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Glossary

AOB Ammonium Oxidizing Bacteria

AMX-stage  Anammox -stage

AnAOB Anaerobic Ammonium  Oxidizing bacteria (anammox)
CcoD Chemical Oxygen Demand

DO Dissolved Oxygen

MBBR Moving Bed Biofilm Reactor

IFAS Integrated Fixed Film Activated Sludge

NOB Nitrite Oxidizing bacteria

N-stage Nitritation -stage
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Executive summary

POWERSTERImMs to demonstrat e energy -positive wastewater treatment, which requires

the utilization of the internal carbon in the wastewater to produce biogas. An increased

carbon ex traction for biogas production challenges conventional nitrogen removal , in
which denitrifying bacteria depend on an easily accessible source of carbon. Hence,
POWERSTERocuses on novel concepts for nitrogen removal in the mainstream line, with
a minimum requirement of carbon. One of the se concepts is the mainstream
deammonifica tion process, in which autotrophic bacteria converts ammonia to
nitrogen gas, resulting in low energy demand for aeration, lower sludge production and

no need for carbon source.

This deliverable describes a technology for achieving stable nitrogen removal using the
Moving Bed Biofilm Reactor (MBBR) technology, in which the biology was controlled by
maintaining a thin biofilm thickness on the MBBR catrriers. Two different approaches for
mainstream deammonification were tested within the project. In the first phase, a two -
stage nitritation + anammox concept treating mainstream and sidestream water in an
alternating mode  was conducted . In the second phase, the two -stage configuration
was converted to a one -stage IFAS MBBR configuration, consisting of a regular one -
stage MBBR with the addition of an external settler allowing sludge retention

The main focus of this report is on the  two -stag e nitritation + anammox system, were the

feasibility of the process was demonstrated in two 50 m 3 reactors located at Sj6lunda

WWTP (Malm6, Sweden) . Both reactors were operated on reject water during start up,

in order to boost ammonium oxidizing bacteria ( AOB) and anammox growth,

respectively. In order to prevent establishment of nitrite oxidizing bacteria (NOB) , the N-

stage was equipped with  Anox KE Z-200 carriers, which limit the biofilm growth to a

maximum of 200 um , and the system was temporarily exposed to reject water. An on -

l ine control system (STAR Utility SolutionsE) wa

The main focu s of operation was on ensuring sufficient NOB suppression in the N-stage .
Several strategies based on altering the reject exposure were implemented . The
different alterations in reject exposure often resulted in a temporary suppression of NOB,
although AOB were sometimes also negatively affected. However, two major drops in

NOB activities were observed, most likely a result of a prolonged reject operat ion
frequently exposing the  biofilm in the nitritation  reactor to pH ranging between 5.5 and

8.3. Although this study demonstrated that NOB can be suppressed in the mainstream,

the availability of reject water may be limiting for the process.

In the secon d phase of the project, the  two -stage nitritation + anammox configuration
was reconstructed to a  one -stage IFAS MBBR were the process consisted of one 50 m 3
MBBR (previous anammox reactor in the  two -stage configuration) connected to a 50

m3 settler for sludge retention. The reactor was operated with reject water feed in order

to promote anammox growth for 217 days before the mainstream operation was
initiated. No periodic reject water exposure was applied on the one -stage IFAS MBBR
after starting the mainst ream operation. Currently, a removal rate of 0.0 4 kgNHs-
N/(m 3,d) has been achieved at 13°C and no NOB have been observed which is
promising for further evaluation . However, the one -stage IFAS MBBR operation on
mainstream water is  still in an early phase and data is limited. Hence, any conclusions
are still preliminary.

The project oOFul |l scale demonstration of energy positive sew
mar ket p e n e ROWERSTEPhas re¢eived funding under the European Union HORIZON 2020 o]
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1. Introduction

1.1. The energy positive wastewater treatment plant

Dondt underestimate the power of wastewater. Thi
of the EU co -funded project POWERSTEPR a project led by research and industry
players working to co nvert sewage treatment plants into power production facilities
while still achieving high quality water treatment . In Europe, the municipal wastewater
sector currently consumes the annual power gene rated by two large power plants.
Concurrently, organic matter contained in municipal wastewater accounts for 12 times

as much chemical energy potential. In conventional wastewater treatment, the
majority of this organic matter, or carbon source, is general ly being oxidized in aerobic
biological treatment and/or used for nitrogen removal through denitrification. To
achieve energy -positive wastewater treatment plants (WWTPSs), however, this carbon
source should instead be utilized to produce biogas.

An increased carbon extraction for biogas production typically challenges nitrogen

removal in conventional wastewater treatment plants, given the dependence of
denitrifying bacteria on an easily accessible source of carbon. Thus, POWERSTEP
focus es on diffe rent concepts to overcome this barrier and guarantee extensive
nitrogen removal with a minimum of carbon. One of the concepts tested is the
deammonification process, in which autotrophic bacteria converts ammonia to

nitrogen gas, resulting in low energy de  mand for aeration, lower sludge production and

no need for carbon source.

1.2. Traditional nitrogen removal

Traditional nitrogen removal typically consist s of two steps: aerobic oxidation of
ammonia to nitrate (i.e. nitrification) and the anoxic conversion of nitrate to nitrogen
gas by heterotrophic  bacteria (i.e. denitrification). Nitrification is performed in two steps,
by two groups of autotrophic bacteria . The first step is the oxidation of ammonia to
nitrite performed by a group of ammonium oxidizing bacte ria (AOB) (Equation 1) . The
best known AOB belong to the genera Nitrosomonas (Sliekers et al., 2002). However,
Nitrospira, Nitrosococcus, and Nitrosolobus are also capable to convert ammonia to
nitrite (Ahn, 2006).

6'0 -0 ° 606 00 ¢O (1)

The second step in nitrification is the conversion of nitrite to nitrate, performed by a
group of nitrite oxidizing bacteria (NOB)  (Equation 2) . The main NO B in biological
wastewater treatment belong to Nitrobacter and Nitrospira (Sliekerset al ., 2002).

00 -0 900 (2)
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Denitrificati on can be performed by many different kinds of heterotrophic bacteria,
using nitrate or nitrite as an electron acceptor in the absence of oxygen, and requires
the availability of carbon (Equation 3) . In wastewater treatment the carbon used for
denitrificat ion can either be sourced from the wastewater or added as an external
carbon source, typically in the form of methanol, ethanol, acetate or glycerine.

OB O £1 "QOG EEDPA 08 U 3)

1.3. Anammox , nitritation and the MBBR

The deammonification process relies on specialised autotrophic bacteria with
anaerobic ammonium oxidation (AnAOB), also called anammox. Ammonium and
nitrite are reduced under anoxic condition s without any requirements of organic
carbon (Equation 4 ) and with up to 60% savings of oxygen compared to traditional
nitrification -denitrification (Wett et al., 2013) .

. pEcl Tl # TG Opdig TR @L TR QH#/ 5. g CBIEG/ (4)
The reaction for simultaneous performance of AOB and AnAOB is shown in Equation 5.

( TPt mxPo Lo & g.¢p TP p/ ey /. T UYH 5. g
™oy p8 @ / (5)

Since AnAOB use nitrite, it is essential that the deammonification process only contain s
AOB and AnAOB, and prevents the establishment of NOB. Another key challenge in the
deammonification process is the slow growth of anammox bacteria. Hence, the first
successful implementations  of deamonification for wastewater treatment were done in
high -strength sidestream wastewater from dewatering of sludge liquor (i.e. reject
water) , where high temperature, high ammonia concentrations and low carbon
content secure favourable conditions for a nammox growth. Today, a wide range of
technologies for sidestream treatment with anammox can be found based on both
suspended sludge, granules and fixed film , with more than 100 installations completed
worldwide by 2014 (Lackner et al., 2014) . However, only a minor part of the total
nitrogen to be treated is found in the sidestream line, and the great benefit is not
obtained until deammonification is applied in the mainstream line with maximised
carbon extraction upstream.

Major challenges are still to be overcome for main stream application of
deammonification : (i) low temperature, (ii) low substrate concentration, (iii) high
CODIN ratio, (iv) ability to retain anammox in the system, (v) efficient nitrite oxidizing
bacteria (NOB) washout and (vi) final effluent quality (Xu et al., 2015). Out of all these
challenges, an efficient NOB washout strategy and a robust and easy way to retain
anammox in the system are seen as the most challenging ones (De Clippeleir et al.,
2013; Gustavsson et al., 2012; Wett et al., 2013)

The project oOFul |l scale demonstration of energy positive sew
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The Moving Bed Biofilm Reactor (MBBR) process, where bacteria are growing as a
biofilm on suspended carriers, offers the high flexibility required to meet these
challenges. In the MBBR, slow growing bacteria will safely be retained in the reactor

also at low temp eratures and at high hydraulic  flows, and the MBBR can be staged in
series to promote enrichment of different groups of bacteria dependent on reactor
conditions and substrate availability. But although the MBBR is ideal for retaining slow
growing bacteria, NOB bacteria can still thrive at mainstream conditions, and out -
compete the anammox for nitrite. Hence, careful operation strategies are required to

ensure stable mainstream deammonification.

1.4. Mainstream deammonification

Deammonification for treatment of reject water in a one -stage MBBR (Christensson et
al., 2013) (see Figure 1) is a state of the art technology and full scale processes have
been installed worldwide (Lackner et al., 2014). Although one-stage MBBRs have been
used to achieve deammonification  under mainstream conditions  (Gilbert et al., 2014;
Gustavsson et al., 2014; Lemaire et al., 2014) , the challenges of inhibiting NOB  remains.
In order to prevent NOB estab lishment and avoid oxygen inhi  bition of AnAOB, one -
stage deamonification = MBBRs mug generally operate at low dissolved oxygen (DO)
concentrations , which limits the activity of AOB. Since the AOB supplies nitrite to the
AnAOB, a limited AOB activity results in limited ni  trite availability for ANAOB , which slows
down the overall removal r ate of the process . In addition, if estab lished in the bio film,
NOB can be difficult to inhibit without damaging the AnAOB population when grown in
the same biofilm .

Biofilm

Carrier ‘
AOB in biofilm = NO, limitation

Figure 1: The concept of one-stage deammonification in the MBBR configuration

Interesting approaches to avoid NOB establishment in mainstream deammonification
are the two -stage MBBR (Piculell et al., 2016a) (Figure 2) and the one -stage Integrated
Fixed film Activated Sludge (IFAS) MBBR (Veuillet et al., 2014) (Figure 3) configurations, in
which the AOB and AnAOB biomass are grown in separate biomass fractions

In the first phase of the POWERSTEPproject , the novel approach to mainstream
deamonification with a two -stage MBBR configuration  (Piculell et al.,, 2016a) was

10
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demonstr ated in large -scale. In this two -stage configuration, the first reactor was

aerated at high DO to achieve efficient nitritation (N-stage) , followed by an anoxic,
mechanically mixed anammox reactor (AMX-stage ) (Figure 2). In order to ensure NOB
suppression in the aerated stage, the biofilm thickness was maintained below 200 T m

by using a n engineered biofilm carrier , specifically developed for biofilm  thickness
control (Piculell et al., 2016) . In addition, the feed to the N-stage was periodically
switched from low -strength, low -temperature mainstream wastewater to reject water at

high temperatures and concentrations. This sudden exposure to high substrate
concentrations and temperatures was expected to inhibit NOB gr owth in the thin
biofilm, and possibly also boost AOB activity (Piculell et al., 2016b) . This concept ha d
been shown fea sible in achieving stable nitritation at mainstream conditions in both

lab - and pilot -scale (Carlsson et al., 2016; Piculell et al., 2016a) , but evaluation of full-
scale implementation at real wastewater conditions and ambient temperatures
remained to be performed

2-stage MBBR

Biofilm

Carrier

Thin, exposed biofilm = NOB - o
Rt compemon

Figure 2: The concept of two -stage deammonification using MBBRs and biofilm control

In the second phase of the = POWERSTERroject, a one -stage IFAS MBBR process for
mainstream deammonification was evaluated. The IFAS process consists of a regular
one -stage MBBR with the addition of an external settler allowing sludge retention
(Figure 3). With this configuration, AnAOB preferentially grow in the biofilm while the
aerobic AOB (and NOB ) tend to grow in the suspende d sludge. This robust physical
separation between  AnAOB -rich biofilm carriers and AOB-rich suspended sludge allows
for control of the sludge age in the system and therefore selective wash -out of NOB
while retaining anammox.  The concept has been studied for mainstream treatment in

pilot scale at real wastewater conditions with promising results (Lemaire et al., 201 6), but
remain ed to be validated in  larger scale.

The project oOFul |l scale demonstration of energy positive sew
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AOB in flocs = less NO, limitation

Figure 3: The concept of one-stage deammonification in IFAS MBBR configuration

Cl
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2. Method

2.1. Overview

The overall strategy for the mainstream deammonification  plant in the POWERSTEP

project is to demonstrate the viability of the concept in full scale. Two different types of
primary treatment were tested ( Figure 4). Initially, the primary treatment  co nsisted of a
primary settler followed by a high rate activated sludge (HRAS) reactor, from which a
low COD effluent was fed to the mainstream deammonification . Later in the pr oject,
the primary treatment was  switched to a Hydrotech drum filter, in which the COD could
be removed by the combination of polymer, floccul ation and fine mesh screening

(connected to WP1 0 for a more detailed description see deliverable 1.2 Design and

performance of advanced primary treatment with microscreen).

When operat ing on the HRAS effluent, the two -stage MBBR configuration was applied,
while for the second phase, the two -stage configuration was convertedtoa one -stage
IFASMBBR due to the higher amount of soluble COD in the feed from the filtration unit,
as compared to th e HRAS effluent. During the second phase , different operation
strategies of the filtration un it are currently tested, h ence it is possible to test the effect
of a varying influent COD/N ratio on the IFAS configuration.

COD removal = Energy positive N removal (without COD)

PHASE 1 STAR control

Nitritation MBBR Anammox MBBR

CEPT High rate AS Z200 carrier, aerobic  Z400 carrier, anoxic

aaa: :':'E': L TH . :T“T"TT
- -
_— s _—__1‘5:"‘3 amnd
NH,*

.

Digester /“/
4

PHASE 2

Chemical pre-treatment Drumfilter
(1 or 2 stage)

/\\\‘\
) POV

(-

Figure 4: The two phases for the N removal using the ~ HRASeffluent and two -stage nitritation +
anammox configuration in phase 1 and Hydrotech Drumfilter effluentand  one-stage IFAS
configuration in phase 2.
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2.2. Case study and r eactor configuration

The demonstration facility is located at Sjélunda wastewater treatment plant (300 000
p.e.) in Malmd, Sweden , which is treating the wastewater from Malmo municipality and
its surroundings. Current ly the plant consists of an inlet screen , grit chamber, primary
settler, HRAS with sedimentation for COD removal , trickling filter s for nitrification and
MBBR for denitrification followed by dissolved air flotation , before the water is

discharged into  Oresund . The municipality plan to upgrade the plant  within the n ext ten

years, in order to increase the capacity while , ideally , improve the energy efficiency of
the treatment process. Hence, it is an ideal location for the demonstration of
mainstream deammonification. However, the plant also has a very dilute wastewat er

(average concentration of 27 mg NHs-N /L in the HRAS effluent in 2015-2017). In
combination with low temperatures in winter, the low concentrations in the HRAS
effluent impose a major challenge for maintain ing stable mainstream
deammonification.

The two reactors used for the POWERSTEPproject are part of a four -reactor
configuration, operated by Veolia Water Technologies AnoxKaldnes. The four reactors
are cylindrical with a 10 m 2 footprint and an active volume of 50 m 3 each.

2.2.1. Two-stage nitritation + anammox

In the N-stage, air was supplied t hrough coarse bubble diffusers and a top mounted
hyperbolic mechanical mixer ( Invent) was installed to ensure carrier mixing at low
aeration intensities. The reactor contain ed the new Anox K™ Z-200 (Figure 5), which
control led the biofilm thickness to maximum 200 pm (Piculell et al., 2016c) , at a filling
degree of approximately 40%.

The AMX-stage contain ed Anox K™ Z-400 (Figure 5), which controlled the biofilm
thickness to maximum 400 um, at a filling degree of approximately 40% . The AMX-stage
was operated at anoxic conditions and mixing  was accomplished with a top mounted
hyperbolic mechanical mixer (Invent) at which additional mixing blades were added to
achieve sufficient mixing of the carriers . Coarse bubble diffusers were installed in the
reactor for air supplement if needed.

The N-stage was operated for 700 days, and the AMX-stage was started on day 135.
Initially the reactors were operated individually on reject water to enable fast nitritation

and anammox growth. Mainstream operation in the N-stage was initiated on day 250
while the AMX-stage was connected to the N -stage on day 3 60.

2.2.2. One-stage IFASMBBR

The 50 m3 IFASreactor contained Anox K™ Z400 at a filling degree of approximately
40% and the reactor was operated with periodical switches between anoxic and
aerobic conditions. A ir was supplied through coarse bubble diffusers and continuous
mixing was accomplished with a mechanical mixer (Invent) . The AMX-stage from the
two -stage configuration was re -built to a one -stage MBBR on day 572 and the reactor
was operated on reject water feed  for 217 days in order to promote anammox growth .
The reactor was connected to a settler with a volume of 50 m 3 to allow sludge retention
on day 758 and mainstream operation  was initiated on day 789.

14
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Figure 5: The Anox K™ Z-200 carrier used in the nitritation stage of the plant (left). The Anox K™
Z-400 carrier used in the anammox stage and the IFAS configuration (right).

2.3. Operation strategy

Over the course of the project, several different operational strategies were
implement ed and tested, with varying focus on performance, effluent quality and NOB
suppression. In addition, the operation strategies differed between the two different
MBBR configurations tested.

2.3.1. Two-stage nitritation + anammox

The advanced control strategy for the two -stage mainstream nitritation + anammox
system was developed in collaboration between Veolia Water Technologies
AnoxKaldnes in Sweden and Kriger in Denmark, using the Superior Tuning and
Reporting (STAR control program for online control and monito ring. The STAR system is a
state -of-the -art control system allowing the long -term process optimi sation of the
conventional SCADA and PLC systems. The modular system can be tailored to any
wastewater system , and the complexity of the control ranges from rad ar-based
forecast control to simple unit  -based PID regulations. Inthe POWERSTEIroject, STARpro
platform was implemented, allowing comprehensive solutions and offering good
overview of a large number of modules within the same system. Figure 6 shows the
layout of the advanced control program
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Figure 6. Layout of the STAR control program

The main control strategy for the two -stage configuration was applied on the N-stage,
with the focus on supressing the NOB activity and boost AOB growth. Th e N-stage was
intermittently operated with mainstream water and reject water as feed. The different

feeding schemes are hereafter referred to as the operation modes, and the operation

change d between the modes in a cyclic manner. These modes were 1) operation on
mainstream water, 2) switch from mainstream to reject water, 3) operation on reject

water, and 4) switching from reject to mainstream water. During operation on reject
water, the flow rate and aeration intensity were controlled to reac h alternating pH (set
points altered through the course of the project) . Furthermore, t he operation time at
the pre-defined pH values were controlled with the STAR program . The AMX-stage was
by -passed during reject water periods  to avoid inhibition of the = anammox bacteria by
the strong water coming out from the N-stage .

Additionally, a strategy was implemented in STAR to control effluent quality during
mode 1 , in the following manner:

1. The set point for the flow of mainstream water to the N -stage was determ ined
by the effluent NH 4-N concentration from the AMX  -stage through a piece -wise
linear function. The user defined the range in flow and concentrations by
setting the function.

2. The set point for the DO in the N -stage was determined by the NO 2-N/NH4-N
ratio in the N -stage through a piece -wise linear function. The user defined the
range in DO and ratio by setting the function.

3. The bypass flow over the AMX -stage could be set manually to a fixed value,
and was hence not adjusted automatically.

4. The aeration could be set to intermittent, by defining time on/off in the
graphical user interface. During  6on time 6the calculated DO set point from 2)
was used, while the set point was zero during 6off time &
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For complete information about the control strategy, see d eliverable 2.2 Process
description for maintaining stable nitritation of mainstream water using MBBR at low
temperature.

2.3.2. One-stage IFASMBBR

A new operational strategy was developed for the one -stage IFAS MBBR process
mainly focusing on effluent qual ity. Differentially from the two -stage configuration, there
were no switching between reject water feed and mainstream feed. In the one -stage
IFAS MBBR configuration, the system could not be exposed to as intense NOB
suppression methods as in the two -stage configuration since that would be detrimental
to the anammox. However, to simulate a common ammonium concentration in the
mainstream waste water at European conditions , the mainstream feed was spiked with
a small amount of reject water in a mixing chamber , before the feed was pumped to

the IFAS MBBR. The flow rate of mainstream and reject water , respectively , was
controlled to reach desired ammonium concentration in the influent to the IFAS MBBR.
Additionally, the aeration intensity and  the load to the IFAS MBBRwere controlled . The
one -stage IFAS MBBR was operated with intermittent aeration during the whole

mainstream period. Howerever, the duration of the aerated and non -aerated phases
varied as well as DO SP due to different influent carachteristics and o peration of the
reactor. The focus was on aerating for a certain amount of time at a DO set point

between 1.0 -1.5 mgO 2/L under which ammonia was converted to nitrite. Thereafter,
during the non -aerated period, a rapid reduction of oxygen conentration was
expected and consum ption of ammonia and nitrite at anoxic conditions was
facilitated. The target suspended solids concentration in the IFAS reactor was 15-25
gTSS/L and around 4 gTSS/L in the returned activate d sludge to be above the critical
SRT for niritation . A function for wasting the sludge was available in case these values
were exceeded . A new version of the STAR control program , based on the strategy
described above , was developed for on  -line control and monitoring of the process.

2.4. Analytical methods

2.4.1. Sampling and on -line measurements

Grab samples were taken from the N-stage and AMX-stage (phase 1), the IFAS MBBR
(phase 2) and the influent every week day, and 24-h composite samples were tak en
frequently when operating on mainstream wastewater. T he samples were analysed for
NH4-N, NO2-N and NO 3-N using Hach Lange cuvettes (LCK 304, 342 and 399,
respectively), or using a Gallery Plus Automated Photometric Analyzer (Thermo

Scientific) . Additionally, when operating in IFAS mode, both grab samples and
composite samples from the influent, the IFAS reactor, the returned activated sludge
(RAS) and the effluent from the settler were taken and analysed for COD and TSS using

a Gallery Plus Automated Photometric Analyzer (The rmo Scientific).

In addition to sampling, the  daily variation of pH, temperature, NH 4-N and NO 3-N were
logged on -line using a ISEMax sensor (CAS40D, Endress + Hauser), while the reactor s
also contained sensors for logging DO (Hach Lange) and the N  -stage e ven contained
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a sensor for logging NO2-N (s:can) and N20-N (Unisense). Air flow as well as the influent
of mainstream and/or reject water was measured using Endress + Hauser flow meters.

In order to monitor N 20 emissions, a gas analyser (Horiba VA3000) was installed to
measure the off-gas composition from the IFASreactor . The reactor was covered and
sealed to avoid air leakage, and gas was sampled from a chimney at the top of the
reactor. The gas analyser continuously logged the volumetric fraction of O 2, CO2 and
N20 in the sample gas, which was used together with the measured air flow to
calculate the N 20 emissions according to Frey (1989) and Parravicini et al. (2015).

2.4.2. Batch trials

In order to determine the maximum AOB, NOB and AnAMX capacity in the ni tritation ,
anammox and later the IFAS reactor , carriers were removed on a regular basis and
tested for maximal specific activity in lab -scale batch reactors.

AOB and NOB batch trials were performed in parallel , testing carriers (400 pieces per
trial) collected from the N-stage onthe same day and rinsed carefully in tap water . The
trials were performed in 3 L reactors, containing 1.5 L of synthetic medium. For the AOB

trials the medium consisted of 50 mgNH  4-N/L, while the NOB trial medium contained 30
mgNO 2-N/L. For both trials the medium also contained a pH buffer (NaHCO 3), trace
minerals and some PO s-P to avoid substrate limitation. All trials were performed at 20°C,

DO was adjusted to 2 mg/L , by combining air and N  2-gas at a fixed total air flow of  2-3
L/min, and pH was adjusted to 7 by the gradual addition of 0.5 M sulphuric acid . Both
the AOB and NOB trials lasted for one hour, with samples being extracted every 10
minutes. Each sample was analysed (see above for methods) to detect changes in
NO2-N and NO 3-N (NOB trials) as well as NH 4-N (AOB trials only) over time , for which the
rate of ammonia and nitrite oxidation could be calcu lated . During IFAS operation, both
carriers and sludge were sampled for AOB and NOB batch trials . In those trials, the
temperature was setto 15°C andt he DO was kept high (> 5 mg/L) by only adding air at

a flow of 3 L/min . The sludge was sampled from the IFAS reactor and concentrated by
settling and remov ing the clarified phase. Then 1 L of the sampled sludge was mixed

with 1.5 L of the synthetic medium containing either 50 mgNH 4-N/L for AOB trials or 30
mgNO »-N/L for NOB trial. Otherwise, the batch trials were performed according to the
procedure described a  bove.

Anammox batch trials were performed on 400 pieces of carriers collected from the
anammox reactor or the IFAS reactor and rinsed carefully in tap water. The trials were
performed in 3 L reactors, containing 3 L of synthetic medium consisting of 50 mg NHas-
N/L, 50 mgNO 2-N/L, pH buffer (NaHCO 3), trace minerals and some PO 4-P to avoid
substrate limitation. During the trials, DO was kept bellow 0.05 mgO /L, by continuous
inflow of N 2-gas at a fixed flow of 3 L/min , and pH was adjusted to 7.5 by the gradual
addition of 0.5 M sulphuric acid. Anammox trials on carriers from the AMX stage from
the two -stage configuration were performed at 30°C, while the anammox trials on
carriers from the IFAS configuration were performed at 30°C and 15°C at each
occasion to ev aluate both the maximum capacity and the effect of temperature

change and potential temperature adaption. Each anammox trial lasted for 42 or 60
minutes, with samples being extracted every 6 or 10 minutes depending on activity.

Each sample was analysed (se e above for methods) to detect changes in NH 4-N and
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NO2-N over time, for which the rate of ammonia and nitrite consumption could be
calculated.

2.4.3. Biofilm characteristics

The biofilm on the Anox K™ Z-200 and Anox K™ Z-400 carriers from the N -stage, AMX-
stage and IFAS-stage respectively were characterized by several methods in order to
determine the biofilm thickness, mass, structure and microbial composition. During each

batch trial, the carriers were imaged using a stereo microscope ( OLYMPUS ST,
Olym pus Corporation, Japan ). In addition, the total mass of the biofilm was determined

on a sample of 20 carriers after each trial (see Piculell et al. (2016b ) for method). At
three occasions , Z200 carriers from the N -stage were sent to Karlsruhe Institute of
Technology (Germany) for imaging with optical coherence tomography (OCT), which is
used to quantify the biofilm thickness (  Piculell et al., 2016b ). For OCT, a sample of five
carriers w as randomly picked and imaging was performed in three pre -selected grid -
compartments on each carrier.

Biomass was also extract ed for microbial community analysis . For each batch trial,
biomass was collected from 3 carr  iers and stored in the freezer until being sent for DNA
extraction, library preparation, DNA sequencing (llumina MiSeq, 2x301bp) and
bioinformatic processing by DNASense in Aalborg, Denmark (dnasense.com). In total,
twelve samples from the  N-stage, and three samples from the AMX-stage were
analysed during the project perio  d, and additional two samples have been collected
from the [FAS reactor for future analyses.
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3. Results

In the following chapter, the results obtained during mainstream operation are
presented. First, all results from the reactor performance, batch trials and biofilm
characteristics from the  two -stage nitritation + anammox  configuration are presented
thereafter followed by results from the one -stage IFAS MBBRoperation .

3.1. Two-stage nitritation + anammox

3.1.1. Reactor performance

Nitritation Performance

Figure 7 shows the inlet water characteristics and load to the two -stage nitritation +
anammox process during mainstream conditions. Figure 8 and 9 show removal rates
and concentrations  inthe N-stage , mainly focusing on mainstream conditions.

After initiating mainstream operation in the N-stage on day 250, several different
operational issues resulted in frequent switching to reject for the first 50 days (Figure 7):
On day 270 the util ity had issues with receiving the effluent from the POWERSTEP
reactors, why the system had to be fed reject water during 10 days while the utility
changed some equipment. Later, on day 290, some re -construction on site caused an
additional operation stop, why reject water was fed to the N -stage to ensure that the
system would not starve.

After day 300 the operational issues seized, and a stable period of 40 days with
nitritation on mainstream feed followed by regular switches to reject water on a weekly

ba sis according to plan (Figure 7). During mainstream conditions, the N-stage was fed
15 m3/h of wastewater (fixed flow), and hence the nitrogen load varied with the inlet
concentration to the reactor (Figure 7). During the initial mainstream phase (until da vy
340) the nitrite accumulation ratio (NO2N/(NO 2N+NO3N)) in the N -stage was around 0.9,
with a nitrite to ammonia ratio varying between 1.2 and 1.8 depending on the load.

The ammonia concentration in the reactor was below 5 mg/L due to high nitritation
capacity. Unfortunately, the load could not be increased to avoid substrate limitation

due to limited pump capacity.

Around day 340 and onwards there was a clear build -up of nitrate in the reactor,
indicating the establishment of NOB in the system (Figure 8 and 9). In order to supress
the NOB, the reject feeding phase around day 360 was prolonged, resulting in a
noticeable drop in nitrate production. Unfortunately nitrate sta rted to build up again
shortly after this, probably due to the temperature in the mainstream feed dropp ed
below 20°C (Figure 7).

During day 380 -395 the reject water supply was limited due to reconstruction of the
digesters at the site , why reject feeding w as turned on and off in a discontinuous
manner. Hence, sampling was limited during this time period. As seen in Figure 7, the
temperature in the mainstream feed dropped gradually  due to seasonal changes, until
it reached the lowest value of 11 °C on day 513 . Additionally, the inlet ammonia
concentration  also dropped considerably during the same period. Combined, these
factors enhanced NOB competitiveness requiring additional strategies for NOB
suppression.
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During day 405 -480 the reject feeding phase with al ternating pH and concentrations of
free ammonia and free nitrous acid (see Chapter 2.3.1) was looped three times in a row
with 3 -6 days of mainstream operation between the reject phases . Hence, the duration
and amount of reject feeding before switching back to mainstream influent was
increased compared with previous operation. The ammonium removal rate during this
period was around 0.075 kgNH4-N/(m 3,d), and the nitrate production was low after
switching back to mainstream water. Unfortun ately, the NOB seemed to recover after a
few days of mainstream operation and nitrate production increased  gradually until the
next reject phase (Figure 8 and 9). This pattern was observed repeatedly; therefore, a
new NOB suppression strategy was initiated

Between d ay 483-550 the aeration was changed from continuous to intermittent
aeration with an oxygen set point of 1 -2 mg O2/L during aerated period. Additionally,

the looping of the reject  feeding phase was stopped and instead , the pH limits during
the reject phase were adjusted to achieve elevated concentrations of free ammonia

and free nitrous acid. Combined, these changes in operation resulted in a lower nitrate
production (Figure 8) but unfortunately, also the  ammonium removal rate dropped  (to
approximately 0.05 kg/m  3,d). Similar operation was continued during days 550 -667, but
with the addition of extra reject feeding periods with a combination of high
concentration of free ammonia followed by high concentration of free nitrous acid for

several days in a row. The flow rate during mainstream feed was decreased from 15
m3/h to a fixed 10 m 3/h on day 594 , in order to reach higher nitrite concentration in the
reactor due to longer HRT.

The last attempt to supress the NOB was performed on d ay 678 to 680, were the
strategy was to temporarily expose the reactor to extremely low pH (<5) by the manual
addition of sulphuric acid . This action proved to be very effective , since the N-stage
could be successfully operated with stable nitrite production  on on ly mainstream feed
(i.e. no reject exposure) for almost 20 days before nitrate started to build up in the
reactor again (Figure 8 and 9).
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Figure 7: Characteristics of the inlet water to the N  -stage over time during mainstream operation
(vertical grey lines represent days with reject feed)
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Figure 8: Removal rates and production rates inthe N -stage during continuous operation on
mainstream water (vertical grey lines represent days with reject feed)
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Figure 9: Reactor concentrations in the N  -stage during continuous operation on mainstream water
(vertical grey lines represent days with reject feed) . The y -axis is limited to 40 mg/L hence, the
concentrations during reject water feeding are not shown in the figure.

Anammox Performance

The AMX-stage was started u p on operational day 135 (with respect to the N-stage).
Establishment of anammox bacteria on the carriers  was accomplished by operating on
reject water and aerating the reactor. The AMX-stage was connected to the N  -stage
on day 360. After c onne cting the reactors,t he aeration was switched off and the AMX -
stage was operate d at anoxic co nditions, receiving effluent fromthe  N-stage . The AMX-
stage was by-passed during reject operation of the N -stage to avoid inhibition of the
anammox bacteria by the strong water coming out from the N-stage . The AMX-stage
was disconnected from the N-stage on day 572 and operati on on reject water was
again initiated t o regain the anammox activity.

Figure 10 shows the ammonium load, ammonium removal and ammonium removal
efficiency of the AMX-stage during the period when the reactor was connected to the

N-stage . The vertical grey lines represent the days at which the AMX-stage was by -
passed due to reject water operation of the N-stage . Figure 11 shows the ammonium,
nitrate and nitrite concentrations in the reactor during the same period
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Between d ay 367 to 390 the load to the anammox reactor was only around 0.03 kgNH 4-
N/(m 3,d), due to high efficiency of the N-stage , low effluen t ammonia concentration
from the N-stage and a fixed by -pass flow. The removal efficiency during this period
varied between 40 and 98% (Figure 10) and the effluent ~ammonia concentration was
below 8 mg/L. The nitrite concentration in the  AMX-stage varied between 6 and 26
mgNO 2-N/L, highly depending on the effluent quality from the N-stage . Unfortunately,
from d ay 390 to 410, the reactor was operated on reject water due to operational

issues with the N-stage . To maintain the biology  during that period , air was supplied to
the reactor during reject water feeding

From day 410 the reactor was fed with effluent from the N-stage again. Between day
410 and day 470, the load was between 0.05 and 0.24 kgNH  4-N/(m 3,d) with an average
of 0.12 kgNH 4-N/(m 3,d). The ammonia removal efficiency was between 10% and 40%
with effluent ammonia concentration fluctuating between 3 mg/L and 30 mg/L  (Figure
11). The nitrite concentration varied between 0 and 3. 7 mg/L with an exception on day
447 where the concentration was measured to 5.6 mg/L (Figure 11). The inlet nitrite
concentration (effluent from the N-stage ) was almost zero during the period f rom day
450 to 480, limiting the activity in the anammox reactor and resulting in high effluent
ammonia concentration (Figure  11).

From day 470 to day 572, the load was relatively stable around 0.06 to 0.1 kgNHgs-
N/(m 3,d). Unfortunately, the removal efficiency gradually decreased to below 20% on

day 551. It can b e seen in Figure 11, that the nitrite concentration in the anammox
reactor was below 1 mg/L from day 520 to day 572 with only three exceptions were the
concentrati on increased slightly , indicating that the low nitrite concentration caused

the low removal rate due to substrate limitation.
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Figure 10: Load, removal rate and efficiency in the AMX  -stage during continuous operation on
mainstrea m water (vertical grey lines represent days with reject operation when the AMXstage
was by-passed except during day 390 -410 were the AMX -stage was fed reject water ).
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Figure 11: Reactor concentrations in the AMX -stage during continuous operation on mainstream
water (vertical grey lines represent days with reject operation when the AMX -stage was by-passed
except during day 390 -410 were the AMX -stage was fed reject water)

Figure 12 presents the total nitrogen removal for the two -stage nitritation + anammox
system during steady state mainstream operation . As seen in Figure 12, the measured
total nitrogen removal for the  two -stage system varied from 5% to 44% with an average

of appr oximately 23%. The reactors were not connected during the period where the N-
stage was working optimal (day 300 -340) and influent concentrations to the AMX -stage
would have been ideal. Hence, the results presented are from periods were the total
nitrogen r emoval is strictly limited by the reduced performance of the N-stage .

STAR was initiated on day 61 and used over the course of the project for monitoring
and control. Although there were some limitations in the accuracy of the online sensors,
the implemen tation of STAR enabled a smooth transition between the different
operation modes (see Chapter 2.3.1), especially for the nitritation reactor. Control of
the effluent quality was however limited by the sensor accuracy and hence only
implemented for short pe  riods of time.
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Figure 12: Total nitrogen removal (%) in the  two -stage process during mainstream operation
(vertical grey lines represent days with reject operation when anammox stage was bypassed
except during day 390 -410 were the AMX-stage was fed reject water )
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3.1.2. Batch trials and biofilm characteristics

Observed activities in batch trials of AOB and NOB, as well as the relative abundance

from DNA sequencing on the carriers from the N-stage can be seen in Figure 13. AOB
activity reached an activity of approximately 0.8 gN/ (m2,d) when operating on reject
water during start up. After switching to mainstream operation (day 250), the rate
dropped to approximately 0.5 gN/ (m2,d). No NOB activity was detected in the batch
trials up until day 3 30, after which NOB activity was observed and confirmed in
microbial analysis ( Figure 13). As the NOB gradually increased in the biofilm, AOB
activity remained relatively stable around 0.5 gN/ (m2,d), although the abundance of
AOB dropped ( Figure 13).

Several attempts were made to suppress the NOB development by altering the reject
exposure (varying the duration, load and/or pH in the reactor during reject feed as
described in  Chapter 3.1 .1) but the achieved effect on NOB activity was only
temporary ( Figure 13) and NOB recovered fast . After the intense reject exposure
around day 360 (see Figure 7 -9), the NOB activity was noticeably decreased. However,

the AOB activity was also affected by the aggressive exposure, and dropped to below
0.4 gN/ (m2,d) (Figure 13).

In the following days, AOB and NOB activity recovered, both peaking on day 400, after

which the long term exposure to reject again resulted in a drop in activity for both
bacteria groups. Trials performed days 404 -517 show that the AOB activ ity decreased
from 0.6 to 0.4 gN/ (mZ2,d) while the NOB activity increased to 0.4  gN/ (m2,d) without any
observed effect of the aggressive reject water treatment.  From day 517 to 601, the AOB
activity recovered slightly to 0.6 gN/ (m2,d) at the same time as th e relative abundance
of the AOB in the biofilm decreased to below 5% after day 404 and remained low until

day 60 1. Unfortunately, NOB activity increased dramatically and reached the
maximum rate of 1 gN/(m2d) in the trial performed on day 601. The relativ e
abundance of NOB also increased gradually, peaking at 10% on day 601.

A considerable drop in NOB activity was observed after 7 days of reject exposure
between day 601 and 608 ( Figure 13), while the AOB activity was not equally affected
during the same time span . Rather, the abundance of AOB in the biofilm increased to
almost 20% while the NOB abundance dropped to 5%. B oth NOB and AOB activity had
decreased dramatically in trials performed on day 681, where NOB activity dropped
down to almost zero wherea s the AOB activity decreased to 0.4 gN/(m 2,d). Following
day 681 the N-stage was operated on only mainstream feed (i.e. no reject exposure)

for almost 20 days before nitrate started to build up in the reactor again . The recovering
NOB activity was confirme d in the final batch trial, w here the NOB activity had
increased to 0.4 gN/(m 2,d). AOB activity had also increased during the prolonged
mainstream operation, to almost 0.6 gN/(m 2.d).
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Figure 13: Observed activity in batch trials (diamonds) and relative abu
sequencing (circles) of AOB (top) and NOB (bottom) in carriers from the
vertical line represents switch to mainstream operation

ndance from DNA
N-stage over time. Dashed

Multivariate statistics (PCA) of the microbial community indicated a gradual community

shift in the N -stage after changing

from reject

to mainstream

abundant bacteria

in the nitritation biofiim were the AOB

operation . The most
Nitrosomonas , while

Nitrobacter was the only ob
nitritation carriers throughout the

served NOB. Biofilm thickness remained thin on the
study and carrier biomass was relatively stable around

5.2 to 7.0 mgTSSCcarrier during mainstream operation.

Figure 14 shows the results from the OCT measurements on the carr  iers from the N-
stage . During start -up of the N-stage, a thin biofilm developed on the Anox K™ Z-200

carriers, and when the first round of OCT images

were taken on day 200, the biofilm was

compact (13% porosity) with an average thickness of 77 um. After s

witching the influent

Cl

to mainstream, the biofilm thickness decreased to approximately 50 um on day 355 and
the porosity increased to around 27%. OCT measurements indicate that the thickness

and porosity of the biofilm remained relatively stable throughout
operation and was measured to 50 um and 29% respectively on day 605.

the mainstream

26



Deliverable n ° 2.3
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Figure 14: The average biofilm thickness and porosity of ~ Anox K™ Z-200 carriers from the N -
reactor sampled at three different operational days, as analysed using OCTimaging. The black line
represents the day when mainstream operation was initiated .

Observed activities in batch trials with anammox bacteria, as well as the bi omass
measurements and relative abundance from DNA sequencing on the carriers from the
AMX-stage can be seen in Figure 1 5.

After start -up on day 135 , anammox activity increased steadily with the exception of a
sudden drop in activity on day 309, as a conse guence of a week -long operational stop
due to some un -related activities at the site . However, the activity recovered fast and
reached 8 gN/m 2,d on day 357 (Figure 15), after which the reactor was connected to

the nitritation effluent on day 360. When oper ating on mainstream water, the anammox
activity dropped gradually to 1.7 gN/ (m2,d) on day 573. The activity drop correlated
with biomass loss (Figure 15), which dropped from 8 g/m 2 down to 3 g/m 2. To avoid

complete biofilm loss, the mainstream operation wa s paused and the feed was
switched to reject water . From the microbial analysis, it was found that the most
abundant bacteria in the biofilm was Candidatus Brocadia , with a stable abundance

betwee n day 468 and 546 (Figure 15).

Figure 15: Observed anammox activity in batch trials (diamonds), measured biomass (triangles) and
relative abundance of anammox bacteria from DNA sequencing (circles) in carriers from the AMX-
stage over time. Dashed vertical lines represe  nts start -up of reactor (day 135) and connection with
N-stage (day 360)
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