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Preface

This report presents an overview of studies on deammonification processes performed
by the joint research group from Royal Institute of Technology (KTH) and IVL Swedish
Environmental Research Institute during the years 2008 - 2014 at the Research and
Development  Facility = Hammarby  Sjostadsverk in  Stockholm, Sweden
(www.hammarbysjostadsverk.se). The Water and Sewage Technology Research Group
at KTH has been working with wastewater technologies based on the dammonification
process since 1999. Their earlier investigations have resulted in the first full-scale
application in Scandinavia of deammonification for supernatant treatment at
Himmerfjarden Wastewater Treatment Plant (2007). Studies performed by IVL/KTH

at Hammarby Sjostadsverk have contributed to gather more knowledge about
implementation of the deammonification process for both supernatant and mainstream
treatment. The experimental work has resulted in three licentiate-theses (Jingjing
Yang, Andriy Malovanyy, and Razia Sultana), 10 master thesis and several publications
in pre-reviewed international journals and conference presentations, among others.

Financial support has been granted by the Foundation for IVL Swedish Environmental
Research Institute (SIVL), Swedish Water Development (SVU), the Swedish Research
Council Formas, Vinnova, Swedish Institute (SI Visby Programme), Lars Erik Lundberg
Foundation, KTH (Land and Water Resources Department), and Chalmers University
of Technology (Department of Civil and Environmental Engineering ). Moreover,
research grants for exchange postdoctoral researchers, exchange PhD students and
master students have been obtained from: EU in the framework of European Social
Fund through Warsaw University of Technology Development Program (scholarship
for Monika Zubrowska-Sudol), EU in framework of EU ESF (European Science
Foundation) through University of Santiago de Compostela, Spain (scholarship for
Isaac Fernandez Rodriguez), Ministry of Education and Science of Ukraine (scholarship
for Andriy Malovanyy), EU in framework of ERASMUS programme (exchange master
students).

Editors

Christian Baresel, IVL Swedish Environmental Research Institute
Elzbieta Plaza, KTH Royal Institute of Technology

Stockholm, October 2014


http://www.hammarbysjostadsverk.se/
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Summary

Nitrogen removal in wastewater treatment plants (WWTPSs) is one of the most crucial

end-of-pipe actions by which society can protect the environment from anthropogenic

nitrogen loads that would otherwise have a negative impact on natural water systems.
With out nitrogen removal from municipal wastewater, many ecosystems would have
more problems with eutrophication and oxygen depletion and algae blooming as result,
as challenges in regions such as the Baltic Sea illustrate.An increasing population and
the restoration, or at least maintenance, of our ecosystem will in the future require even
more stringent nitrogen removal targets than we have today.

Nitrogen removal in WWTPs is also one of the most resourceintensive processes,
which require s both a high amount of energy needed for aeration in the nitrification
process as well as external carbon sources addition in the form of methanol/ethanol for
the denitrification process. As the use of theseresourcescontributes to impacts on our
environment, reducing energy and resource consumption in nitrogen removal is one of
the most focused research and development (R&D) areasin wastewater treatment
worldwide.

The most significant step towards a more sustainable nitrogen removal has been
accomplished with the implementation of the deammonification process based on
nitritation/anammox  in side-stream treatment, i.e. the treatment of ammonium -rich
supernatant from digested sludge dewatering. However, the process can be improved
further in many different ways .

The upcoming application of the deammonification process is for the mainstream, i.e.
wastewater with low concentration and temperature. The pioneering work by a group
consisting of researchers and experts from the Royal Institute of Technology (KTH) and
IVL Swedish Environmental Research Institute has a significant share in this research
field.

This Synthesis report provides an overview of the work performed by the KTH/IVL

R&D-group at the R&D-facility Hammarby Sjostadsverk in Stockholm since the
collaborative activities were initiated in 2008 . The expertise of KTH stretches longer
back than this (starting from year 1999 with first studies in laboratory scale), but this
report has the aim to present the KTH/IVL research of the last years (2008-2014) and
provide an overview of the expertise and potential that the group has within the field of
deammonification in all its applications.

The main competences and research focus of the KTH/IVL group includes:

Side-stream deammonification process operation and control

Mainstream deammonification process operation and control
GHG-emissions measurement and control from deammonification processes
Holistic WWTP -system approaches including deammonification processes

P E

This Synthesis report does not include a review o f the researchingroups©®o
relation to other international research. However, the included review of performed
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research and | isted publications wil/l provide
addition, interested collaboration partner are invited to see the actual work at the R&D-
facility Hammarby Sjostadsverk.

The shared goal by the group members is clear: Sidestream and Mainstream
Deammonification process for Energy Positive Nitrogen Removal as a part of creating
water resource recovery facilities previously known as wastewater treatment plants.
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Sammanfattning

Kvavereduktion i kommunala avloppsreningsverk (ARV) ar en av samhallets viktigaste
uppgifter for att minska den negativa miljopaverkan antropogent (méanskligt orsakat)
kvave annars har i naturliga vattensystem. Utan kvéavereduktion skulle utslappt
avloppsvatten orsaka 6vergodning med syrebrist och algblomning som f6ljd. Detta kan
tydligt ses i regioner dar kvavereduktion i ARV ej &nnu ar implementerat , men &ven i
regioner sdsom Ostersjon dar det redan finns implementerat i hég grad. En 6kad
befolkning i kombination med ett aterstéllande, eller atminstone bibehallande av
befintlig vattenkvalité, kommer i framtiden innebéara krav for ytterligare forbattra d
kvavereduktion.

Kvavereduktion i ARV ar en valdigt resursintensiv process. Det kravs resurser bade i
form av energi till luftning i nitrifikationsprocessen samt metanol eller etanol som
tillsatts som kolkalla i denitrifikationsprocessen. En stor forbru kning av dessa resurser
medfor sdledes ocksa en negativ miljopaverkan vilket ger att det ar en balansgang att
uppnd en god kvavereduktion med sa liten resursférbrukning som mdgjligt. Denna
balansgang har medfort att kvavereduktion i ARV numera ar ett av de storsta
forskningsomradena i varlden idag.

Det tydligaste steget mot en mer resurseffektiv kvavereduktion har astadkommits
genom fullskaleimplementering av deammonifikationsprocessen fér rening av
sidostrommar, det vill siga koncentrerat tempererat rejekt vatten fran slamavvattning.

Deammonifikationsprocessen for rejektvattenbehandling kan dock ytterligare
forbattras med avseende pa flera aspekter, vilket forskning visat. Ett annat viktigt
bidrag mot en mer resurseffektiv kvavereduktion sker just nu genom forskning inom
omradet for rening av huvudstromsvatten med deammonifikationsprocessen, det vill
saga vanligt avloppsvatten med lagre koncentration och temperatur jamfért med
rejektvatten. En stor del av arbetet i bada dessa omraden har utforts av en grupp
bestaende av forskare och experter fran Kungliga Tekniska Hogskolan och IVL Svenska
Miljcinstitutet. | forskargruppen s framsta kompetenser och fokusomraden ingar:

A Sidostrémsdeammonifikation, drift och styrning

A Huvudstrémsdeammonifikation, drift och styrn ing

A Utslapp av vaxthusgaser fran deammonifikationsprocessen, matning och
styrning

A Kompletta avloppsvattenreningssystem med deammonifikationsprocessen
inkluderad

Denna rapport innehdller en sammanfattning av arbete och studier utférda av
forskargruppen, sedan initiativet om gemensamma forskningsaktiviteter pa

forskningsanlaggningen Hammarby Sjostadsverk startade ar 2008 fram tills idag, ar

2014. Expertisen inom gruppen stracker sig dock langre bak i tiden (med de forsta
studierna i labbskala ar 1999), men en sammanfattning fran de senaste aren (2008-
2014) ger en god oversikt dver den expertis och potential som denna grupp har inom
omradet deammonifikation och dess méjliga applikationer.
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Det gemensamma malet inom forskargruppen ar tydligt: Sidostroms - och
huvudstromsdeammonifikation for energipositiv kvavereduktion som en del av att
utveckla resurseffektiva vattenanlaggningar, tidigare benamnda
avloppsvattenreningsverk.
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1 Introduction and background

1.1 General

Large efforts are made in the field of nitrogen removal in wastewater treatment plants
(WWTPSs) since nitrogen is one of the main targets substances that have to be removed
in order to prevent negative effects in the environment. Both, direct nitrogen loads to
WWTPs from the sewer system and internal loadings from e.g. sludge dewatering are in
focus of worldwide research activities in order to make the resource-intensive removal
of nitrogen more resource-efficient and to decrease the total environmental impact by
considering all kinds of direct and indirect emissions from nitrogen removal processes.

The majority of WWTPs, also in Sweden, remove nitrogen by using traditional activated
sludge nitrification/denitrification processes. Many facilities also add a carbon source
in the denitrification step, both as external (for example methanol) and internal carbon
source (from hydrolysis of sludge). Only about 23% (16facilities; status year 2013) of
Swedish facilities have a separate supernatant treatment and appy sequencing batch
reactor (SBR) technology and 3 facilities use deammonification process of which the
first installation in Sweden (at Himmerfjarden WWTP) was based on work from KTH
research group (see sectionl.5. New requirements on nitrogen treatment will probably
imply an increased number of installations for separate supernatant treatment.

1.2 Deammonification as a new pathway for nitrogen removal
The Deammonification process is based on nitritation (oxidation of about half of
influent ammonium nitrogen to nitrite nitrogen without further oxidation of nitrite)

and the Anammox process (Anaerobic ammonium oxidation, reaction between formed
nitrite and remaining ammon ium to nitrogen gas). The process opens for a more cost
effective nitrogen removal from wastewater. Deammonification is considered more
environmental friendly compared with conventional nitrification/denitrification
processes due to decreased energy requaments, no need for an external carbon source
and lower emission of greenhousegases {Table 1.1).

The recently discovered autotrophic bacteria responsible for Anammox reaction belong
to the order of the Planctomycetales (Strous et al., 1999a). Before they were identified
by microbiolo gists, the existence of Anammox bacteria was preliminary predicted by
Engelbert Broda in 1977(Broda, 1977).

Table 1.1. Comparison of traditional nitrification/denitrification and deammonification
processes in terms of sustainability indicators (Trela et al., 2004c).

External C L
Energy (methanol) €O, €Mission  itrous oxide
[kWh/kg N] [ka/kg N] [ton/ton N] emission
Traditional 1.3 2.3 3.5 High
nitrification/denitrification
Deammonification 0.5 0 0.4 Low
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Energy savings! No external C-source!

Nitritation - " irification

5 === Nitratation

-+=  Denitrification
—— Anammox
Figure 1.1. Scheme of nitrification/denitrification and deammonification processes. The nitritation is
common for both processes, but anammox (red arrows) replaces both nitratation and denitrification, which
saves both energy and addition of carbon (modified Trela et al., 2005).

Deammonification can be performed as a one-stage or a two-stage process. In a one
stage deammonification process, the biomass normally forms a biofilm to allow
simultaneous performance of nitritation and anammox processes. The biofilm can
either be in granule (Winkler et al., 2012) form or grow on carriers, like Kaldnes
carriers. In a one-stage deammonification process, ammonium oxidizers exist in the
outer layer of the biofilm and anammox bacteria are present in the inner layer.
Therefore, anammox bacteria can avoid oxygen, which can cause inhibiton effect on
anammox bacteria.

1.3 R&D-facility Hammarby Sjostadsverk

Because the majority of activities referred to in this report are based on work carried
out at the R&D-facility Hammarby Sjostadsverk (www.hammarbysjostadsverk.se) a
brief introduction to this facility is provided.

Hammarby Sjostadsverk is a platform for research, development, and exchange of
knowledge and technologies in water treatment and related environmental technology.
It promotes cooperation among companies, experts/researchers, and municipal sewage
treatment plants to meet future challenges in the water and wastewater sector and aims
to increase export of Swedish knowledge and technology. The facility is used for long
term national and international research programs and projects and for consultancy,
testing, and development for the industry and other collaborates.

The facility is owned and operated by a consortium led by IVL Swedish Environmental
Research Institute and the Royal Institute of Technology (KTH). Hammarby
Sj°stadsverk i S Swedenos |l eading and

development facility in water purification technology. The facility contributes through

research and demonstration to a profiling and increase of Swedish knowhow related to
water and environmental technology.

nter n.
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At the Hammarby Sjostadsverk plant, research and development work within
wastewater treatment is undertaken within the scope of various projects:

Requirements on incoming water (causes for operational disturbance)
Optimization of existing aerobic and anaerobic processes

Complementary treatment of outgoing wastewater

Process control and monitoring technology

Treatment of secondary flows

Climate-effective treatment technologies

Increased biogas production

Development of new techniques and processes to meet more stringent water
quality r equirements

> 3> I I T T I

Hammarby Sjostadsverk plant is also used

A for applied research and development
A as reference and demonstration plant
A as training and knowledge exchange platform

1.4 Studied Pilot-scale system

Two moving bed biofilm reactors (MBBRS), with a total working volume of 200 L each,
have been operated at the R&Dfacility Hammarby Sjéstadsverk (since 2008). Forty
percent (80 L) of the reactor volume was filled with Kaldnes K1 biofilm carriers. Air was
supplied from the bottom of the reactors and DO concentration was
controlled/regulated by a PID controller. Sufficient mixing was achieved with a
mechanical stirrer and the targeted water temperature was controlled with a heater.
Influent supernatant was continuously fed into the reactors that were equipped wi th
online instruments to measure pH, redox, conductivity, temperature, and DO

concentration.

Conductivity

pH
Redox
DO

Conductivity
Redox

o
o
[+]
(-]

I

I

O 0O OO0 O I
o

oo I

OOU

o0

0o 0

Influent Tank MBBR Settler
Figure 1.2. The scheme of pilot-scale MBBR (Yang et al., 2011a).
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Figu .3. Pilot reactors at Hammarby Sjostadsverk (left) and Kaldnes biofilm carriers K1 (right).

1.5 Studied Full-scale system

Much experience and knowledge of the current work is based onlaboratory scale and
pilot scale experiments and later on full -scale implementation of the deammonification

process at Himmerfjarden wastewater treatment plant (SYVAB) that is still in

operation. Here, the Royal Institute of Technology (KTH) initially conducted research

on developing a costeffective nitrogen treatment method for supernatant obtained

from dewatering of digested sludge. Experiments were first performed in a pilot plant

built by PURAC AB.

The initial studies included experiments in lab -scale (two 8 L reactors) since 1999 at
KTH. Those were completed with pilot -scale (2 x 2.1 m§) at Himmerfjardsverket in
2001-2007, and finally the first full -scale plant in Sweden with deammonification in
2007. Initially, both two -stage and onestage processes were tested. However, due to
several advantages the one-stage process was later selected for the fullscale
implementation and it still makes the basis of the on -going research.

Figure 1.4. Used deammonification systems at Himmerfjardsverket, from lab-scale over pilot-scale to full-
scale treatment of supernatant.

More information about this R&D -work including a more comprehensive background,
relevance of the work compared to other activities in the field, methods, results, and
evaluation can be found in following publications by the R&D -group:
A Cema, G. 2009. Comparative study on different Anammox systems. Land and
Water Resources Engineering, KTH, Stockholm, TRITA-LWR PhD Thesis 1053.
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Ce ma, G. , Szat kows k a, B. , P-G&@skaa J. 2086. , Trel a
Nitrogen removal rates at a technical-scale pilot plant with the one-stage partial
nitritation/Anammox process. Water Science and Technology54(8), 209-217.

Cema G. |, JFEQ SurnaaczGorska, J., Trela, J and Miksch, K. 2005. Study on

evaluation of kinetic parameters for Anammox process. In: Proceedings of the

| WA Specialized Conference ANutrient Manage
Processes and Re-2lSeptembeR2006,Kmkiw, &glandl 9

Gut, L., Plaza, E. Hultman, B. 2007. Assessnent of a two-step partial
nitritation/Anammox system with implementation of multivariate data analysis,

Chemometrics and intelligent laboratory systems, 86, 26-34.

Gut, L. 2006. Assessment of a partial nitration/Anammox system for nitrogen

removal, Licentiate Thesis TRITA-LWR LIC 2031.

Gut, L., Plaza, E.,Trela, J., Hultman, B. & Bosander, J. 2005a.Combined partial
nitritation/Anammox system for treatment of digester supernatant. Water

Science and Technology, 53(12), 19-159.

Gut , L., Pgaza, E. , DJ u g o g artialanijtritatdn & Hul t m:
process assessment. Vatten, 61(3), 17482.

Plaza, E., Stridh, S., Ornmark, J., Kanders, L. & Trela, J. 2011.Swedish

experience of the deammonification process in a biofilm system. Proc. of the

| WA/ WEF Specialized conference ANutrient r e
12 January 2011, Miami, Florida, USA, 13331345.

Szatkowska, B., Cema, G., Plaza, E., Trela, J. & Hultman, B. 2007aOne-stage

system with partial nitritation a nd Anammox processes in moving-bed reactor.

Water Science and Technology, 55, (89), 19-26.

Szatkowska B. 2007b. Performance and control of biofilm systems with partial

nitritation and Anammox for supernatant treatment. Land and Water Resources

Engineering, KTH, Stockholm, TRITA-LWR PhD Thesis 1035.

Szat kows k a, B. Pgaza, E. , Trel a, J ., Hul t
Combined partial nitritation and Anammox biofilm system as a sustainable

solution for supernatant treatment. Water Practice and Technology, 2(1)
doi10.2166/wpt.2007.0005.

Szat kowska B. , Cema G. , Pgaza, QnestageTrel a J.
system with partial nitritation and Anammox processes in moving -bed biofilm

reactor. I n: Proceedings of t he ybst8S8 Speci a
V1 0,1 22Skptember 2006, Amsterdam, The Nederland.

Szat kows k a, B. , P § a z a Nitrogen remSovalTrates linathe J . 200 ¢
deammoni fication process: batch experiments

Worl d Water Congr es s akach,d92& Septentber 20040 n 0O , Mar r
Szatkowska, B. 2004. Treatment of ammonium-rich wastewater by partial
nitritation/Anammox in a biofilm system. Land and Water Resources

Engineering, KTH, Stockholm, Licentiate thesis, TRITA -LWR.LIC 2023.

Szatkowska, B., Pgaza, E.  Monfterieglofinitogén. & Hul t
removal processes by use of conductivity measurementsVatten 60(2), 11%+118.

Trela, J., Hultman, B., Plaza E., Levlin, E., Fernandez, |. 2009. Matteknik for att

styra och optimera deammonifikation. (Measurements for monitoring,

controlling and optimisation of deammonification). Svenskt Vatten Utveckling

2009-11.
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Trela, J., Plaza, E., Hultman, B., Cema, G., Bosander, J., Levlin, E. 2008.

Utvardering av enstegsprocess fér deammaifikation. Svenskt Vatten Utveckling

2008-1.

Trel a, J ., Hul t man, B. , Pgaza, E. , Szat kows
2006. Framtagande av underlag for dimensionering, drift och
processodvervakning av deammonifikation vid kommunala avloppsverk

Stockholm. VA-Forsk 2006-15.

Trela, J., Plaza, E., Gut, L., Szatkowska B., Hultman, B. & Bosander, J. 2005.
Deammonifikation, en ny process for behandling av avloppsstrommar med hdg

kvavehalti fortsatta pilot -plant experiment. VA -Forsk 2005-14.

Trela,J.,Pgaza, E. , Szat kows k a, B. , Hul t man, B. ,
2004a. Piloti plant experiments with combined nitritation and anaerobic
ammonium oxidation (Anammox) in biofilm sysi
IWA World Water Congress and Exhibition 6 , Ma r r 24&Semtemper 2004.
Trela, J., Pjaza, E., Szatkowska, B., Hul t m

2004b. Deammonification as a new process for treatment of wastewater with
high nitrogen content. Vatten 60(2), 119-127.

Trel a, J .E,, Szhtkpaskaa B., Gut, L. & Hulman, B. 2004c.
Deammonifikation som en ny process for behandling av avloppsstrommar med
hdg kvavehalti experiment i pilot -skala. Stockholm. VA-FORSK 2004-09.
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2 Key working fields and results

The following pages provide an overview of the work, including focus areas, the
research team at KTH/IVL has been working with. This includes the majority of
activities that have been carried out since the startup at the R&D-facility Hammarby
Sjostadsverk (www.hammarbysjostadsverk.se). However, some of the previous work
prior to 2008 is referred to as well, if relevant and connected to the subject.

Key working topics covered during the considered period include:

A Side-stream treatment by deammonification process
1 Deammonification control by different aeration strategies
1 Deammonification control by ORP value
9 Evaluate microbial activity in deammonification process
A Nitrous oxide (N 20) emissions
I Emissions from pilot -scale deammonification systems for supernatant
treatment
I Emissions from full -scale deammonification systems for supernatant
treatment
A Mainstream treatment by deammonification process
1 Deammonification process after ammonium concentration by ion
exchange
i Temperature influence on deammonification performance
1 Deammonification process at low concentrations and low temperatures
1 Combination of anaerobic treatment with UASB and mainstre am
deammonification process

2.1 Side-stream treatment by deammonification process

2.1.1 Introduction

Sludge handling at WWTPs after dewatering of digested sludge generates ammonium
rich water, called reject water or supernatant. Often anaerobic sludge digestion is used
at larger WWTPs for sludge stabilization and biogas production. The ammonium

concentration in the supernatant can be as high as up to 2000 g/m 3. Returning this

supernatant to the inflow of the WWTP, which is commonly practiced in smaller and

medium size WWTP, implies an increase in nitrogen load by about 15 20% on average,
with reference to the total inlet nitrogen load. Therefore, mostly larger facilities have

started to setup a separate supernatant treatment to reduce the internal load
significantly and thus being able to achieve lower effluent nitrogen concentrations.

Physical-chemical methods such as ammonia stripping or ion exchange etc. have some
drawbacks if compared to biological nitrogen removal. This includes higher treatment
costs, small camacity, and release of secondary pollutants or products that are difficult
to handle. The high nitrogen concentration and temperature of supernatant favors
biological methods of which deammonification was identified as one of the most
promising applications for supernatant treatment in the last decades.


http://www.hammarbysjostadsverk.se/
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2.1.2 Deammonification control by different aeration strategies

2.1.2.1 Background
The aeration is one of the key parameters in stable deammonification process operation

and therefore much focus was placed here, carryingout experiments in both laboratory
and pilot-scale.

2.1.2.2 Materials and methods

To investigate removal rates under different aeration strategies, three series of batch
tests were carried out in lab-scale experiment based on different DO concentrations (2,
3 and 4 mg/L). Four tests have been done for each series of tests with different ratios of
duration between the non-aerated phase and aerated phase in 1 hour cycle (R =0, 1/3, 1
and 3). R stands for the ratio of duration between non-aerated and aerated phase in
each one hour. Each batch test was operated in cycle of 4 h distributed according to a
certain scheme.

2.1.2.3 Results and discussion

The results indicated that the highest deammonification rates were achieved at R=1/3
and DO concentration of 4 mg/L, which was 3.4 g N/m2 d (Figure 2.1). The obtained
results indicated that the impact of dissolved oxygen on deammonification was
dependent on the R-value. With a proper intermittent aeration, nitrogen removal
efficiency was able to reach the similar nitrogen removal efficiency under continuous
aeration with the same DO concentration. DO concentration also played an important
role to maintain high nitrogen removal. At R equal to 0 and 1/3, an increase of DO from
3 mg/L to 4 mg/L caused a significant increase in nitrogen removal rate. At R equal to 1
and 3, similar rates of the process were however observed irrespectively of the DO.

— 3.5 . 80%

5 aDo 2 my/l S 80% ODO 2 mg/l

£ 30 @DO 3 my/l P @DO 3 my/l

Z L5 S 60%

2 2 @DO 4 mg/l S @DO 4 my/l

8 20 5

= < 40%

3 1.5 - 3

£ IS

S 10 - £ 20%

o g

g 0% e

2 00 - z %

0 13 1 3 0 1/3 1 3
R[] R[]
Figure 2.1. Nitrogen removal rate (a) and nitrogen removal efficiency (b) in batch tests (Zubrowska-Sudol

et al., 2010).

2.1.2.4 Conclusions
The research work by the KTH/IVL group has shown that:
A In a deammonification process, partial nitritation and Anammox are occurring
simultaneously in the biofilm and nitrite production is the bottleneck of the
whole process.

A The DO-concentration together with an R -value is two crucial parameters for
deammonification process performance and efficiency.
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A The highest nitrogen removal rate and efficiency were achieved at R=1/3 and
DO concentration of 4 mg/L, although only 75% of airflow was used compared
with continuous aeration.

A Taking into account that the aeration costs are a significant part of the total
operational costs of WWTP, the use of an appropriately selected intermittent
aeration strategy could imply significant savings at no negative impacts on the
process performance.

2.1.2.5 Further Study
More information about this R& D-work including a more comprehensive background,
relevance of the work compared to other activities in the field, methods, results, and
evaluation can be found in following publications by the R&D -group:
A Yang, J. 2012. Controlling and monitoring of deammo nification process in
moving bed biofilm reactor. Licentiate thesis. KTH TRITA LWR LIC 2065.
A Yang, J., Trela, J., Plaza, E. 20118Activity of different groups of microorganisms
in moving -bed biofilm reactor with one stage deammonification process. In:
Proceedingsof the | WA Specialized C3hOcbeence ABI
2011, Shanghai, Chinal113124.
A Yang, J., Trela, J., Plaza, E. 2011binfluence of aeration strategy on behaviour of
different microorganisms in deammonification process. In: Proceedi ngs of the
international conference 0 ENSeptemben 2081b,t a | Bi o
Gdansk, Poland. Paper 10.
A Yang, J., ZubrowskaSudol, M., Trela, J., Plaza, E. 2011cInfluence of aeration
conditions on nitrogen removal rate in one -stage partial nitr ification/anammox
process. | n: Proceedings of the | WA Speci al
and Manage meh2tlan2afy 20019 Mian®, Florida. 1307-1320.
A Zubrowska-Sudol, M., Yang, J., Trela, J., Plaza, E. 2010.Evaluation of
deammonification pr ocess performance at different aeration strategies. Water
Science& Technology. 63(6), 11681176.

Also earlier studied in:
A Cema, G., Pgaza, E.-GorskarJe2D14.Dissdlved oxygeh assau r ma ¢ z
factor influencing nitrogen removal rates in a one-stage system with partial
nitritation and Anammox process. Water Science & Technology. Vol. 64(5),
1009-1015.

2.1.3 Deammonification control by ORP value

2.1.3.1 Background

In a one-stage deammonification process applied in a moving bed biofilm reactor
(MBBR), the redox potential value can be used as a monitoring parameter for process
performance and efficiency. The objective of this research topic was to investigate the
possbility of using the redox value as a control parameter to operate one-stage
deammonification process.
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2.1.3.2 Material and methods

The redox value was fixed by a PID controller at various setpoints. Different
combinations of nitrogen loads and redox potential v alues were tested in the pilot-scale
system treating reject water.

2.1.3.3 Results and discussion

The tested combinations revealed that redox value closed to pe=0 (corresponds to O
mV, 1 pe=59.2 mV) was the most suitable case in term of process performance at 25C.
The performance was stable during the complete experimental period and reached
nitrogen removal efficiency above 80% except the case when pe=l. With the fixed
redox potential value (pe=0) used in the system, air supply adjusted automatically with

the different nitrogen loads. Theoretical calculations showed that pe higher than 0.15
(at pH=7) offers a condition for nitrite transferring into nitrate at 25°C.
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Figure 2.2. Concentrations of different nitrogen compounds in the influent and effluent from MBBR (Yang
et al., 2014).

2.1.4 Conclusions
The research work by the KTH/IVL group has shown that:

A The Redox value can be usedis a control parameter for treating supernatant by
one-stage deammonification process. The highest nitrogen removal rate and
efficiency were obtained when redox value of 0 was applied among the tested
redox values (pe=-1, 0, +1)

A When the redox value was fxed at 0, the nitrogen removal efficiency was higher
than 70% with different nitrogen loads applied. Air supply into the system
showed linear correlation with nitrogen loads at the fixed redox value.

A Theoretical optimum pe value for preventing nitrate pro duction is 0.15 when
pH=7 and temperature of 25°C.

A Compared with the aeration control, redox control needs longer reaction time.
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2.1.4.1 Further study
More information about this R&D -work including a more comprehensive background,
relevance of the work compared to other activities in the field, methods, results, and
evaluation can be found in following publications by the R&D -group:
A Yang, J., Trela, J., Plaza, E., Wahlberg, O., Levlin, E., 2014Using oxidation -
reduction potential (ORP) as a control parameter in a single stage
deammonification process at room temperature. (Manuscript).

2.1.5 Evaluate microbial activity in deammonification process

2.1.5.1 Background

In an MBBR with one -stage deammonification process, ammonium-oxidizing bacteria
(AOB) and anammox bacteria (AnAOB) play the dominating roles for the process
performance and efficiency. However, heterotrophic bacteria and nitrite oxidizing
bacteria (NOB) are very hard to avoid due to the presence of small amounts of organic
matter and nitrite.

2.1.5.2 Materials and methods

In this study, an investigation has been carried out to evaluate the activity of nitrifiers,

heterotrophic bacteria, anammox bacteria, and denitrifiers in the biofilm of one -stage
deammonification MBBR under various aeration strategies and different nitroge n
loads. The methodology has been described in Yangt al. (2012a).

2.1.5.3 Results and discussion

The results showed that introduction of anaerobic phase (under intermittent aeration)
and high nitrogen load could enhance the activity of anammox bacteria. Oxygen
concentration in the bulk liquid of the reactor influenced the activity of AOB. It was
possible to limit the NOB activity in the deammonification process by providing regular
anaerobic phases. Heterotrophic bacteria activity was low when limited amount of
organic carbon was available.
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2.1.5.4 Conclusions
The research work by the KTH/IVL group has shown that:

A Deammonification involves the use of oxygen for partial nitritation and the use
of produced nitrite and remaining ammonium for the anammox reaction. To
keep anammox bacteria and AOB as dominating bacteria inside the system,
most strategies are directed towards ways to diminish the concentration of
electron donor and electron acceptor for competing bacteria (NOB, denitrifiers,
and heterotrophic bacteria).

2.1.5.5 Further study

More information about this R&D -work including a more comprehensive background,
relevance of the work compared to other activities in the field, methods, results, and
evaluation can be found in following publications by the R&D -group:

A Fernandez, I., Plaza, E., Trela, J., Hultman, B. & Méndez, R. 2011. Evaluation of
deammonification process by response surface models.Water, Air, and Soil
Pollution 215 (1-4), 299-309.

A Fernandez, |., Plaza, E., Trela, J., Hultman, B. & Mendez, R. 2009.Evaluation of
deammonification process by Anammox activity measurement. In: Proc. of the
IWA 2nd Specialized Confer enc e 9] Nutrient Management
Treat ment Pl ant s 0-9 Seftendédr 2089, 50P598. a n d 7

A Trela, J., Yang, J., Plaza, E., Levlin, E. 2014 Nitritation/anammox -processen for
rejektvattenbehandling. Svenskt Vatten Utveckling accepted for puHication.

A Trela, J., Hultman, B., Plaza E., Levlin, E., Fernandez, |. 2009. Matteknik for att
styra och optimera deammonifikation. (Measurements for monitoring,
controlling and optimisation of deammonification). Svenskt Vatten Utveckling
2009-11.

A Winkler, M., Yang, J., Kleerebezem, R., Plaza, E., Trela, J., Hultman, B., van
Loosdrecht, M. C. M. 2012. Nitrate reduction by organotrophicanammox
bacteria in a partial ni -trifying granular sludge and a moving bed biofilm reactor.
Bioresource Technology.114, 217223.

A Yang, J., Trela, J., Plaza, E. 2011aActivity of different groups of microorganisms
in moving -bed biofilm reactor with one stage deammonification process. In:
Proceedings of the | WA Speci al-B0zOetdberConf er en
2011,Shanghai, China. 113124.

A Yang, J. 2012. Controlling and monitoring of deammonification process in
moving bed biofilm reactor. Licentiate thesis, KTH TRITA LWR LIC 2065.

A Woéjcik, W. 2011. Evaluation of microbiological activity during the
deammonification pr ocess for nitrogen removal. TRITA LWR Degree Project,
11:26.

Also earlier studied in:

A Cema, G. , Szat kows Kk a, B. , -Borska, al., 06, Trel a,
Nitrogen removal rates at a technical-scale pilot plant with the one -stage partial
nitritation/ Anammox process.Water Science and Technology. 54(8), 209217.

A Cema, G. , P § a LGarska, E,. Trela, 9 & Miksclt, K. 2005. Study on
evaluation of kinetic parameters for Anammox process. In: Proceedings of the
| WA Specialized Conihagemenhio ¥astdvwiert Treatraemtf Ma
Processes and Re-RlySepteenbes2005¢KaakdsvpPoland, 9379

388.
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A Szatkowska, B., Cema, G., Plaza, E., Trela, J. & Hultman, B. 2007a0One-stage
system with partial nitritation and Anammox processes in moving -bed reactor.
Water Science and Technology, 55(89), 19-26.

A Szat kowsk a, B. , Ce ma, G. , Pgaza, -skge
system with partial nitritation and Anammox processes in moving -bed biofilm
reactor. In: Proceedings of the IWA Speciai zed Conference
V1 0,1 223keptember 2006, Amsterdam, The Nederland.

2.2 Nitrous oxide (N,O) emissions

2.2.1 Introduction

Greenhouse gas (GHG) emissions are an i
society. Even though treating wastewater is essentially positive for the environment
since it removes harmful substances that might cause damage to the receiving waters,
the treatment process itself has an impact on the environment, for instance through
greenhouse gas emissions. Speciaattention is given to nitrous oxide (N 20) emissions,
since it is a greenhouse gas about 300 times stronger than C@ As deammonification
process so far only have been implemented in side stream applications (with regard to
full -scale plants), emissions fom supernatant treatment have mostly been investigated.

It is important to mention that the formation of N >0 is not a specific phenomenon for
supernatant treatment but a common problem for all biological nitrogen removal
processes. Important is the amount of such emissions related to the treated nitrogen
flux and possibilities to reduce these emissions at maintained removal efficiency. The
reader can be informed that the R&D-group also has performed substantial work
within measuring, understanding, and r educing GHG-emissions from other biological
treatment steps in both pilot and full -scale applications.

Among the bacteria groups present in one-stage deammonification biofilm, nitrous

oxide can be produced as byproduct or reaction intermediate only by A OB, NOB and
denitrifying bacteria, since it has been proven that N,O is not a metabolite of anammox
reaction (Firestone et al., 1979; Freitag et al., 1990; Desloover et al., 2012). Reported
N20O production in full -scale supernatant treatment varies between 0.6-2.6% for the
partial nitritation but are as low as 0.6% of nitrogen loads from anammox process
(Chandran, 2011; Okabeet al., 2011). Although deammonification is attractive for its

low operation cost and energy demand, it has to be optimized against the higher carbon
footprint due to N.O emissions.

2.2.2 Emissions from pilot-scale deammonification systems for
supernatant treatment

2.2.2.1 Background

Measurements under controlled conditions and with the ability to measure entire flows
are necessary to understand the fundamentals of emission creation, dynamics, and
influencing factors.

Trel a,
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2.2.2.2 Materials and methods

The measurement of N.O emissions from deammonification process to the atmosphere
and in discharge was carried out in two pilot-scale onestage deammonification
MBBRs. One reactor (R1) was operated with intermittent aeration under 25°C and the
other (R2) was operated with continuous aeration at temper ature 19-22°C.
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Figure 2.4. Setup of N2O emissions in pilot-scale system (Yang et al., 2013a).

During the measurements, the reactor was sealed to achieve a closed system. Air was
supplied from the bottom of the reactor and an external pump, which delivered a
constant airflow rate, was used to collect the off-air above the water surface.
Considering that there are periods without air supply during intermittent aeration, an
extra inlet of air (for dilution and constant airflow) and a flow meter were installed.
Unisense nitrous oxide microelectrode and Teledyne analytical instruments (Model
GFC-7002E) were used to measure the nitrous oxide concentration in the liquid and
the gas phase, respectively.

2.2.2.3 Results and discussion

The results based on the measurements during several months showed that 0.42% of
nitrogen load was emitted as N2O to the atmosphere and less than 0.05% was released
as N.O dissolved in the outgoing water, which is comparable with the results obtained
by other studies. The range ofN»O emissions in R1 and R2 was 0.092.34 g N.O/d and
0.4-1.4gN,0/d, respectively, which was lower comparing with the results obtained
when measuring emission from a full-scale plant in the Netherlands (Kampschreur et
al., 2008) .
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Figure 2.5. Nitrogen loads and removal rates, and emissions of N,O from R1 (A) and R2 (B) (Yang et al.,

2.2.2.4 Conclusions

2013a).

The research work by the KTH/IVL group has shown that:

A Nitrous oxide emissions were related to the nitrogen loads, dissolved oxygen

concentrations, and ratio between non-aerated phase and aerated phase (R).
Large fraction of nitrous oxide is emitted into the air and only a minor part of
nitrous oxide emitted with effluent.

was converted into nitrous oxide gas.
Nitrous oxide emissions under intermittent and continuous aeration were

A
A In pilot -scale deammonification MBBR, around 0.4-2 % of the nitrogen load
A

comparable.

2.2.2.5 Further study

More information about this R&D-work including a more comprehensive background,

relevance of the work compared to other activities in the field, methods, results, and

evaluation can be found in following publications by the R&D -group:

A Jonsson, H., Baresel, C., Willén, A., YangJ., Trela, J., Junestedt, C., Tjus, K., Ek,
M., Rodhe, L. 2014. Reduce the greenhouse gas emissions from Swedish
wastewater and sewage sludge managementSvenskt Vatten AB, accepted for

publication.

A Tjus, K., Yang, J., Ek, M., Baresel, C., Trela, J. 2011Minimize emissions of
greenhouse gas from municipal wastewater treatment. | n

Proceedi

12 Nordic/NORDIWA Wastewater Conference, 365-370.

A Yang, J., Trela, J., Plaza, E., Tjus, K., 2013aN,O emissions from a one stage
partial nitrification/anamm ox process in moving bed biofilm reactors. Water

Science& Technology. 68(1), 144152.
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2.2.3 Emissions from full-scale deammonification systems for
supernatant treatment

2.2.3.1 Background

Measurements of emissions at full-scale systems provide information about actual
emissions under normal dynamics and impacts of treatment processes. This is not only
necessary to map emissions but also to understand dynamics and with help of general
knowledge gained from pilot-studied to mitigate emission production.

2.2.3.2 Materials and methods

Emission measurements were performed at the full-scale deammonification processes
for supernatant treatment at Himmerfjarden WWTP, Stockholm. The treatment
process conssted of two parallel lines (L1 and L2) filled with about 32% of biofilm
carriers (K1). DO concentration, pH, conductivity, and temperature were monitored
on-line in both treatment lines. As the treatment was used as part of the WWTP,
fluctuations in load and other process parameters existed. During the emission
measurements the average ammonium concentration of the influent supernatant was
1476 mg N/L, the DOC 380 mg/L, the alkalinity 4705 mg CaCOs/L and the pH 7.8. The
average temperature was 28°C.
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Figure 2.6. Set-up of N,O emissions measurement in full-scale deammonification system (Yang et al.,
2013a).
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Emissions to the atmosphere and the effluent water were measured utilizing the setup
designed by the research team (Figure 2.6). This setup, including a floating gas hood to
collect the gas from the water surface and micro sensors for the onlinemeasurement of
N20 concentration in water and other influencing parameters, facilitates the collection
of the emission data dynamic in both space and time. This is not possible with
traditional measuring methods that create results with high uncertainties. An extra air
inlet was introduced to the hood to enable gas flow to the off-gas analyzer during
periods without aeration. A dilution system was used to measure high N2O
concentrations in the off-gas. Various nitrous oxide analyzer (e.g. GFC7002E;
Teledyne Analytical Instruments; MIRAN 1B; Foxboro) were used for the online
measurement of N.O concentration in off-gas to ensure the accuracy of the obtained
results.

2.2.3.3 Results and discussion

Higher N 2O emission at the beginning of the measurement and the period of day 2325,
and at some days were related to changes/problems with the DO concentration. When
the aeration was stopped for a certain period of time, N,O emissions were much lower
comparing to the other days because most of the producedN;O remained in the liquid
phase and was consumed biologically leading to very little N,O stripping. The average
nitrogen removal efficiency of the process was around 81%. The average value df>.O
emissions was 131 kg N/d, which was 0.7 % of the nitrogen loads, 0.86% of the
removed nitrogen.
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Figure 2.7. Nitrogen loads, removal rates, and emissions of N>O from full-scale deammonification reactor

(Yang et al., 2013a).

2.2.3.4 Conclusions
The research work by the KTH/IVL group has shown that:

A The presented N,O concentration profiles in process water and process gas
clearly illustrate the dynamics in the formation of N;O in supernatant
treatment.

A Aerated and non-aerated periods were related with the increase or decrease of
N2O concentrations. Changes in the process will more or less directly influence
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the formation or N»O. Thus, N>O production is not only related to the nitrogen
loads and aeration but also to the stability of the process configuration.

A There is a consistency inN,O concentrations in both water and gas phase for the
pilot and full -scale MBBR.

A The variations in N,O concentrations, especially in the one-stage
deammonification MBBR, require real -time monitoring over a longer time in
order to include different operation conditions and process parameters affecting
the formation of N>O.

Emissions measurements have also leen carried out for two-stage deammonification
process in full-scale and for traditional nitrification/denitrification treatment of
supernatant, as well as on mainstream nitrification/denitrification processes.

2.2.3.5 Further study

More information about this R&D -work including a more comprehensive background,
relevance of the work compared to other activities in the field, methods, results, and
evaluation can be found in following publications by the R&D -group:

A Jonsson, H., Baresel, C., Willén, A., Yang, J., Tre, J., Junestedt, C., Tjus, K., Ek,
M., Rodhe, L. 2014. Reduce the greenhouse gas emissions from Swedish
wastewater and sewage sludge managementSvenskt Vatten AB, accepted for
publication.

A Sambola, A. 2012. NO emission in a full-scale partial nitrificat ion/anammox
process, TRITA LWR Degree Project 12:30.

A Stenstrém, F., Tjus, K., la Cour Jansen, J., 2014.0xygen-induced dynamics of
nitrous oxide in water and off -gas during the treatment of digester supernatant.
Water Science & Technology 69, 84. doi:10.266/wst.2013.558.

A Stenstrém, F., Tjus, K., la Cour Jansen, J. 2013a.Oxygen-induced dynamics of
nitrous oxide in water and off -gas during the treatment of digester supernatant.
IWA 2013 Holistic Sludge Management Conference, May 68, 2013 Vasteras,
Sweden.

A Stenstrém, F., Baresel, C., Jansen, J. la C., 2013bNitrous oxide production
under varied C/N-ratio and DO in an SBR treating digester supernatant, in:
NordIWA 2013. Presented at the NordIWA 2013, Malmaé.

A Tijus, K., Ek, M., Baresel, C. 2013a.Emissions of greenhouse gases from sewage
treatment at SYVAB Himmerfjardsverket. Technical report, IVL Swedish
Environmental Research Institute, U4113, (in Swedish).

A Tjus, K., Baresel, C., Ek, M. 2013b.Measurement of methane emission from the
sludge tank at Slottshagen WWTP, Norrkdping, IVL Swedish Environmental
Research Institute, Stockholm, (in Swedish).

A Yang, J., Trela, J., Plaza, E., Tjus, K., 2013aN,O emissions from a one stage
partial nitrification/anammox process in moving bed biofilm reactors. Water
Science&Technology. 68(1), 144152.

A Yang, J., Baresel, C., Tjus, K., Trela, J., 2013bNitrous oxide emissions from
different biological nitrogen removal processes treating reject water from sludge
dewatering. In Proceedings of IWA Specialized Conference Holistic Sludge
Management, May 6-8, 2013 Vasteras, Sweden.
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2.3 Mainstream treatment by deammonification process

Introduction

While a number of wastewater treatment plants have begun to implement the side
stream deammonification as a costeffective, efficient, and reliable option to treat high -
strength ammonia wastewater streams, in particular streams from dewatering of

anaerobic digested sludge, the techniques by which to sustain deammonification in the
colder and more dilute mainstream wastewater are yet to be defined. The application of
deammonification process is especially interesting in two-step systems where organic
matter is removed in the first stage by using techniques such as high rate activated
sludge, precipitation of organic matter by metal salt and poly mer addition, Upflow

Anaerobic Sludge Blanket (UASB) reactor or a combination of these methods. The
nitrogen removal is then accomplished in a separate step followed by phosphorous
removal.

However, there are several challenges to master beforedeammonification processes
can be implemented in mainstream wastewater treatment:

1. The dominance of NOB growth at lower temperatures makes the selection of

AOB over NOB not always successful. Moreover, NOB suppression by free
ammonia inhibition is not possi ble because of low ammonium concentration. If
NOB out-competes AOB, it leads to nitrate accumulation, which significantly
decreases nitrogen removal efficiency. Based on literature and results of
research done at Sjostadsverket, this is the biggest challege for reaching high
efficiency of nitrogen removal treating mainstream wastewater.

The possible solution for out-competing NOB is to optimize operation
parameters (DO, intermittent aeration phase duration, pH, inorganic carbon
concentration) for stimulat ing AOB growth and suppression of NOB growth.
Using IFAS system instead of MBBR is also a possible way for NOB out-
competition .

An effective retention of the Anammox biomass in a reactor is required. This is
because inflow nitrogen concentration in mainstr eam wastewater is low (2550
mg NH4*-N/L) and together with low yield and growth rate of Anammox
bacteria this leads to low Anammox biomass production.

One of the possible solutions is to use an attached growth systems where
Anammox bacteria grow as a bi ofilm on moving or fixed carriers.

Nitrogen transformation rates are about 70-80 % lower for mainstream
wastewater with yearly average temperature of 15 °C comparing to supernatant
treatment at 30 °C based on activation energies of deammonification reactions.
Moreover, because of lower ammonium and nitrite concentrations in the
process, even lower rate can be expected.

The solution for increasing nitrogen conversion can be based on either
increasing reaction rate by heating wastewater or treating wastewater at
actual temperature but increasing biomass concentration.

2.3.2 Investigated process configurations
There are several possibilities of the application of deammonification process for the
mainstream wastewater treatment. The phosphorous removal is not a primary problem
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because it is not disturbing the deammonification process in the same way as high
concentration of organics do. Therefore, focus is on a functional deammonification
process in the mainstream. The options, which have been included in our ongoing
research work, are fFigure 2.8):

l. High rate activated sludge (HRAS) systems > up-concentration of the effluent >
one-stage deammonification
Il. Upflow anaerobic sludge blanket (UASB) > up-concentration of the effluent >
one-stage deammonification
M. Upflow anaerobic sludge blanket (UASB) > one-stage MBBR deammonification
V. Upflow anaerobic sludge blanket (UASB) > one-stage IFAS deammonification

HRAS
SCR oc [ \

Ss

Combination with high rate activated sludge (HRAS) process

PN/A

I.
Y

Operation of deammonification in IFAS mode
Figure 2.8. Investigated process configuration with mainstream deammonification application.
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2.3.3 Deammonification process after ammonium concentration by ion
exchange

2.3.3.1 Background

One of the tested approaches for nitrogen removal from mainstream wastewater by
one-stage deammonification is a combination of biological treatment with ammonium
up-concentration by ion exchange. In such a system, deammonification is applied on
concentrated wastewater, which gives the advantage that the existing knowledge of
deammonification process operation for side-stream treatment can be used. Moreover,
the possibility of increasing the temperature of the wastewater, to reach comparable
conditions as for supernatant treatment, is more feasible since the wastewater wlume
is significantly reduced.

2.3.3.2 Materials and method

Ammonium concentration by ion exchange was studied using four types of ion
exchange materials: strong acid cation (SAC) resin, weak acid cation(WAC), natural
zeolite of clinoptilolite type and synthetic zeolite of type NaA. Both synthetic
wastewater of different content and pre-treated municipal wastewater were used in
different stages of the research on ammonium concentration. Further, differen t aspects
of ammonium concentration by ion exchange were studied and regeneration of the
exchange material was investigated.

2.3.3.3 Results and discussion

Based on the obtained results the most suitable ion exchange materials for ammonium
concentration from mun icipal wastewater are SAC resin and natural zeolite. The
advantage of natural zeolite is that it is highly selective for ammonium ion which in
practice means that mostly ammonium is removed from wastewater. On the other
hand, SAC resin allows obtaining much higher ammonium content in concentrated
stream but other ions (for instance Caz* and Mg?*) are also transferred.

Figure 2.9. Concentration of ammonium from synthetic wastewater using different ion exchange materials:
AT saturation from synthetic wastewater; B i regeneration with 30 g/L NaCl solution (Malovanyy et al.,
2013).

























































