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ARTICLE INFO ABSTRACT

Keywords: Aerobic granular sludge (AGS) is usually considered to be a biofilm system consisting of granules only, although
Aerobic granular sludge practical experience suggests that flocs and granules of various sizes co-exist. This study thus focused on un-
Flocs

derstanding the contribution of flocs and granules of various sizes to nitrification in a full-scale AGS-based
wastewater treatment plant (WWTP) operated as a sequencing batch reactor (SBR). The size distribution in terms
of total suspended solids (TSS) and the distribution of the nitrifying communities and activities were monitored
over 14 months. Our results indicate that AGS is a hybrid system in which flocs (<0.25 mm) play a critical role in
nitrification. AGS consisted of 36 % flocs and 50 % large granules (>2 mm) at a TSS concentration of 4.7 + 0.7
¢TSS L1, The growth of ammonia oxidizing bacteria (AOB) and nitrite oxidizing bacteria (NOB) in large granules
was limited due to the high mass transfer limitation in biofilm and the high solids retention time (SRT) of flocs,
where favorable conditions for the growth of nitrifiers were maintained during the warm season. The specific
activities of the small aggregates (<1 mm) were 5 to 15 times higher than those of large granules. As a result,
flocs contributed >50 % to nitrification during the warm season, whereas granules >1 mm contributed <20 %.
Such predominance of flocs in nitrification became problematic in the cold season when the minimum SRT of
NOB increased to values similar to the floc SRT, resulting in 79 % loss of the NOB. Consequently, NOB activities
dropped, and elevated effluent nitrite concentrations of several mgN L were monitored. We suggest operating
AGS systems similarly to hybrid systems in order to promote the enrichment of NOB in the granules by con-
trolling the floc SRT at low values smaller than the minimum SRT of NOB throughout the year.

Size distribution
Nitrifying community distribution
Nitrifying activity distribution

1. Introduction plants are typically designed for a defined sludge loading rate that is

relative to the overall amount of sludge maintained in the system and

The development of advanced treatment technologies is essential for
effective and intensified nitrogen removal from wastewater (WW).
Aerobic granular sludge (AGS) is a rather novel technology with sig-
nificant potential benefits over conventional biological wastewater
treatment processes (de Bruin et al., 2004). Although AGS systems are
considered to be a biofilm-only process (Ali et al., 2019), some recent
studies acknowledge that AGS also contains bio-aggregates <0.25 mm,
termed flocs (Layer et al., 2019; Pronk et al., 2015; van Dijk et al., 2018).
However, it remains unclear to what extent AGS systems function
similarly to hybrid systems such as integrated fixed-film activated sludge
(IFAS) systems: for instance, whether nitrification occurs mostly in
granules or is distributed among flocs and granules. Furthermore, AGS
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thus does not differentiate between granules and flocs (Lopez-Vazquez
et al., 2023). If flocs and granules coexist within AGS, it is crucial to
understand their implications for the operation and design of AGS-based
plants. Further research is therefore required to assess the roles of flocs
and various-sized granules in nitrification in AGS from full-scale plants.

Many studies on AGS have focused on the granulation mechanism
and on optimizing the settling properties of the sludge and have over-
looked the presence of flocs and their effect on process performances.
Flocs are small bio-aggregates (<0.25 mm) of loose and irregular shape.
Unlike granules, flocs tend to flocculate and settle slowly. Consequently,
flocs are selectively removed from AGS systems to provide a competitive
advantage to granules and to maintain the settling properties of the
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sludge. Nevertheless, the presence of flocs in AGS systems treating
municipal wastewater is increasingly recognized, and significant frac-
tions of 16 to 40 % of total suspended solids (TSS) have been reported
(Layer et al., 2019; Pronk et al., 2015; van Dijk et al., 2018). However,
these studies do not provide a detailed and long-term monitoring of flocs
and granules’ distribution and dynamics over time. Consequently, two
questions that remain open are whether flocs are an integral component
of AGS and whether AGS systems should be considered hybrid systems.

The flocs and various-sized granules, referred to as size-classes, allow
various local growth conditions, for instance for electron donor/
acceptor availability (Liu & Tay, 2012; Strubbe et al., 2022) and solids
retention time (SRT) (Ali et al., 2019; Winkler et al., 2012). These local
growth conditions strongly influence the assembly of microbial com-
munities among the size-classes (Ali et al., 2019; Liu & Tay, 2012; Wei
et al.,, 2021). In AGS, slow-growing organisms such as nitrifiers are
intuitively expected to grow preferentially in granules, where high SRT
conditions are maintained (de Kreuk & van Loosdrecht, 2004; Layer
et al.,, 2019; Onnis-Hayden et al., 2011; Winkler et al., 2012). This
intuition assumes that the SRT of the flocs is too short to allow the ni-
trifiers to grow there. However, Ali et al. (2019) found a considerable
abundance of nitrifiers in both granules and flocs, challenging the
assumption that the floc SRT is lower than the minimum SRT required
for the nitrifiers to grow. In contrast to activated sludge or hybrid sys-
tems, the floc SRT in AGS is not a controlled parameter. Because the
removal of excess sludge in AGS systems is intended to maintain good
sludge settleability by selectively removing the flocs, a low floc SRT is
generally expected. However, long-term monitoring of the floc SRT data
from full-scale AGS WW treatment plants (WWTPs) is lacking. Addi-
tionally, species migration may influence microbial distribution (Ali
et al., 2019; Daigger et al., 1993; Ekholm et al., 2022). Therefore, flocs
may contain debris and thus microorganisms from large granules as a
result of their disintegration, making flocs relevant to nitrification.
Notably, the different mass-transfer limitations of flocs and granules
mean that their associated microbial activity cannot be predicted from
their microbial abundance data. This highlights the need for further
investigation of the distribution of both nitrifiers and nitrifying activities
in AGS.

Nitrification is a key microbial conversion process in biological
wastewater treatment. Although it is a relatively well understood pro-
cess (Gujer, 2010; Ward, 2011), nitrification failures during cold and
rainy weather periods are common in various process configurations
(Bollon et al., 2016; Gruber et al., 2024; Gruber, Niederdorfer, et al.,
2021; Hoang et al., 2014; Johnston et al., 2019; Ju et al., 2014).
Consequently, maintaining stable nitrification throughout all seasons
remains an important challenge in wastewater treatment. Nitrification
in biofilm systems has been reported to be more robust and less affected
by low temperatures than that in activated sludge systems (Salvetti
etal., 2006; Zhu & Chen, 2002). Granules in AGS may provide AGS with
the resilience required to avoid seasonal nitrification failures (Chen
et al., 2020; de Kreuk et al., 2005). In full-scale AGS systems where flocs
are present, we expect that such resilience against cold temperatures is
provided if a major proportion of the nitrification occurs in granules.
Although simultaneous nutrient removal has been linked to granule size
(Layer et al., 2020; Quoc et al., 2021), understanding of the distribution
of nitrifying activities between the different size-classes of AGS is
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limited. Using a lab-scale continuous-flow system, Wei et al. (2021)
reported that small bio-aggregates (<0.4 mm) contribute significantly to
nitrification, accounting for approximately 35 % and 25 % of
ammonia-oxidizing bacteria (AOB) and nitrogen-oxidizing bacteria
(NOB) activity, respectively. But in full-scale systems operating as
sequencing batch reactors (SBRs), how nitrifying activities are distrib-
uted among the flocs and granules of different sizes remains unclear, as
does how this distribution evolves or remains stable over seasons. Such
knowledge is essential to assessing whether AGS systems could be more
resilient to temperature variations than conventional activated sludge
systems.

The main aim of this study was to gain a better understanding of the
co-existence of flocs and various-sized granules in full-scale AGS systems
and of their respective impacts on nitrification performance over the
seasons. Therefore, the study addressed four research questions:

1. Aggregate size: What is the size distribution of the bio-aggregates in
full-scale AGS plants?

2. Nitrifying populations: How are the AOB and NOB populations
distributed among the size-classes? To what extent does the distri-
bution of AOB and NOB among the flocs and granules correlate with
growth conditions such as the floc SRT?

3. Nitrifying activities: How are the nitrifying activities (ammonium
oxidation and nitrite oxidation) distributed among the size-classes?
What is the contribution of the flocs to the overall performances of
AGS?

4. Dynamics: To what extent are the size distribution, nitrifying com-
munities, and nitrifying activities subject to seasonal variations, and
what are the implications for effluent quality in terms of nitrogen
species?

2. Material and methods
2.1. Overall approach

AGS from the full-scale SBR at Kloten—Opfikon WWTP (Switzerland)
was monitored over 14 months for (i) size distribution, (ii) floc SRT, (iii)
distribution of AOB and NOB populations, and (iv) distribution of AOB
and NOB activities among the size-classes. The monitoring period was
divided into three phases: (1) start-up based on the wastewater load, (2)
increasing temperature, and (3) decreasing temperature (Table 1).

2.2. Experimental approach

2.2.1. Kloten-Opfikon WWTP

Kloten-Opfikon WWTP receives wastewater, including industrial
wastewater, from two municipalities. The WWTP is equipped with pri-
mary clarifiers (hydraulic retention time = 2.3 h) prior to biological
treatment. The SBR monitored in our study was started in November
2022 with an AGS inoculum from a parallel AGS SBR. The monitored
SBR has a volume of 4750 m® and treated the wastewater of a population
equivalent of 44,000, corresponding to an average WW flow of 10,227 +
2735 m® d!. The main characteristics of the WW are detailed in Table 2.
Kloten-Opfikon WWTP was under commissioning during this study, i.e.,
the full WW load was treated in half of the design volume. But both the

Table 1
Phases of the monitoring campaign.
Date Wastewater load Temperature
1) Start-up December 22-March 23 Increase from 50 to 100 % 16.9 +£1.3°C
2) Increasing temperature April 23-September 23 100 % 21.4+1.4°C
3) Decreasing temperature October 23-January 24 100 % 17.1 £3.2°C*

# November 23-January 24: 15.5 + 1.7°C
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Table 2
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Primary effluent characteristics and loads on the monitored SBR between April 2023 and January 2024.

Parameter Min. [mg L'l] Max. [mg L'l] Average [mg L'l] Load [kg d'l]
COD 182 610 335 3414

COD dissolved/COD 34 %"

Total phosphorus 3.6 9.0 5.9 59

PO3-P dissolved 2.3 7.9 4.4 43

Total nitrogen 27.0 68.0 50.6 497

NH4-N dissolved 15.6 51.8 36.1 357

@ Average of measurements from 21.05.24 to 25.06.24 for reference (n = 8).

organic sludge loading rate of 0.15 kgCOD kgTSS ™! d'! and the nitrogen
sludge loading rate of 0.016 kgN kgTSS™' d! agreed with the design
values of the Kloten—-Opfikon WWTP during this period. The organic
sludge loading rate is comparable to the value reported for Garmerwolde
WWTP by Pronk et al. (2015) (0.10 kgCOD kgTSS! d1) and well below
the standard design value of 0.40 kgCOD kgTSS? d' proposed by
Lopez-Vazquez et al. (2023).

2.2.2. Sludge collection

AGS samples were always collected 5min after the start of the
aeration phase during maximum-capacity air flow to ensure complete
mixing. The sampling port is located 4.4 m below the surface (reactor
water depth is 6.5 m). Tubing was always flushed for 1 min before
sampling to ensure that a representative sample was collected.

The excess sludge removal rate is required for calculating the SRT of
flocs (Section 2.5.1). At Kloten—Opfikon WWTP, excess sludge was
collected in a sludge buffer tank prior to final dewatering. In our study,
the excess sludge removal rate was determined from the load of sludge
leaving the sludge buffer.

2.2.3. Sieving

Sieving was conducted to determine the size distribution of bio-
aggregates based on TSS, and to collect samples of various size-classes
for subsequent DNA analysis and activity tests. AGS was sieved into
four size-classes using woven wire mesh sieves (Retsch): flocs
(<0.25 mm), small granules (0.25-1 mm), medium granules (1-2 mm),
and large granules (>2 mm). In literature, the cutoff for flocs is normally
at 0.2 mm (de Kreuk et al., 2007) or at 0.25 mm (Layer et al., 2019). For
this study, we chose the latter, given that at Kloten-Opfikon WWTP,
relatively large particles exhibited the morphology of flocs.

A critical aspect of the separation of the size-classes by sieving is the
formation of a cake on the sieve. Applying a controlled protocol for
rinsing the filtration cake is particularly important to ensure reproduc-
ibility when separating flocs from small granules, and this aspect is often
overlooked in studies focusing on densification or granulation. At each
step of sieving, the sludge cake formed on the sieve was carefully rinsed
at a controlled flowrate of 1 L min"* and washing volume of 15 L gTSS™!
of expected flocs on the sieve. The rinsing flowrate and volume were
selected according to the results of sieving tests conducted under a wide
range of rinsing conditions (flowrate varied from 0.5 to 2 Lmin™ and
volume varied from 13 to 70 L gTSS'l). To determine the size distribu-
tion and sample storage for DNA analysis, demineralized water was used
for rinsing. To separate the size-classes for activity tests, presettled
effluent was used to avoid any change in the bulk liquid composition
that would impact microbial activities. The sample volume was adapted
to the type of analysis (size distribution: 0.2 L for flocs and small
granules, 1 L for medium and large granules; sample storage for DNA
analysis: volume not critical; activity tests: larger volumes in order to
receive 1 gTSS L' per size-class).

2.2.4. Determination of AOB and NOB activities
AOB and NOB activities were quantified for each size-class. AGS was
first collected and sieved into the four size-classes. A sample of each size-

class of sludge was then placed into a 1 L beaker and filled with primary
effluent from the same WWTP. A TSS concentration of roughly 1 gTSS
L~! was maintained in each beaker. The beakers were left idle at room
temperature overnight. Aeration and mixing were then started to reac-
tivate the nitrifiers. Oxygen concentration was maintained near satu-
ration by constant aeration. Mechanical stirrers were used for mixing.
The pre-aeration phase also ensured that the nitrification tests were
performed in the absence of organic substrate, so that the nitrite uptake
rate could be directly derived from the nitrate production rate (no
denitrification). After a reactivation phase of 1.5 h, the NH{ concen-
tration of each beaker was measured with cuvette tests (LCK303, Hach
Lange GmbH, Switzerland). An ammonia spike (NH4Cl solution) was
added to obtain approximately 50 mgNHZ-N L'! in each beaker. Sam-
ples were then collected at 20 min intervals for 2 h and analysed for
NHJ, NO3, and NO3. Ammonia uptake rate (AUR) and nitrite uptake rate
(NUR) (based on nitrate production due to low bulk NO3 concentrations)
were determined by linear regression.

Flux and penetration depth calculations were performed according
to Chen et al. (2020) to compare the limiting substances in the activity
tests with those in full-scale operation, and to confirm that the growth
conditions maintained during the activity tests mirrored those applied
during normal full-scale operation (Supplementary Information S1).
Results from calculations indicated that for ammonia oxidation, dis-
solved oxygen (DO) was limiting during the activity tests similarly to
full-scale operation, while ammonia oxidation rate was slightly higher
due to the oxygen saturation (as opposed to dissolved oxygen set-point
of 2.5 mgO, L' during normal full-scale operation). For the nitrite
oxidation, nitrite was limiting during both the activity test and
duringfull-scale operation where similar nitrite concentrations were
measured. The AUR and NUR values measured were also compared with
the rates of the full-scale AGS SBR, which were calculated from sensor
data. Overall, both the comparison of the activity tests results with
full-scale nitrification rates and the flux and penetration calculations
confirm the relevance of the activity tests to understanding the distri-
bution of nitrifying activities among flocs and different-sized granules.

2.3. Physical and chemical analysis

TSS was quantified according to the standard procedure described in
APHA (2023). Glass fibre filters were used with a pore size of 1.4 ym and
with diameters of 90 mm for flocs and small and medium granules and
240 mm for large granules (MN GF-4, Macherey-Nagel). Cations
(NH$-N) and anions (NO3-N and NO3-N) were measured with ion
chromatography (930 Compact IC Flex and 881 Compact IC pro,
respectively; Metrohm).

2.4. Molecular microbiology analysis

2.4.1. DNA extraction

Samples for digital droplet polymerase chain reaction (ddPCR) were
collected at intervals of 2 to 4 weeks and then sieved into the four size-
classes. Biological duplicates were transferred into 1.5 mL microtubes
(Protein LoBind Tubes, Eppendorf) and centrifuged at 10,000 RPM for
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Table 3
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Primers and ddPCR conditions. All primer sets target 16S rRNA genes. The coefficient of variation indicates the ratio of the standard deviation relative to the mean.

Target organism Primers Reference

Annealing temperature

Sample dilution Coefficient of variation of positive controls

Nitrosomonas CTO189FA/B CTO189FC*" (Hermansson & Lindgren, 2001)
RT1R

Nitrospira NSR 1113F (Dionisi et al., 2002)
NSR 1264R

Nitrotoga NTG200f (Alawi et al., 2007)
NTG840r

52°C 1:1000 16 %
60 °C 1:10 34 %
57 °C 1:10 49 %

2 The forward primers CTO189FA/B and CTO189FC were added in a 2:1 ratio as described in (Hermansson & Lindgren, 2001).

2 min (uniCFUGE 5, LLG Labware). The supernatant was discarded and
the pellet stored at -80 °C until further processing. DNA was extracted
from each using the FastDNA™ SPIN Kit for Soil (MP Biomedicals). The
manufacture’s protocol was followed except that samples were lysed
four times at 4 °C using a Cryo 24 & Bead Ruptor 24 (Omni) with an idle
phase of 2 min in between. Then, 5-620 mg of wet biomass was used for
each DNA extraction. Concentrations of the DNA extractions were
determined with the Qubit dsDNA HS Assay on a 96-well plate using the
Spark 10M plate reader (Tecan), then normalized to a working con-
centration of 10 ngDNA pL with DNase/RNase-free distilled water.

2.4.2. Droplet digital PCR

Our study applied ddPCR for absolute quantification of targeted or-
ganisms (Hindson et al., 2011) rather than 16S sequencing, which only
provides information about relative abundances (van Loosdrecht et al.,
2016). The ddPCR was performed on a QX200™ (Bio-Rad). Nitro-
somonas (AOB), Nitrospira (NOB), and Nitrotoga (NOB) are the dominant
nitrifying genera in activated sludge (Wegen et al., 2019), which was
confirmed by 16S rRNA gene amplicon sequencing to be the case for the
Kloten-Opfikon WWTP (Fig. S1). The three genera were quantified
using primers targeting the 16S genes (Table 3). For each DNA extrac-
tion, technical duplicates were conducted in a 22-pL reaction mix con-
taining 11 pL QX200™ ddPCR™ EvaGreen Supermix (Bio-Rad),
1L 10 ng pL~! template, 0.275 pL each of 20 M forward and reverse
primers for a final concentration of 250 nM, and 9.45 pL
DNAse/RNAse-free water. Then, 20 pL of reaction mix and 20 pL of
Automated Droplet Generation Oil for EvaGreen (Bio-Rad) were used to
generate droplets with the Automated Droplet Generator (BioRad). PCR
was performed (T100™ Thermal Cycler, Bio-Rad) following the protocol
suggested by the manufacturer: 95 °C for 5 min, 40 cycles of 95 °C for 30
s (denaturation) and 1min at the respective annealing temperature
(annealing/extension) (Table 3), 4 °C for 5min and 90 °C for 5min.
Annealing temperature was optimized by preliminary tests applying a
temperature gradient between 52 °C and 66 °C, aiming for optimal
separation between positive and negative droplets (Huggett, 2020).
Similarly, PCR inhibition was eliminated by testing various sample di-
lutions. After PCR, positive and negative droplets were counted
(QX200™ Droplet Reader, Bio-Rad). Data were then analysed with the
QX Manager software 2.1 (Bio-Rad). Automatic thresholding was
applied to separate positive and negative droplets, confirmed visually,
and where necessary adjusted manually for each sample.

In each run, positive and negative controls confirmed the robustness
and reproducibility of the protocol. For positive controls, 16S gene se-
quences of Nitrosomonas europaea (RefSeq ID: NC_004757.1) and of
Nitrospira fluvii (RefSeq ID: NZ_CAJNBJ010000003.1) were obtained
from NCBI and synthetic fragments were ordered from IDT, and for
Nitrotoga, one of the samples from the Kloten—Opfikon WWTP was used.
For negative controls, both DNA extractions without biomass and PCR
reactions with water were used.

2.4.3. Data analysis

Measurements from technical duplicates were averaged. If the rela-
tive difference of the technical duplicates was higher than the coefficient
of variation of the positive controls of the specific primer set (Table 3),
the measurement was omitted. Both measurements of the biological

duplicates were used for further analysis. The concentrations were
converted from copies pL™! to copies gTSS™. For the time series of each
size-class and target genus, a nonparametric model was fitted with a
local polynomial regression (R, method = loess, span = 0.5).

2.5. Calculations

2.5.1. Solids retention time of flocs

The aerobic SRT of the flocs was approximated using Eq. (1) and
without accounting for seeding. We expect that in AGS, biomass in the
flocs partly results from seeding from granules (Zhou et al., 2014),
similar to seeding from the biofilm in IFAS systems (Houweling &
Daigger, 2019). Therefore, the values we report are actually an under-
estimation of the true SRT of the biomass of the flocs.

V'Xﬂocs
(Q - QW)'Xe.ﬂocs + QW. buffer 'XW., buffer.flocs

SRTﬂocs.aerobic = faerobic (1 )

where SRTfjocs aerobic iS the aerobic solids retention time of flocs [d], V is
the reactor volume [L], Xfocs is the floc concentration in the reactor
[gTSS L' , Qis the influent wastewater flow rate [L d'l], Qy is the excess
sludge flow rate [L d1y, Xeflocs is the effluent flocs concentration
[gTSS L1, Qw,buffer is the flow rate leaving the buffer tank [L d1,
Xw,buffer,flocs i the floc concentration in the excess sludge leaving the
buffer tank [gTSS d™11, and faerobic is the fraction of aeration phase per
cycle [-]. Values for Xgocs stem from TSS measurements. Values for
Xe flocs Were derived from an online optical turbidity sensor placed in the
effluent line, with all the solids in the effluent assumed to be flocs.
Values for Xw puffer,flocs Were obtained either from sampling and sieving
of the excess sludge samples from the buffer tank and subsequent TSS
measurements or from solids measurements taken with an online optical
turbidity sensor placed in the effluent line of the pre-thickener and the
flocs to small granule ratios, which was determined for the biological

Table 4
Parameters for SRTy;, calculation.
AOB NOB

Kinetic parameters (SUMO2, Dynamita)
Umax,20°C [d1 0.9 0.65
baoec [d' 0.17 0.15
Ky [mgN L] 0.7 0.1
Koz [mgO, L] 0.25 0.25
Oumax [-] 1.072 1.06
Op [-] 1.03 1.03
Electron acceptor/donor bulk concentrations
Sn (NH4+ or NO3) [mgN L] 12° 0.3"
So2 [mgO, L] 2.5° 2.5¢

2 1/3 of the average influent NHj concentration (volume exchange ratio at
Kloten-Opfikon WWTP = 1/3).

b Nitrite effluent concentration from composite samples of Kloten-Opfikon
WWTP followed a log-normal distribution with a mean value of 0.3 mgN L
during summer. Although the effluent nitrite was usually below 0.3 mgN L}, we
chose to use this mean value assuming that during aeration in the SBR, the nitrite
concentrations were actually above the effluent concentrations. The value
0.3mgN/L ™! is the maximum nitrite effluent concentration recommended by
the Swiss legislation.

¢ Operating DO concentration at Kloten-Opfikon WWTP.
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reactor. Both Qw and Qw puffer Were obtained from the flow measure-
ments of the sludge buffer.

2.5.2. Minimum SRT of AOB and NOB

Minimum SRT values for AOB and NOB were determined with Egs.
(2) to (5) (Metcalf et al., 2014). Bulk electron acceptor/donor concen-
trations were used as in operating conditions, and kinetic values were
from the biological model SUMO2 (Dynamita) (Table 4). Calculations
using kinetic parameters from Metcalf et al. (2014) yielded similar
SRTx,min (Supplementary Information S3).

Sn So2
= ‘max. : ’ - b y (2)
Hx = HmaxxT (SN T kN> (Soz + koz‘x) o

SRTxX min = l 3
n

X

The subscript X indicates AOB or NOB, the subscript N indicates NH}
or NOy, py is the specific growth rate [gVSS gVSS’1 d’l], Umax,x,T is the
maximum specific growth rate at temperature T [gVSS gvVSS~!d 1], bxT
is the specific endogenous decay rate at temperature T [gVSS
gVSS_1 d™!1, Sy is the NHJ or NO3 concentration [mgN L1, Ky is the
half-saturation constant for NH4+ or NO3 [mgN L, So2 is the DO
concentration [mgO, L'l], and Koo x is the half-saturation constant for

DO for AOB or NOB [mgO, L. Umax,x,T and byt were corrected for
temperature:

T-20

Pmaxxt = pmax,X.ZO“C'eElmax,)z (€]
bxr = bx,zom'eg; 20) 5)
Bumax,x and 6y, x are the temperature coefficients [-]. Temperature values
were obtained from an online sensor in the AGS reactor at Klo-
ten—Opfikon WWTP.
3. Results
3.1. What is the size distribution in AGS?

The change in size distribution in AGS was monitored over 14
months (Fig. 1). AGS from Kloten—-Opfikon WWTP consists of bio-

aggregates with a highly heterogeneous size distribution, from flocs
(<0.25mm) to granules between several hundred pm and 6 mm in

A)
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4
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Fig. 2. Trend of temperature, SRTp;, values for AOB and NOB and the

SRTfiocs,aerobic Values, during start-up and increasing and decreasing tempera-
ture. The SRTp,i, were derived as described in Section 2.5.2. The SRTfcs,aerobic
were calculated as described in Section 2.5.1 from either excess sludge sensor
(diamond markers) or sample data (triangle markers).

diameter (Fig. S4). During the start-up phase (Fig. 1, white background),
the biomass concentration gradually increased from 3.6 to 5.0 gTSS L.
After this start-up phase, a rather stable total TSS concentration of 4.7 +
0.7 gTSS L'! was maintained. The variation in May and June 23 resulted
from short operational changes. After the start-up phase (Fig. 1, bright
and dark brown background), the relative AGS composition remained
stable throughout the monitoring campaign. Overall, large granules of 2
to 6 mm diameter represented the most abundant biomass fraction (50
+ 11 %), and flocs were the second most abundant fraction with a high
proportion of 36 + 5 %. The remainder were smaller granule sizes.
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Fig. 1. Change in the TSS size distribution of AGS in (A) absolute and (B) relative values, during start-up and increasing and decreasing temperature.
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confidence intervals are shown for each size-class and each genus.

3.2. What is the SRT of flocs?

The aerobic floc SRT was determined and compared to the minimum
SRT of AOB and NOB, which were calculated as a function of temper-
ature (Fig. 2). Overall, the SRTfocs aerobic Was well above the SRTpin of
AOB, and only slightly above and occasionally equal to the SRTp;, of
NOB. After start-up, the excess sludge consisted of 80 % flocs and 20 %
small granules (n = 8). The average floc SRT was 5.1 + 1.4 d (n = 23)
and was intermittently <5 d in April and May 23 due to operational
changes. The mixed liquor temperature was stable at 17 °C during the
start-up phase and was then gradually increased to 25 °C during the
increasing temperature phase. During the decreasing temperature
phase, the temperature then dropped on average to 15 °C with minimum
values of 12 °C during rain and snow events. As the temperature
decreased, the SRT i, value of AOB increased from 1.3 to 2.5 d and that
of NOB from 2.5t0 5.0 d

3.3. How are the nitrifying communities distributed among the size-
classes?

To assess the roles of flocs and granules in nitrification, we first
monitored the distribution of the dominant nitrifying genera among the
size-classes over seasons (Fig. 3). The total copy numbers and actual
distribution of AOB and NOB at reactor-scale were derived from the size
distribution and from the specific copy numbers for each size-class
(Fig. 4). Overall, AOB preferentially enriched in flocs and small gran-
ules and were never washed out of the system, resulting in relatively
stable total AOB copy numbers. In contrast, NOB (first Nitrotoga, then
Nitrospira) were washed out from flocs and small granules, and their
enrichment in large granules remained low throughout the study. As a

result, the total NOB copy numbers showed considerable variability over
seasons.

At the beginning of monitoring, similar Nitrosomonas copy numbers
were observed in all four size-classes (Fig. 3). Over the course of the
study, Nitrosomonas copy numbers in flocs and small granules increased,
whereas a decrease was measured in the medium and large granules. By
the end of the study, the enrichment was considerably higher in the
small size-classes (<1 mm) than in the large size-classes (>1 mm). At
reactor scale, the total copy number of AOB remained rather stable,
despite an increase during the decreasing temperature phase (relative
standard deviation after start-up: 34 %, Fig. 4A). Two thirds of the AOB
were found in the small size-classes <1 mm, and one third was present in
large granules (Fig. 4C). AOB were negligible in medium granules
throughout the study.

The dominant NOB genera, Nitrospira and Nitrotoga, were succes-
sively enriched and washed out in the <2 mm size-classes (Fig. 3). By the
end of the monitoring period, both Nitrotoga and Nitrospira were nearly
absent as a result of their washout during the increasing and decreasing
temperature phases. In large granules, Nitrospira copy numbers
remained low after start-up and slowly increased only during decreasing
temperature phase, whereas Nitrotoga were almost entirely absent
throughout the study. At reactor scale, the total copy numbers of NOB
exhibited a greater variability than did those of AOB (relative standard
deviation after start-up: 52 %, Fig. 4B). During the cold months from
October to December, when NOB were nearly completely washed out
from the flocs and small granules, the total NOB copy numbers declined
by 79 %. Throughout the study, the distribution of NOB among the flocs
and small and large granules was highly variable (Fig. 4D). Similarly to
AOB, medium granules contained negligible NOB throughout the study.

Notably, AOB were around 10 times more abundant than NOB, likely
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due to a combination of true difference, difference in primer specificity,
and possibly other unknown factors. Nevertheless, the quality check on
the ddPCR analysis and the comparison with the trend of activities
(Section 3.4) confirmed the validity of our measurements.

3.4. How are the nitrifying activities distributed among the size-classes?

3.4.1. What are the specific activities of the size-classes?

Diffusion limits the microbial conversion rates of biofilm systems.
Hence, the activities of nitrifiers among the size-classes in AGS are not
proportional to their abundance. To gain further insight, activity tests
were performed on all the size-classes (Fig. 5). Our results indicate that
the specific activities of large granules are significantly lower than those
of flocs and small granules (Fig. 5).

During the increasing temperature phase, specific AOB activities
were similarly high in flocs and small granules (3.7 + 0.9 and 3.7 &+ 0.4
mgN gTSS™! h'l, Fig. 5A and C, respectively) and substantially lower in
medium and large granules (2.1 = 0.7 and 0.8 + 0.4 mgN gTSS! h'l,
Fig. 5E and G, respectively). During the same phase, specific NOB ac-
tivities were the highest in small granules (4.5 + 2.1 mgN gTSS! h'l,
Fig. 5D), followed by those in flocs (3.1 + 0.6 mgN gTSS™ h'l, Fig. 5B).
Specific NOB activities found in medium and large granules were very
low (1.3 + 0.3 and 0.3 + 0.2 mgN gTSS ! h'l, Fig. 5F and H, respec-
tively). Notably, specific NOB activities were zero in all size-classes in
January 24.

The specific activities of the total mixed liquor suspended solids
(MLSS) were calculated as the sum of the weighted specific activities of
each size-class. Similar specific activities of the total MLSS of around 2
mgN gTSS! h'! were quantified for both AOB and NOB (Fig. 51 and J).
The specific activities were compared with the corresponding specific
copy numbers and as a visual aid, a linear regression through the origin
was fitted for each size-class (Fig. 6). The specific activities increase with
increasing copy numbers for all size-classes <2 mm, while the specific
activities of large granules remain low even with increasing copy
numbers. At similar copy numbers, specific AOB activities in large
granules represent around one third of those of the smaller size-classes.
At similar copy numbers, specific NOB activities in medium and large
granules represent around one fifth of those of the flocs and small
granules.

3.4.2. What are the contributions of the various size-classes to the overall
nitrification rates at reactor scale?

The total nitrification rates and the distribution of nitrifying activ-
ities at the reactor scale are the products of the specific activities and the
TSS size distribution. The change in volumetric AOB and NOB activities
is shown in Fig. 7. Most of the nitrifying activity (>50 %) is found in
flocs, although they represent only one third of the biomass, whereas
large granules (50 % of the biomass) contribute less than 20 %.

During the increasing temperature phase, the total AURs and NURs
were 10.2 + 2.1 and 9.1 + 3.2 gN m™ h'l, respectively. These
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experimentally determined activities align with the nitrification rates
observed at the full-scale WWTP of Kloten-Opfikon (AUR = NUR = 9 gN
m™ h'!). During this phase, more than 50 % of the total AURs and NURs
were attributed to the flocs. Specifically, 83 % of the total AURs and 91
% of the total NURs were found in the flocs and small granules, whereas
granules >1 mm contributed to the remaining minor activities. Similar
AURs were monitored during the decreasing temperature phase (11.4
gN m™> h'l), whereas the NURs dropped to zero, consistent with the
wash-out of NOB indicated by the copy numbers (Fig. 4).

3.5. What are the consequences of the roles of flocs and granules of
various sizes in nitrification performance at reactor scale?

Ammonia and nitrite effluent concentrations were monitored by
analysing composite samples of the effluent from both the monitored
and a parallel AGS reactor. Ammonia effluent concentrations complied
with the Swiss guideline of 2 mgN L during the monitoring campaign.
Until October 23, the Kloten-Opfikon WWTP also complied with the
Swiss nitrite effluent recommendation of 0.3 mgN L (GSchv, 2023),
except for a few minor nitrite events between January and May 23 that
occurred due to operational changes. Elevated nitrite concentrations up
to 10 mgN L! were observed when temperature dropped during winter
23/24 (minimum temperature of 15 °C as opposed to 17 °C, during

winter 22/23).

4. Discussion
4.1. In AGS, flocs play a critical role in nitrification

A main result of our study is that flocs represent a significant solids
fraction of AGS and play a critical role in nitrification in full-scale aer-
obic granular sludge (AGS) WWTPs. Monitoring of a full-scale AGS
WWTP in Switzerland over 14 months, that was in the commissioning
phase but still operated below design / standard AGS loading rate,
revealed that flocs contributed more than 50 % to the nitrifying activ-
ities during warm summer months. The predominant role of flocs
became problematic during the cold season, when the NOB activity in
flocs diminished, resulting in critical nitrite accumulation. These ob-
servations raise three questions: (i) Are flocs an integral part of AGS, and
if so, to what extent? (ii) How can the fairly high specific activities of
flocs be explained despite their selective removal? (iii) What are the
implications for the resulting activity distribution?

AGS systems have long been referred to as biofilm-only systems
consisting only of granules (de Kreuk et al., 2007; Giesen et al., 2013).
But our study challenges this conventional conception. Our results
reveal that flocs represent a high fraction of the sludge, approximately
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one-third, and that this fraction was maintained in the system
throughout the monitoring campaign. Flocs in AGS comprise debris from
granules, biomass growing on residual COD under aerobic conditions,
and influent particulate materials (van Dijk et al., 2018; Wagner et al.,
2015; Zhou et al., 2014). The proportion of flocs in AGS depends on the
composition of influent wastewater (Layer et al., 2019) and the oper-
ating conditions of the reactor, such as the selective pressure on
slow-settling biomass (van Dijk et al., 2022). Our study is the first to
quantify the floc proportion regularly over an extended period of >1
year in a full-scale WWTP. At the Kloten-Opfikon WWTP, we found a
non-negligible average floc (<0.25mm) content of 36 %, which is
consistent with floc contents reported in literature ranging from 16 % to
40 % of TSS (Layer et al., 2019; Pronk et al., 2015; van Dijk et al., 2018).
Considering both our observations and recent literature, we propose to
revise our conception of AGS applied to the treatment of municipal WW:
AGS should be viewed as a hybrid system comprising both suspended
and biofilm biomass similar to IFAS systems (Houweling & Daigger,
2019). At present, however, the aims of excess sludge removal differ
significantly between AGS and IFAS systems. Excess sludge removal in
AGS systems seeks to selectively remove the flocs and retain the
fast-settling granules, whereas in IFAS systems, the aim is to maintain a
low floc SRT to promote nitrifying activity on the biofilm. Understand-
ing the distribution of activities among AGS size-classes and the un-
derlying mechanisms is crucial for determining the extent to which AGS
systems operate like IFAS systems in terms of nitrifying activity
distribution.

Another significant result of our study is the high specific activities
observed in the small bio-aggregates (<1 mm). The specific AOB and
NOB activities of the flocs and small granules were five to fifteen times
higher than those of the large granules (Fig. 5). Similarly, Quoc et al.
(2021) observed that specific nitrifying activities of small granules were
five times higher (0.212-0.425mm) than those of large granules
(>1.4 mm). These high specific activities of small bio-aggregates can be
explained (i) by their high surface-to-volume ratio, which minimizes the
mass-transfer limitation compared to large granules (Fig. 6) (Strubbe
et al., 2022) and (ii) by the preferential enrichment of nitrifiers in the
small size-classes (Fig. 3).

As a result of the non-negligible floc proportion in the biomass and of
the high specific activities of the small size-classes, we found that most
nitrification occurred within the flocs during the warm season (>50 %,
Fig. 7). Although flocs represented only one third of the total biomass
(Fig. 1), their contribution to nitrification was crucial. In contrast,
granules >1 mm (51 % of the biomass) contributed to only 17 % and 9 %
of the AOB and NOB activities, respectively. Although some nitrifying
activity in flocs is expected in IFAS, the extent of their contribution
observed in our study is surprising. In full-scale IFAS systems, flocs can
contribute 25-36 % to nitrifying activities, and most nitrification thus
occurs within the biofilm, resulting in robust nitrification
(Onnis-Hayden et al., 2011; Regmi et al., 2011). Although AGS systems
are similar to IFAS systems in their sludge composition, our results
highlight significant differences between AGS and IFAS systems in the
distribution of nitrifying activity between flocs and granules/biofilm.
The significantly higher contribution of flocs to nitrification observed in
our study likely resulted in an unstable nitrification of the AGS system,
leading to effluent nitrite concentrations above the Swiss legal recom-
mendation. In our study of the Kloten—Opfikon AGS WWTP, NOB ac-
tivities in flocs and small granules decreased as the temperature
dropped, resulting in incomplete nitrification and elevated nitrite
concentrations.

The comparison of the total nitrifying activities measured from AGS to
those of other hybrid systems is not straightforward and can be misleading.
The activities in a hybrid system depend on several factors such as design
(e.g., area available for biofilm formation), operation (e.g., floc SRT con-
trol), wastewater composition, and loading conditions. Even comparing
different AGS systems requires caution: Although the TSS concentration at
the AGS WWTP in Garmerwolde was 60 % higher than that at Kloten-
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Opfikon WWTP (7.5 gTSS L vs. 4.7 gTSS L)), the total volumetric ac-
tivities were lower (AUR=6 and NUR=3 gN m3 h'l) than those measured
at Kloten-Opfikon WWTP (experiments: AUR=10 and NUR=9 gN m™> h'};
full-scale: AUR=NUR=9 gN m h'l, Section 3.4.2). This is due to the
rather low total specific activities found at Garmerwolde WWTP
(AUR=0.8 and NUR=0.4 mgN gTSS' h!) in comparison to those at
Kloten-Opfikon WWTP (AUR=NUR=2 mgN gTSS ' h™1). It is likely that
the discrepancy between the nitrifying activities arises from differences in
size distribution and microbial distribution, both of which can be linked to
the history of AGS. In contrast, the total volumetric rates of densified
activated sludge (DAS) with 50 % of flocs and 50 % of small granules
<0.5mm at up to 5 gTSS L! are potentially up to 50-140 % higher than
AGS rates (Fumasoli et al., 2024; Regmi et al., 2022), which results from
the high specific activities that can be found in flocs and small granules
(Fig. 5). Higher AGS nitrification rates could be achieved in the future with
if higher biomass concentrations were reached or if nitrifier enrichment
could be enhanced.

4.2. Mechanisms behind the distribution of nitrifying communities

A second important finding of our study is that nitrifiers would rather
grow in the flocs than in the large granules (>2 mm) as we had antici-
pated. The preferential growth of nitrifiers in flocs resulted in a highly
dynamic NOB assembly, which caused instabilities in the NOB activity of
the reactor and in turn resulted in transient incomplete nitrification.
Two key questions emerge from these observations: (i) Why was the
enrichment in large granules limited? (ii) What are the mechanisms
behind the dynamic NOB assembly?

Contrary to our expectations, nitrifiers were primarily found in flocs
rather than in large granules, where they would benefit from higher SRT
conditions than in the flocs (Layer et al., 2019; Onnis-Hayden et al.,
2011). Although sloughing from biofilm can be the reason for nitrifier
abundance in the flocs of a hybrid system (Houweling & Daigger, 2019),
we argue that at Kloten—-Opfikon WWTP, the nitrifiers were actually
actively growing in the flocs and not merely the result of seeding. In a
hybrid system such as AGS, microorganisms grow where the conditions
are optimal: where the SRT is larger than their minimum SRT and where
access to substrate is easier. The limited access to oxygen in the biofilm
may result in a competition between slow and fast-growing organisms,
i.e., between ordinary heterotrophic organisms (OHO) and nitrifiers
(Houweling & Daigger, 2019). Under high organic loading on the bio-
film, the growth of AOB may be limited by heterotrophic activity due to
the limitation by oxygen. Consequently, although NOB growth is limited
by nitrite and not oxygen, NOB growth may also be inhibited indirectly
by heterotrophic activity if it induces limited AOB growth and thus
limited nitrite production in the biofilm. Nevertheless, two observations
suggest that heterotrophic activity occurred in the flocs and that
competition between OHO and nitrifiers was not responsible for the
limited growth of nitrifiers in granules at Kloten-Opfikon WWTP: 1) The
organic loading on the flocs was 0.14 kgsCOD kgTSSiycs d ! and thus ina
typical range for nitrifying activated sludge (Metcalf et al., 2014). 2) The
floc SRT was 5.1 + 1.4 d and thus considerably higher than the SRTp;, of
OHO of 1 to 3 d (Chen et al., 2020). However, the access to substrate in
granules is limited by mass transfer, whereas substrate is easily acces-
sible in the flocs. We therefore hypothesize that the relatively high SRT
of the flocs allowed nitrifiers to grow there and thus limited their
enrichment in the large granules. Although the monitored SBR was
frequently operated at short cycles due to rain weather conditions, we
argue that this did not cause the limited nitrifier growth in granules.
Even when operating at longer cycles, growth conditions in flocs remain
more favourable than in granules if the floc SRT is larger than the
minimum SRT of nitrifiers due to easier access to substrate. Indeed,
during the warm season, the operational floc SRT was normally above
the minimum SRT of AOB and NOB (Fig. 2). Consequently, both AOB
and NOB preferentially enriched in the flocs, and their growth in the
large granules was limited. This pattern persisted for AOB but not for
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NOB during the subsequent cold season. NOB were washed out from
flocs, likely because their minimum SRT increased with the drop in
temperature, therefore converging with the floc SRT (Fig. 2). The SRT in
flocs was no longer sufficient for NOB growth in flocs during the cold
temperature season. Meanwhile, the loss of nitrite oxidation activity in
flocs was not compensated by an increase in the large granules, where
the NOB growth was still limited despite their long SRT. The continued
limited enrichment of NOB is likely due to the limited diffusion of ox-
ygen into the large granules, resulting in a microbial competition be-
tween heterotrophs and nitrifiers. Oxygen diffusion within the granules
is very dynamic over the aeration phase of an SBR (Layer et al., 2020).
The resulting competition for oxygen between heterotrophs and nitri-
fiers might have been influenced by several factors such as cycle length
(due to rain weather conditions) or bulk concentrations / surface area
(as a result of the commissioning phase).

In addition to insufficient SRT, other factors such as nutrient or ox-
ygen availability can lead to the loss of NOB. We acknowledge that both
the minimum SRT and the floc SRT are approximations. The kinetic
values for SRTminnop are for unknown NOB genera, although our
evaluation of other sets of kinetic parameters confirmed the SRTpy
values. The SRTy,s were underestimated because seeding is neglected.
However, influent NHJ, pH, and oxygen levels in winter remained
similar to those in summer and were therefore excluded as a cause of
NOB loss. This suggests that the convergence of the SRT values with
decreasing temperatures is likely to explain the washout of NOB
observed.

The abundance of NOB in the small size-classes was associated with a
highly dynamic NOB community, similar to patterns observed for acti-
vated sludge systems (Gruber, Niederdorfer, et al., 2021; Ju et al., 2014).
Throughout the study, Nitrospira and Nitrotoga dominated the NOB
population alternatively, suggesting the occurrence of competition be-
tween the two NOB genera. Nitrospira were initially washed out and
replaced by Nitrotoga before the reverse then happened (Fig. 3B and D).
Although the exact factors governing the competition between Nitrospira
and Nitrotoga are not fully understood (Nowka et al., 2015), previous
studies indicated that Nitrotoga tend to dominate at low temperatures
(Alawi et al., 2007; Alawi et al., 2009; Wegen et al., 2019) and at high
nitrite concentrations (Kinnunen et al., 2017; Zheng et al., 2020). In
contrast, Nitrospira grow preferentially at higher temperature and are
characterized by a low nitrite half-saturation constant (Nowka et al.,
2015). In our study, the replacement of Nitrospira by Nitrotoga coincided
with slightly elevated nitrite levels from March to May 23. As nitrite
level decreased and temperature rose from June to September 23,
Nitrotoga was gradually washed out and outcompeted by Nitrospira
(Fig. 3).

Nitrification remained robust during the warm season due to the
high abundance and activities of both AOB and NOB in the small size-
classes. However, during the cold season, the slow NOB enrichment in
large granules was insufficient to compensate for the loss of NOB from
flocs and small granules, which led to a significant loss of NOB activity
(Fig. 7B) and elevated nitrite concentrations in the effluent. Curiously,
NOB activities decreased not only in flocs and small granules, where
NOB were almost completely absent by the end of the study, but also in
medium and large granules despite their continued presence in these
aggregates (Figs. 3 and 5). Similar to Wei et al. (2021) observations, we
suspect a dependency of large granules on the smaller bio-aggregates to
maintain their nitrification activities.

Due to the limited enrichment in large granules and the dynamics
shift in the NOB community within the smaller size-classes, NOB activity
was lost across all size-classes and elevated effluent nitrite concentra-
tions were measured when temperature started to decrease. In the short-
term, the DO setpoint can be increased to directly enhance diffusion into
the granules and thus the activity. However, if NOB are not present, this
measure will only have a limited effect. In the long-term, preventing
incomplete nitrification under similar conditions may require a revised
approach to the operational strategy of AGS wastewater treatment.
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4.3. Optimization potential for the operation of AGS

Our study provides insights into optimizing the operation of AGS-
based WWTP. Granules from AGS have good settling properties
throughout the year and are associated with high SRT conditions. AGS
therefore has the potential to ensure robust nitrification through all
seasons, provided that a significant proportion of nitrifying activity
occurs in the granules. To make use of the full potential of the AGS
technology, we recommend to limit the contribution of flocs to nitrifi-
cation in order to avoid transient accumulation of nitrite. Short periods
of elevated nitrite concentrations in the effluent are often observed in
Swiss WWTP during winter. Some 50-80 % of Swiss WWTPs regularly
exceed the Swiss nitrite guideline value of 0.3 mgNO,-N L (GSchvV,
2023) as a result of the transient washout of NOB and possibly the
population dynamics of NOB (Gruber et al., 2024; Gruber, von Kanel,
et al., 2021). Nevertheless, the nitrite accumulation observed in our
study was higher and lasted longer than is typically seen in Switzerland
(Gruber et al., 2024) and cannot be attributed solely to a seasonal effect.
In activated sludge systems, increasing the SRT is frequently advised to
prevent partial nitrification related to the washout of NOB (Johnston
et al., 2019). In AGS systems, however, the SRT required is already
provided in the granules. Therefore, the challenge is to shift the nitrifiers
from flocs, where they are susceptible to seasonal washout, to the
granules, where they would benefit from high SRT conditions. Similar to
the operation of IFAS systems, we suggest reducing the floc SRT to limit
the nitrifier enrichment in the flocs and push them into the biofilm (Di
Trapani et al., 2013; Houweling & Daigger, 2019). We therefore
recommend minimizing the contribution of flocs to nitrification by
controlling the floc SRT at a value below the minimum SRT over an
extended period, and well in advance of the critical cold season. In
contrast to the conventional excess sludge removal strategy, which aims
to maintain good sludge settleability, excess sludge removal should
therefore depend on a target floc SRT.

A shorter floc SRT might however have a detrimental effect on the
long-term granulation. If large granules would mostly originate from
densified flocs (van Dijk et al., 2022), more extensive floc removal might
hamper the granulation process. A better understanding of the life cycle
of AGS is therefore required. Second, a shift of the nitrifying population
from flocs to large granules might not result in the desired increase of
activity of the large granules if the effect of mass transfer limitation is
too dominant (Strubbe et al., 2022). The correlation of specific activities
and specific copy numbers (Fig. 6) demonstrated that, even at similar
copy numbers, three and five times higher AOB and NOB activities can
be achieved in small size-classes than in large granules. This indicates
that if a similar activity needs to be reached after pushing the NOB on
the large granules, then a very high degree of enrichment is required.
One optimization could also be to engineer the size distribution of AGS
to increase the surface area available for mass transfer and thus to in-
crease the activities (Liu & Tay, 2012).

5. Conclusions

1. AGS consists of both biofilm-type biomass in granules and suspended
biomass in flocs, and thus resembles a hybrid system such as IFAS
rather than a biofilm-only system. The AGS monitored in our study
consisted of 50 % large granules (>2 mm) and 36 % flocs. But unlike
IFAS systems, a significant proportion of nitrification occurs in the
flocs of AGS during the warm season (more than 50 % of the AUR and
NUR), whereas less than 20 % occurs in granules >1 mm.

2. The limited growth of AOB and NOB in large granules during the
warm summer season was likely due to the relatively high SRT of the
flocs. The floc SRT of 5.1 + 1.4 d was well above the minimum SRT
for nitrifiers during the warm temperature season. As a result, ni-
trifiers preferentially grew in the flocs, as opposed to in the large
granules, where access to substrate is mass-transfer limited.
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3. The high abundance of nitrifiers in flocs, where they are more sus-
ceptible to seasonal changes, resulted in unstable NOB assembly,
particularly during the cold season. Approximately 80 % of NOB
were washed out, eventually resulting in a complete loss of NOB
activity. As a result, nitrification was incomplete during a transient
period (elevated effluent nitrite concentrations up to few mgN L),
NOB growth in large granules of AGS system is essential to main-
taining a stable NOB community and robust nitrification.

4. The distribution of nitrifiers among the different size-classes should
be controlled to avoid transient periods of partial nitrification and to
use the full potential of the AGS technology. It is therefore recom-
mended to control the floc SRT at a lower value of around 3 d to limit
the growth of nitrifiers in flocs and to promote their enrichment and
thus nitrifying activity in large granules. Further investigations are
needed into the effect of such an operating strategy on the life cycle
of AGS and on the activities in large granules.
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