

I  



Nitrous oxide emissions from deammonification process under different operation conditions. 

Measurements of effluent from reactor R1 (intermittent aeration). 

 
 

 
 
 
 
 
 
 
 

Date 

REACTOR 1 

OUTFLOW 
N-removal 
efficiency 

(%) 

NH4-N 
removal 

efficiency 
(%) 

N-removal 
g N/m2d COD 

(mg/L) 
filtered 

COD 
(mg/L) 

unfiltered 

NH4-N 
(mg/L) 
filtered 

NO3-N 
(mg/L) 
filtered 

NO2-N 
(mg/L) 
filtered 

Alkalinity 
(mmol/L) 
filtered 

 Ninorg 
(mg/L) 

11-04-18                     
11-04-25 250 365 21 150 2 5 173 81 98 2.0 
11-04-27           
11-04-29   26 162 2 6 190 79 97 2.0 
11-05-02 254 637 7 45 1 7 52 94 99 2.6 
11-05-04           
11-05-06   79 88 5 10 171 81 91 2.2 
11-05-09 289 434 55 99 5 6 158 83 94 2.1 
11-05-11           
11-05-13   45 105 6 7 155 84 95 2.3 
11-05-16 285 429 30 126 5 5 161 80 96 2.6 
11-05-18           
11-05-19   66 79 6 6 150 82 92 2.3 
11-05-23 231 715 11 20 3 3 34 96 99 2.6 
11-05-25           
11-05-27   73 83 6 10 161 81 91 2.2 
11-05-30 284 529 56 87 6 8 149 83 94 2.1 
11-06-01           
11-06-03   93 130 10 12 233 73 89 2.0 
11-06-07 294 934 50 72 5 7 126 85 94 2.4 
11-06-08           
11-06-10   91 61 5 12 156 82 89 2.2 
11-06-13 298 619 83 52 6 12 140 83 90 2.2 
11-06-15           
11-06-17   62 54 6 10 122 85 93 2.3 
11-06-20 296 556 46 64 6 7 116 86 95 2.2 
11-06-21           
11-06-23   57 60 7 8 124 85 93 2.5 
11-06-27 309 461 48 61 5 9 122 83 93 2.5 
11-06-29           
11-07-01   19 98 5 3 124 82 97 1.6 
11-07-04 276 424 19 105 6 8 130 83 98 1.5 
11-07-06           
11-07-08   132 87 4 18 222 71 83 1.5 
11-07-11 289 448 71 123 6 19 200 76 91 2.1 
11-07-13           
11-07-15   72 142 9 13 236 71 91 2.1 
11-07-18 286 454 85 198 5 11 288 64 89 1.9 
11-07-20           
11-07-22   40 65 11 8 115 86 95 2.7 
11-07-25 285 450 36 42 4 7 82   2.0 

 II 
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Measurements of effluent from reactor R2 (continuous aeration). 

Date 

REACTOR 2 

OUTFLOW 
N removal 
efficiency 

(%) 

NH4-N 
removal 

efficiency 
(%) 

N-removal 
g N/m2d COD 

(mg/L) 
filtered 

COD 
(mg/L) 

unfiltered 

NH4-N 
(mg/L) 
filtered 

NO3-N 
(mg/L) 
filtered 

NO2-N 
(mg/L) 
filtered 

Alkalinity 
(mmol/L) 
filtered 

 Ninorg 
(mg/L) 

11-04-18                     
11-04-25 352 610 189 50 12 21 251 73 80 1.9 
11-04-27                     
11-04-29     191 63 7 19 260 72 79 1.9 
11-05-02 342 731 95 95 18 20 207 77 89 2.1 
11-05-04                     
11-05-06     203 88 13 19 303 66 77 1.7 
11-05-09 346 656 239 79 12 21 330 65 75 1.7 
11-05-11                     
11-05-13     96 57 6 30 159 83 90 2.4 
11-05-16 329 737 81 163 14 7 258 68 90 2.0 
11-05-18                     
11-05-19     152 149 12 10 313 62 81 1.5 
11-05-23 323 759 47 148 6 5 200 76 94 1.7 
11-05-25                     
11-05-27     202 125 11 18 337 60 76 1.5 
11-05-30 320 807 251 104 10 20 365 58 71 1.3 
11-06-01                     
11-06-03     139 55 7 14 200 77 84 1.7 
11-06-07 300 650 103 164 11 9 278 67 88 1.7 
11-06-08                     
11-06-10     105 160 9 8 274 68 88 1.8 
11-06-13 329 826 65 148 11 7 223 73 92 1.9 
11-06-15                     
11-06-17     87 135 14 10 236 72 90 1.9 
11-06-20 334 704 90 172 13 8 274 67 89 1.8 
11-06-21                     
11-06-23     66 176 10 3 252 70 92 1.6 
11-06-27 323 556 72 188 8 5 274 61 90 1.6 
11-06-29                     
11-07-01     22 224 5 15 265 62 97 0.5 
11-07-04 293 636 66 178 7 7 250 68 92 1.1 
11-07-06                     
11-07-08     156 130 2 17 288 63 80 1.3 
11-07-11 271 435 90 90 5 16 185 77 89 1.6 
11-07-13                     
11-07-15     98 191 5 9 304 63 88 1.4 
11-07-18 285 578 53 273 7 10 333 59 93 1.3 
11-07-20                     
11-07-22     109 187 5 9 301 63 87 1.5 
11-07-25 280 563 77 87 6 8 170     1.8 

 
 
 
 
 
 
 
 
 
 

III  



Nitrous oxide emissions from deammonification process under different operation conditions. 

Suspended Sludge TSS & VSS Inside reactor (R1, R2). Filtration 1.6 μm 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

REACTOR 1 

Date 
Sample 
Volume 

(ml) 

Empty 
plate + 
filter (g) 

After 
105°C (g) 

After 
550°C (g) 

TSS           
(g/L) 

VSS            
(g/L) Ash (%) 

2011-03-07 30 1.6770 1.6838 1.6776 0.2267 0.2067 8.82 
2011-03-14 30 1.6881 1.6961 1.6889 0.2667 0.2400 10.00 
2011-03-21 30 1.6763 1.6880 1.6768 0.3900 0.3733 4.27 
2011-03-28 30 1.6894 1.7005 1.6902 0.3700 0.3433 7.21 
2011-04-04 30 1.6688 1.6793 1.6686 0.3500 0.3567 - 
2011-04-13 30 1.7012 1.7126 1.7021 0.3800 0.3500 7.89 
2011-04-19 30 1.6749 1.6845 1.6749 0.3200 0.3200 0.00 
2011-05-02 30 1.6895 1.6999 1.6893 0.3467 0.3533 - 
2011-05-09 30 1.7022 1.7109 1.7021 0.2900 0.2933 - 
2011-05-19 30 1.6909 1.7006 1.6905 0.3233 0.3367 - 
2011-06-01 30 1.6546 1.6631 1.6545 0.2833 0.2867 - 
2011-06-06 30 1.6516 1.6604 1.6515 0.2933 0.2967 - 
2011-06-13 30 1.6506 1.6592 1.6510 0.2867 0.2733 4.65 
2011-06-20 30 1.6542 1.6623 1.6541 0.2700 0.2733 - 
2011-06-27 30 1.6580 1.6660 1.6580 0.2667 0.2667 0.00 
2011-07-04 30 1.6546 1.6630 1.6548 0.2800 0.2733 2.38 
2011-07-11 30 1.6557 1.6637 1.6559 0.2667 0.2600 2.50 
2011-07-13 30 1.6539 1.6621 1.6541 0.2733 0.2667 2.44 

REACTOR 2 

Date 
Sample 
Volume 

(ml) 

Empty 
plate + 
filter (g) 

After 
105°C (g) 

After 
550°C (g) 

TSS           
(g/L) 

VSS            
(g/L) Ash (%) 

2011-03-07 30 1.6729 1.6827 1.6740 0.3267 0.2900 11.22 
2011-03-14 30 1.6671 1.6761 1.6673 0.3000 0.2933 2.22 
2011-03-21 30 1.6755 1.6845 1.6751 0.3000 0.3133 - 
2011-03-28 30 1.6702 1.6799 1.6709 0.3233 0.3000 7.22 
2011-04-04 30 1.6762 1.6855 1.6761 0.3100 0.3133 - 
2011-04-13 30 1.6678 1.6751 1.6680 0.2433 0.2367 2.74 
2011-04-19 30 1.6701 1.6776 1.6702 0.2500 0.2467 1.33 
2011-05-02 30 1.6691 1.6771 1.6690 0.2667 0.2700 - 
2011-05-09 30 1.6698 1.6754 1.6696 0.1867 0.1933 - 
2011-05-19 30 1.6705 1.6789 1.6703 0.2800 0.2867 - 
2011-06-01 30 1.6513 1.6605 1.6519 0.3067 0.2867 6.52 
2011-06-06 30 1.6519 1.6608 1.6518 0.2967 0.3000 - 
2011-06-13 30 1.6286 1.6390 1.6291 0.3467 0.3300 4.81 
2011-06-20 30 1.6281 1.6388 1.6285 0.3567 0.3433 3.74 
2011-06-27 30 1.6308 1.6411 1.6310 0.3433 0.3367 1.94 
2011-07-04 30 1.6316 1.6414 1.6319 0.3267 0.3167 3.06 
2011-07-11 30 1.6299 1.6425 1.6301 0.4200 0.4133 1.59 
2011-07-13 30 1.6301 1.6611 1.6306 1.0333 1.0167 1.61 

 IV 
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Biofilm TSS & VSS from Kaldnes rings. Filtration 1.6 μm 
REACTOR 1 

Date Carriers 
(rings) 

Empty 
plate + 
filter (g) 

After 
105°C (g) 

After 
550°C (g) 

TSS           
(g/ring) 

VSS            
(g/ring) Ash (%) 

2011-03-07 3 1.6667 1.7190 1.6755 0.0174 0.0145 16.83 
2011-03-14 3 1.7021 1.7615 1.7133 0.0198 0.0161 18.86 
2011-03-21 3 1.6672 1.7206 1.6763 0.0178 0.0148 17.04 
2011-03-28 3 1.7022 1.7600 1.7124 0.0193 0.0159 17.65 
2011-04-04 3 1.6768 1.7335 1.6876 0.0189 0.0153 19.05 
2011-04-13 3 1.6940 1.7477 1.7035 0.0179 0.0147 17.69 
2011-04-19 3 1.6651 1.7270 1.6759 0.0206 0.0170 17.45 
2011-05-02 3 1.7004 1.7511 1.7105 0.0169 0.0135 19.92 
2011-05-09 3 1.6887 1.7412 1.6976 0.0175 0.0145 16.95 
2011-05-19 3 1.7044 1.7573 1.7138 0.0176 0.0145 17.77 
2011-06-01 3 1.6535 1.7098 1.6647 0.0188 0.0150 19.89 
2011-06-06 3 1.6521 1.7052 1.6616 0.0177 0.0145 17.89 
2011-06-13 3 1.6537 1.7041 1.6637 0.0168 0.0135 19.84 
2011-06-20 3 1.6543 1.7107 1.6648 0.0188 0.0153 18.62 
2011-06-27 3 1.6557 1.7146 1.6670 0.0196 0.0159 19.19 
2011-07-13 3 1.6556 1.7143 1.6665 0.0196 0.0159 18.57 

 
REACTOR 2 

Date Carriers 
(rings) 

Empty 
plate + 
filter (g) 

After 
105°C (g) 

After 
550°C (g) 

TSS           
(g/ring) 

VSS            
(g/ring) Ash (%) 

2011-03-07 3 1.6700 1.7563 1.6841 0.0288 0.0241 16.34 
2011-03-14 3 1.6682 1.7592 1.6830 0.0303 0.0254 16.26 
2011-03-21 3 1.6731 1.7673 1.6881 0.0314 0.0264 15.92 
2011-03-28 3 1.6697 1.7577 1.6846 0.0293 0.0244 16.93 
2011-04-04 3 1.6720 1.7666 1.6871 0.0315 0.0265 15.96 
2011-04-13 3 1.6751 1.7693 1.6901 0.0314 0.0264 15.92 
2011-04-19 3 1.6740 1.7691 1.6896 0.0317 0.0265 16.40 
2011-05-02 3 1.6694 1.7696 1.6857 0.0334 0.0280 16.27 
2011-05-09 3 1.6705 1.7631 1.6858 0.0309 0.0258 16.52 
2011-05-19 3 1.6721 1.7754 1.6876 0.0344 0.0293 15.00 
2011-06-01 3 1.6295 1.7299 1.6457 0.0335 0.0281 16.14 
2011-06-06 3 1.6805 1.7331 1.6891 0.0175 0.0147 16.35 
2011-06-13 3 1.6504 1.7464 1.6665 0.0320 0.0266 16.77 
2011-06-13 3 1.6542 1.7542 1.6707 0.0333 0.0278 16.50 
2011-06-27 3 1.6554 1.7540 1.6717 0.0329 0.0274 16.53 
2011-07-13 3 1.6542 1.7439 1.6692 0.0299 0.0249 16.72 

 
 
 
 
 
 
 
 
 
 
 

V  



Nitrous oxide emissions from deammonification process under different operation conditions. 

Average results of physical parameters collected by online measurement 
system for both reactors.  

   R1 R2 Conductivity [μS/cm] 

 Redox In             
[mV] 

Redox                
[mV] pH DO          

[mg O2/L] 
Redox                
[mV] pH DO          

[mg O2/L] 
T              

[°C] In  R1 R2 
 

2011-04-18 -515 15 7.3 0.8 -24 10.3 2.3 38 11 161 2 320 2 245 

2011-04-25 -317 127 7.0 0.7 -66 7.9 2.3 38 11 135 2 061 3 074 

2011-04-27 -505 8 7.3 0.6 -75 7.9 2.3 38 11 100 2 519 3 130 

2011-04-29 -498 6 7.3 0.6 -76 7.9 2.3 38 10 407 2 097 2 890 

2011-05-06 -463 36 7.3 0.8 -30 7.9 2.3 39 10 897 2 452 3 207 

2011-05-09 -460 53 7.2 0.8 -59 7.9 2.1 39 10 859 2 352 3 329 

2011-05-11 -492 54 7.1 0.6 -75 7.9 2.1 39 10 863 2 288 3 408 

2011-05-13 -510 58 7.1 0.6 -79 7.9 2.2 39 10 873 2 307 3 284 

2011-05-16 -349 68 7.0 0.8 -10 7.7 2.2 39 10 547 1 734 1 875 

2011-05-18 -466 22 7.4 0.8 11 7.7 2.3 38 7 456 2 609 2 560 

2011-05-19 -509 26 7.3 0.8 -8 7.7 2.3 38 6 612 2 451 2 813 

2011-05-23 -145 182 7.0 0.8 46 7.8 2.3 38 1 656 2 096 2 232 

2011-05-25 -408 16 7.4 0.8 6 7.7 2.3 38 453 2 656 3 067 

2011-05-27 -427 33 7.4 0.8 7 7.6 2.3 19 4 969 2 621 3 423 

2011-05-30 -414 50 7.3 0.8 -3 7.9 2.3 18 8 476 2 406 3 711 

2011-06-01 -437 -13 7.6 0.3 9 7.8 2.2 20 8 910 3 054 3 353 

2011-06-03 -458 3 7.7 0.6 11 7.7 2.2 20 8 810 3 058 3 117 

2011-06-07 -504 39 7.4 0.8 -15 7.6 2.2 20 7 300 2 304 2 637 

2011-06-08 -431 24 7.4 0.7 -8 7.6 2.2 21 9 496 2 335 2 510 

2011-06-10 -444 -8 7.4 0.9 -9 7.5 2.3 21 7 293 2 540 2 551 

2011-06-13 -462 13 7.5 0.7 12 7.5 2.2 23 7 029 2 533 2 254 

2011-06-15 -491 9 7.5 0.7 -17 7.5 2.2 22 6 361 2 457 2 335 

2011-06-17 -484 9 7.5 0.7 -9 7.5 2.3 21 5 676 2 365 2 393 

2011-06-20 -400 8 7.4 0.7 4 7.5 1.9 21 4 365 2 162 2 331 

2011-06-21 -445 12 7.4 0.7 7 7.4 1.8 21 4 194 2 147 2 290 

2011-06-23 -401 -9 7.4 0.6 48 7.3 1.8 21 5 471 2 298 2 308 

2011-06-27 -483 -17 7.4 0.7 66 7.3 1.7 20 6 942 2 218 2 490 

2011-07-04 -518 39 7.2 0.4 -19 7.2 0.8 22 5 114 1 918 2 229 

2011-07-06 -508 26 7.2 0.5 -30 7.2 0.8 22 4 923 2 055 2 281 

2011-07-08 -503 -5 7.5 0.6 -31 7.4 1.1 23 5 745 2 797 2 746 

2011-07-11 -429 -10 7.5 0.8 -39 7.4 0.8 24 7 517 2 506 2 101 

2011-07-13 -348 -39 7.5 0.8 -25 7.5 1.3 23 6 976 2 545 2 162 

2011-07-15 -363 -38 7.5 0.8 -3 7.4 1.3 22 6 808 2 543 1 974 

2011-07-18 -458 -39 7.5 0.8 46 7.3 1.3 23 6 556 2 446 1 941 

2011-07-20 -297 -33 7.6 0.8 5 7.4 1.4 22 7 601 2 898 2 081 

2011-07-22 -305 -15 7.7 0.8 -25 7.5 1.3 22 8 658 3 244 2 053 

2011-07-25 -448 16 7.3 0.8 -68 7.4 1.3 21 8 001 1 936 1 919 
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APPENDIX II N2O EMISSION DURING DEAMMONIFICATION 
PROCESS. DATA COLLECTED FROM 18.04 - 25.07.2011 
Average values of N2O emission in liquid phase in both reactors. 

  N2O emission 

  phase: liquid N2O in N-load [%] 

   [μmol/L] [mg/L]  average 
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2011-05-23 6.4 0.28 0.03 

0.03 

2011-05-25 5.5 0.24 0.03 
2011-06-01 7.8 0.34 0.04 
2011-06-02 7.1 0.31 0.04 
2011-06-03 8.0 0.35 0.04 
2011-06-07 4.7 0.21 0.02 
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2011-06-13 4.1 0.18 0.02 

0.02 
2011-06-14 3.7 0.16 0.02 
2011-06-15 3.4 0.15 0.02 
2011-06-20 2.8 0.12 0.02 
2011-06-21 2.3 0.10 0.01 
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2011-06-23 1.7 0.07 0.01 

0.03 

2011-06-24 1.5 0.07 0.01 
2011-06-25 1.4 0.06 0.01 
2011-06-26 1.6 0.07 0.01 
2011-06-27 1.4 0.06 0.01 
2011-06-28 2.4 0.11 0.01 
2011-06-29 3.6 0.16 0.04 
2011-07-01 3.7 0.16 0.04 
2011-07-02 5.9 0.26 0.07 
2011-07-03 8.1 0.36 0.09 
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2011-07-04 10.2 0.45 0.11 

0.15 
2011-07-05 4.9 0.22 0.05 
2011-07-06 8.3 0.37 0.06 
2011-07-11 37.4 1.65 0.26 
2011-07-12 36.2 1.59 0.25 
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2011-07-13 35.8 1.58 0.23 

0.39 

2011-07-14 39.4 1.73 0.25 
2011-07-15 47.1 2.07 0.30 
2011-07-16 56.5 2.49 0.36 
2011-07-17 75.8 3.34 0.48 
2011-07-18 85.4 3.76 0.54 
2011-07-19 82.7 3.64 0.52 
2011-07-20 77.8 3.42 0.45 
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2011-07-22 50.4 2.22 0.29 

0.28 2011-07-23 51.3 2.26 0.29 
2011-07-24 49.7 2.19 0.29 
2011-07-25 40.9 1.80 0.23 
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Nitrous oxide emissions from deammonification process under different operation conditions. 

Average value of N2O emission in gaseous phase in both reactors. 
  N2O emission 

 phase: gaseous N2O in N-load [%] 
   [ppm]  average 
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2011-04-18 5.2 0.81 

1.0 2011-04-19 5.7 0.89 
2011-04-20 6.6 1.03 
2011-04-21 7.1 1.11 
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2011-05-16 28.7 3.14 

2.4 

2011-05-17 30.9 3.39 
2011-05-18 29.3 3.25 
2011-05-19 28.0 3.11 
2011-05-20 29.0 3.22 
2011-05-21 24.9 2.76 
2011-05-23 13.5 1.50 
2011-05-24 22.4 2.49 
2011-05-25 18.5 2.12 
2011-05-26 18.3 2.10 
2011-06-04 17.9 2.05 
2011-06-05 16.0 1.83 
2011-06-06 15.1 1.73 
2011-06-09 21.2 2.49 
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2011-06-10 20.0 2.34 

2.0 

2011-06-11 20.0 2.34 
2011-06-12 19.1 2.24 
2011-06-13 18.8 2.20 
2011-06-14 20.5 2.40 
2011-06-15 20.0 2.16 
2011-06-16 20.7 2.24 
2011-06-20 15.8 1.71 
2011-06-21 12.7 1.36 
2011-06-22 10.2 1.09 
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2011-06-23 11.4 1.22 

1.6 

2011-06-24 10.2 1.09 
2011-06-28 12.7 1.36 
2011-06-29 12.4 2.76 
2011-06-30 5.3 1.18 
2011-07-02 11.7 2.61 
2011-07-03 6.8 1.52 
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2011-07-04 5.4 1.20 

1.4 

2011-07-05 6.3 1.40 
2011-07-06 6.9 0.96 
2011-07-08 10.6 1.48 
2011-07-09 11.4 1.59 
2011-07-10 10.4 1.45 
2011-07-11 9.5 1.33 
2011-07-12 13.5 1.89 
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2011-07-13 9.3 1.18 

1.5 

2011-07-15 11.3 1.43 
2011-07-16 10.8 1.37 
2011-07-17 11.2 1.42 
2011-07-18 12.2 1.55 
2011-07-19 13.9 1.77 
2011-07-20 13.6 1.57 
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