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ABSTRACT

ARTICLE HISTORY

A mathematical model was used to evaluate the effect of the aeration pattern and ammonium
concentration in a partial nitritation-anammox sequencing batch reactor with granular and
ﬂocculent sludge. In the tested conditions, model results indicate that most of the aerobic
ammonium oxidation potential would occur in the bulk liquid, with 70% of the ammoniumoxidizing bacteria (AOB) biomass in suspension rather than in granules. The simulated granular
sludge consisted predominantly of anammox bacteria with AOB present in the outer layer of the
granule (50 μm AOB layer, accounting for 3% of the granule weight). Simulation results indicated
that when granules do not contain any AOB, the amount of granular biomass required to
achieve the same level of nitrogen removal would strongly increase (in the simulated conditions,
by a factor of three) due to anammox inhibition by oxygen. This underlines the importance of a
small fraction of AOB present in the granular anammox sludge. The aeration pattern had an
important impact on the nitrogen removal: a better performance was suggested for continuous
aeration (90% N-removal) than for intermittent aeration (68–84% N-removal). Anammox
inhibition during the periods of high oxygen concentration was identiﬁed as the main reason for
the lower nitrogen removal in the intermittently aerated system. With increasing oxygen
concentration, a higher residual (efﬂuent) ammonium concentration was needed to assure
nitrite-oxidizing bacteria repression in the system. This study contributes to further understand
the complexity of a reactor with both granular and ﬂocculent sludge and the impact of
operation conditions on reactor performance.
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1. Introduction
Nitrogen removal from wastewater is necessary to
prevent the negative impacts of ammonium to the
environment (e.g. eutrophication, toxicity). Traditional
nitrogen removal is done via the nitriﬁcation/denitriﬁcation (N/DN) route. This route requires high amounts of
oxygen and energy to provide an aerobic environment
for bacterial nitriﬁcation, and organic carbon to remove
nitrate by bacterial denitriﬁcation, thus increasing the
cost of the process.[1] One of the most innovative developments in biological wastewater treatment is the use of
the partial nitritation/anammox (PN/A) route. The ﬁrst
step in this process is performed by ammonium-oxidizing bacteria (AOB) nitrifying a fraction of the ammonium
to nitrite (partial nitritation). The second step is the
anaerobic oxidation of the remaining ammonium with
nitrite for the production of nitrogen gas (N2) by
anammox bacteria. Therefore, the nitriﬁcation of nitrite
to nitrate has to be repressed by outcompeting the
nitrite-oxidizing bacteria (NOB).[2] The application of
anammox bacteria in the side-stream of wastewater
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treatment plants (WWTPs) has several advantages compared to the N/DN technology. The aeration requirements decrease by 60%, sludge production decreases
by approximately 90% and there is no need for organic
carbon.[3–5] This technology is currently applied to
warm and high-strength wastewaters, such as digester
efﬂuents and anaerobically treated industrial efﬂuents.
[6,7]
Early PN/A implementations for side-stream treatment used two-stage reactor conﬁgurations for a
better control of the nitritation step or to make use of
already existing nitritation systems.[7] However, the
majority of current implementations consist of a singlestage conﬁguration (88%), while more than 50% of all
PN/A systems apply the sequencing batch reactor (SBR)
technology.[8] The SBR conﬁguration can be applied
with different operation strategies. Aeration can be intermittent (e.g. DEMON®, see [9,10]) or continuous at very
low dissolved oxygen (DO) levels (e.g. full-scale partial
nitritation-anammox in one SBR in Zürich, Switzerland,
see [11]). Sludge retention is a distinguishing factor in
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the operational strategy of anammox-based systems. For
example, most DEMON® systems use a cyclone to waste
ﬁne particulate and ﬂocculent sludge and retain larger
anammox granules in the reactor while AOB biomass is
supposed to be present in ﬂocculent form.[12] In the
case of the SBR in Ingolstadt, Germany, sludge is
wasted with the discharged efﬂuent by applying short
settling times.[8]
The complexity of the various processes currently
applied in full-scale WWTPs for nitrogen removal in the
side-stream make a mathematical approach a desired
tool to explore the differences between these operational conditions and further analyse their effect on
NOB repression. Numerical approaches have proved
useful to gain insight in the most important factors
that affect the granular sludge processes. Previous
studies have examined the effect of granule size and heterotrophic growth on autotrophic nitrogen removal
systems.[2,13] The sensitivity and the effect of temperature on a completely autotrophic ammonium removal
over nitrite system have also been studied.[14,15] The
inﬂuence of mass transfer and microbial kinetics was
investigated in a sensitivity analysis study of an autotrophic N-removal granular bioreactor.[16]
In the present study, we examine a single-stage PN/A
process with granular sludge biomass in an SBR. A mathematical model implemented in the AQUASIM simulation software [17] was used to evaluate the effect of
intermittent versus continuous aeration on the SBR performance, the role of AOB in suspension versus AOB in
granules and the relation between ammonium concentration and NOB repression.
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The seven dissolved components taken into account
are: ammonia (SNH4 ), nitrite (SNO2 ), nitrate (SNO3 ), nitrogen
(SN2 ), oxygen (SO2 ) and soluble organic substrate (SS).
In nitriﬁcation, ammonium is oxidized to nitrite by
AOB and the produced nitrite is further oxidized to
nitrate by NOB. Anammox bacteria perform the anaerobic oxidation of ammonium with nitrite as electron
acceptor, producing nitrogen gas. Furthermore, three
types of heterotrophic bacteria have been considered,
each growing on one of the three electron acceptors:
oxygen, nitrate or nitrite.[21] Since there is no real
distinction between these heterotrophic groups, the
corresponding reaction rates were expressed in terms
of the total amount of heterotrophic bacteria
(XHET = XO2 ,HET + XNO2 ,HET + XNO3 ,HET ). The production of
organic materials from biomass decay was taken into
account using the death-regeneration approach,[2]
where living cells are turned partly into biodegradable
substrate and partly into inert material.[22] In this
model, the direct formation of soluble organic substrate
(SS) rather than particulate organic substrate assumes
that decay and not hydrolysis is the rate-limiting step
of soluble substrate formation from decay.[2]
The stoichiometry and kinetics are based on those of
Hao et al. [14] and Koch et al.,[23] also considering the
effect of heterotrophic activity according to Mozumder
et al.[2] Inhibition of XAOB and XNOB at high nitrite and
ammonium concentrations has been included in the
model.[24,25] The stoichiometry, rate expressions and
parameters used are presented in the Supplementary
Material (Tables S1–S3).

2.2. Granular sludge

2. Methodology
The mathematical model describing the performance of
a full-scale SBR with granular and ﬂocculent sludge was
implemented in the AQUASIM simulation software.[17]
To represent the mass transport and conversion processes occurring in the time-dependent SBR system,
the bulk liquid of changing volume was implemented
in AQUASIM as a well-mixed compartment exchanging
liquid with a bioﬁlm compartment that represents the
granules.[18–20]

2.1. Conversion processes
The model consists of seven particulate components
accounting for the main biomass types present in the
reactor: nitriﬁers (ammonium-oxidizers, XAOB and nitriteoxidizers, XNOB), anammox bacteria (XAMX), heterotrophs
(grouped by electron acceptor: oxygen, XO2 ,HET , nitrite,
XNO2 ,HET and nitrate XNO3 ,HET ) and inactive biomass (XI).

Two sets of simulations were carried out in the SBR conﬁguration: [1] multispecies granular sludge, that is, all
microbial types can grow both in the bioﬁlm and in suspension; and [2] anammox granular sludge, that is, all
microbial types can grow in suspension, but only
anammox can grow in the granular bioﬁlm.
The biomass density in granules was set to 80000
gCOD/m3.[26] This represents a concentration in the
granules of 60000 gVSS/m3 for a conversion factor of
0.75 gVSS/gCOD.[27] Porosity was assumed constant
(80%) throughout the granule. To represent the spherical
geometry, a radius-dependent bioﬁlm area was set in
AQUASIM. To reach a stable granule size (1.1 mm diameter), the biomass detachment rate was udet = uF(LF/LF,
4
max) , with uF the bioﬁlm growth velocity, LF the current
granule radius and LF,max = 0.55 mm. Equal initial concentrations for each of the six active biomass species
were set. When the maximum granule size was
reached, the biomass concentration in the reactor was
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2.3 gVSS/m3, consisting of 90% granular sludge and 10%
biomass in suspension.
To evaluate the importance of oxygen consumption in
the granule by AOB, NOB and HET, a hypothetical
granule consisting of only anammox biomass (density
80000 gCOD/m3) was implemented. When a stable
granule size was reached, the biomass concentration in
the reactor was 7.2 gVSS/m3.
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2.3. Biomass in suspension
Conversion rates for the biomass in suspension were functions of the bulk concentrations of dissolved components.
Due to the relatively long hydraulic residence times
(HRT) used in DEMON® reactors, the ammonium-oxidizers
(AOB) are not expected to be washed out easily. In
addition, the long settling time applied (ca. 2 h) will
retain a rather large fraction of ﬂocculent sludge in the
reactor and will not promote the biomass granulation.
[20] In the model, the effectiveness of the settling phase
was described by recirculating a variable fraction of
biomass in suspension such that the sludge retention
time (SRT) was close to 30 d. The extent of the recirculation
was manipulated to meet the overall SRT reported for the
Strass WWTP side-stream reactor (30 ± 5d, see [9]).

2.4. SBR reactor conﬁguration
The DEMON® conﬁguration is the most applied SBR technology.[8] This is why the WWTP in Strass, Austria,[9] was
taken as a point of reference for this study (Table 1). The
eight-hour SBR cycle is divided in a six-hour ﬁll/aeration
phase, followed by a two-hour non-aeration and discharge phase. Because the AQUASIM software does not
allow the bulk liquid volume from the bioﬁlm compartment to vary in time, the bioﬁlm compartment was
linked with a well-mixed compartment of variable
volume to simulate the ﬁlling and discharge of the SBR,
as described in [19]. A high recycling ﬂow rate between
the compartments was set to ensure that both compartments have the same bulk liquid concentrations.
Table 1. Reference values from the WWTP in Strass, Austria,[9,10]
used in the model.
Parameter

WWTP Strass

Maximum reactor volume (m3)
Flow rate (m3/cycle)
pH
Dissolved oxygen (gO2/m3)
NH4 inﬂow (gNH4-N/m3)
Soluble COD in the inﬂuent (gCOD/m3)*
SRT (d)
Cycle time (h)

500
64
7
0–0.25
1850 ± 100
600 ± 30
30 ± 5
8

Note: When several values were available, the average was taken. The different values reported are shown here as average with absolute error.
*From which 200 ± 10 gCOD/m3 are biodegradable

From the total reactor volume (500 m3), the model
bioﬁlm compartment had a constant volume (385 m3)
consisting of both granule and bulk liquid, and the
mixed liquid compartment volume varied between 51
and 115 m3 (64 m3 are fed each cycle). An exchange
ﬂow rate between the two compartments of 3500 m3/d
maintained the same concentrations in the bulk liquid
in each compartment. A constant inﬂuent ﬂow rate is
set during the six-hour feeding period, while the DO
was regulated in either an intermittent or a continuous
fashion. The aeration stops after the feeding phase,
during the last two hours of the operation cycle.[9,10]

2.5. Continuous stirred-tank reactor
conﬁguration
In order to study the effect of residual ammonium concentration on NOB repression, a continuous stirred-tank
reactor (CSTR) system was also implemented in
AQUASIM as a bioﬁlm compartment with constant
volume (480 m3) consisting of both granules and bulk
liquid. The minimum ammonium concentration required
to repress ammonium was obtained at different oxygen
concentrations and for different ratios between half-saturation coefﬁcients of AOB and NOB (Section 2.7). For
each of the tested cases, an iterative strategy was used
to obtain its minimum residual ammonium concentration to repress NOB, with 5 to 10 simulations required
per tested case. Further tests showed only a small difference between the minimum ammonium concentration
obtained with the SBR and the CSTR approaches (ﬁgure
S1, Supplementary Material). Therefore the CSTR model
was adopted to assess the effect of DO and ammonium
concentration on NOB repression because of much
shorter computational times needed.

2.6. Aeration pattern comparison
Four aeration patterns were tested (Figure 1) in the SBR
conﬁguration. Three cases (A–C) had intermittent aeration and another one used continuous aeration.
Minimum and maximum oxygen concentrations were
set, while maintaining the same average oxygen concentration for each case (0.25 gO2/m3). This resulted in
different ‘on’ and ‘off’ periods of aeration in each case.

2.7. DO and ammonium concentration effect on
NOB repression
The effect of the ammonium concentration on NOB
repression was studied at several oxygen concentrations
(0.25–2 gO2/m3) and at two temperatures (20°C and 30°
C). In these simulations, the CSTR approach was used.
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Figure 1. Aeration strategies during the ﬁrst 6 hours of an SBR cycle.
Note: The minimum–maximum oxygen concentrations and the % time-on were, respectively: (a) 0.05–0.4 gO2/m3, 53%; (b) 0.1–0.29
gO2/m3, 75%; (c) 0.1–0.36 gO2/m3, 53%; and 0.25 gO2/m3 (100%) for the continuous aeration. No aeration was provided during the last
2 hours of each cycle.

In order to assess the NOB repression, a new soluble
component (SNO3,NOB) was used, produced by NOB in
the same amount as regular SNO3, but not consumed in
denitriﬁcation. NOB repression was considered achieved
when there was no production of SNO3,NOB in the reactor.
The inﬂow was modiﬁed (i.e. higher or lower ﬂow rate,
but the same inﬂuent concentrations) to ﬁnd the
minimum concentration of ammonium at each oxygen
concentration that results in NOB repression.
Because a recent report suggested NOB to have a
much higher oxygen afﬁnity than AOB [28] and the
reported afﬁnity coefﬁcients vary widely in literature,
the half-saturation coefﬁcients for oxygen, KO2 ,AOB and
KO2 ,NOB , were varied over a wide range to study the
effect on NOB repression in the granular system. Let
RKO express the ratio between half-saturation coefﬁcients
of AOB and NOB, RKO = KO2 ,AOB /KO2 ,NOB , because relative
ratios rather than absolute values are expected to affect
the overall process rates.[14] The RKO ratios used were:
0.3/1.75 (0.17), 0.3/1.1 (0.27), 0.16/0.16 (1), 0.18/0.13
(1.38) and 1.16/0.16 (7.25). References for these values
can be found in Table S4 from Supplementary Material.

3. Results and discussion
3.1. Model evaluation
The model was ﬁrst evaluated by simulating the standard
operation of a single-stage SBR with multispecies

granular and ﬂocculent sludge, with continuous aeration.
The steady-state operation was reached after about 900
days. The bulk concentrations during two operation
cycles at steady-state are shown in ﬁgure S3, Supplementary Material. The model results were directly compared
with data from the WWTP in Strass, Austria,[9] in terms of
N-removal, biomass concentration and solids retention
time (Table 2). The model predictions differed less than
5% when compared to the reported WWTP values in
terms of N-removal (Table 2), predicting as well NOB
repression and a similar biomass concentration value
(23% difference).
The model simulations indicated that in the multispecies granular sludge at steady-state the population distribution was 96%w/w AMX, 3%w/w AOB and 1%w/w inert
biomass (Table 3 and Figure 2), while NOB and heterotrophs were completely eliminated from the granule.
The substrates required for anammox growth
(ammonium and nitrite) are consistently available
across the granule (ﬁgure S5), resulting in constant
growth across the granule and a small inert biomass fraction. The small fraction of AOB was located in the outer
layer of the bioﬁlm, within 50 μm from the surface. The
AOB layer maintained minimal oxygen levels (less than
0.05 gO2/m3) in the inner part of the granule and
formed 31% of the total AOB in the reactor (Table 3).
Most of the aerobic ammonium oxidation potential
was due to biomass in suspension (69% of AOB population in suspension) and the anaerobic ammonium

Table 2. Comparison between the performance and characteristics of the single-stage SBR reported for the WWTP in Strass, Austria,[9]
with those from the model.
Nitrogen Removal
NH4-N (%)

Total N (%)

Biomass concentration (gVSS/L)

Solids Retention Time (d)

Real case: WWTP Strass
90 ± 3
86 ± 5
3.0 ± 0.8
30 ± 5
Model case (1): Multispecies granule
94 (+4%)
90 (+5%)
2.3 (−23%)
27.4 (−9%)
Model case (2): Anammox granule
98 (+9%)
97 (+13%)
7.2 (+140%)
64.7 (+116%)
Notes: In case (1) all microbial populations are allowed to grow in the granule, while in case (2) only anammox bacteria exist in the granule. Values within parentheses are percentage differences between model and the average value reported for the WWTP.
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Table 3. Biomass distribution in granules, biomass distribution in the reactor, and % biomass in granular form from total biomass in the
reactor.
Mass percentage (%)
Biomass distribution in granules
Biomass distribution in the reactor
Biomass in granular form

AOB

NOB

AMX

Het

Inert

3
7
31

0
0
–*

96
90
95

0
1
0

1
2
69
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*NOB were practically washed out from the reactor

oxidation potential was located in the granules (95% of
AMX population in granules). NOB were eliminated
from both the granule and reactor in spite of an SRT of
30 days and heterotrophs were present only in suspension as a small fraction of the reactor’s biomass (1%),
which is expected for the NH4-N/CODbiodegradable ratio
of 9.25 in the inﬂuent (Table 1). These model results
are in accordance with previous experimental results
showing that aerobic activity can be mainly located in
ﬂocculent biomass and anaerobic activity in AMX-rich
granular biomass.[10] In fact, due to the conditions
imposed (HRT> 1/μmax,AOB, a long settling phase and an
SRT of ca. 30 days), the proliferation of a high fraction
of biomass as ﬂocs is expected. The advantage of
having a larger fraction of AOB biomass in suspension
than in granular sludge reactors is that the biomass in
ﬂocs would experience less mass transfer limitation
and higher concentration of substrates than in the granules. This is also in accordance with the study of Hubaux
et al. [29]; however the tested HRT in that study was
shorter (0.66 d). Nevertheless, the use of ﬂocs requires
lower DO levels (to avoid Anammox inhibition by
oxygen) that reduce considerably the nitrogen-loading
rate that can be applied, resulting in less compact reactors.[8]
In DEMON® reactors, the settling time is not selective
enough, since it is too long (ca. 2 hours settling-decanting period, see [30]) to select for fast settling sludge. In
addition, free cells or small ﬂocs that may not settle

Figure 2. Biomass distribution in the granule and the oxygen
concentration proﬁle during the aerated period at steady-state.
Note: Heterotrophic and NOB biomass concentrations in the
granule were practically zero.

(even with the long settling time applied) are not
totally washed out because of a long HRT applied (on
average 62 h for 6 different full-scale installations,
range 26–114 h, see [8]), and they accumulate in the
reactor. These two operating conditions result in AOB
growing mainly in ﬂocculent sludge in the DEMON®
process, in contrast to the dominant growth of AOB on
the anammox granules in other technologies (CANON,
for instance).

3.2. Effect of absence of nitriﬁers in the sludge
granules
To evaluate the role of the aerobic ammonia oxidizers
(AOB) in the granules, a process in which the granules
consisted entirely of anammox was also implemented
in AQUASIM. The same inﬂuent and hydraulic characteristics as for the other simulations were used. By using the
aeration pattern shown in Figure 1, the nitrogen removal
in the reactor was too low, and far from what is reported
from full-scale plants.[9] To alleviate to some degree the
anammox inhibition by oxygen, a different aeration
pattern was implemented, exclusively for this case. The
aeration pattern was intermittent (as reported in [9] for
the WWTP in Strass) by maintaining a maximum
oxygen concentration (0.25 gO2/m3) and lowering the
concentration to 0.1 gO2/m3 in the non-aerated periods
(see ﬁgure S4, Supplementary Material).
The long-term steady-state in bulk concentrations was
reached after 1500 simulated days (i.e. the solute concentrations change within one operation cycle did not
change anymore from one cycle to the next). A direct
comparison between the results of this simulation and
the experimental data from the WWTP in Strass, Austria,
[9] is presented in Table 3. N-removal was 13% higher
than the reported full-scale data in [9], while biomass concentration and SRT were more than doubled.
The required amount of anammox biomass to obtain
a similar N-removal in the reactor with anammox-only
granular sludge is approximately three times the one
with AOB present in the granular biomass (Table 3).
This directly relates to the anammox inhibition by
oxygen. In a multispecies granule, most of the
anammox experienced an O2 concentration lower than
0.05 gO2/m3, while in an anammox-only granule, there
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was 0.25 gO2/m3 in the whole granule during aerated
periods. According to the reaction kinetics used in this
model (Table S2, Supplementary Material), anammox
bacteria experiencing 0.05 gO2/m3 can grow three
times faster than at 0.25 gO2/m3. In reality, excessive
shear stress either in the reactor vessel or in the hydrocyclones used in DEMON® reactors could expose AMX
to oxygen concentrations closer to those maintained in
the bulk liquid and thus worsen reactor performance
when the AOB protection layer was compromised.
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3.3. Inﬂuence of the aeration pattern on reactor
performance
The average oxygen concentration during the 6 h aeration period was the same for each of the three aeration
patterns presented in Figure 1. Therefore, when shorter
aeration periods were implemented, the maximum
oxygen concentration in the system was increased proportionally, resulting in deeper oxygen penetration in
the granule and inhibition of anammox bacteria. The
simulation results indicated that longer aeration
periods (i.e. % of aeration phase when aeration is on)
improved both the ammonium oxidation and the nitrogen removal in the system (Figure 3). The highest nitrogen removal (90%) was observed in the continuous
aeration regime.
Anammox inhibition by oxygen is represented by the
term IO2 = KI,O2 ,AMX /(KI,O2 ,AMX + SO2 ). The oxygen inhibition IO2 (t, x) averaged over the granule radius was calculated when the oxygen concentration was the highest
for each of the aeration patterns, giving IO2 (t). This was
used to compare the degree of inhibition experienced
during high oxygen concentration periods of each aeration pattern, with the inhibition experienced in the continuous aeration (ﬁgure S2, Supplementary Material). The

Figure 3. Nitrogen removal (●) and nitrite concentration (▴) as a
function of the duration of aeration for different aeration strategies.
Note: Aeration cases A, B and C as in ﬁgure 1.
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inhibition on anammox conversion rate during periods
of high oxygen concentration was therefore identiﬁed
as the main reason for the worse N-removal in the
system, as shown in Figure 4 and ﬁgure S2, Supplementary Material.
Joss et al. [11] studied the full-scale nitrogen removal
from digester liquid with an SBR through partial nitritation-anammox. That study maintained a target oxygen
concentration ≤0.8 gO2/m3 and tested continuous and
intermittent aeration. With this maximum oxygen concentration, they were able to obtain similar ammonium
removals (with continuous and intermittent aeration)
but required longer aeration periods when intermittent
aeration was implemented. These results are in line with
our calculations. The maximum oxygen level was
observed to be an important parameter to control
nitrite accumulation and maintain an elevated nitrogen
removal. Continuous aeration appears to enable higher
nitrogen and ammonium removal with lower oxygen concentrations and possibly shorter aeration times.

3.4. Oxygen and ammonium concentration effects
on NOB repression
The effects of residual ammonium and DO concentrations on NOB repression were studied with a simpliﬁed CSTR setup instead of an SBR, which permits a
quicker evaluation of multiple factors. Preliminary tests
showed that the difference in the minimum ammonium
concentration for NOB repression required for the SBR
and CSTR was 13% in average and no more than 20%
for individual cases (ﬁgure S1, Supplementary Material).
This type of N-removal systems for side-stream treatment are usually not operated at low ammonium concentration because the efﬂuent is typically recirculated

Figure 4. Performance reduction (in N removal, NH4 removal
and anammox growth) relative to the continuous aeration for
three aeration strategies, at different maximum oxygen concentrations: nitrogen removal (▪), ammonium removal (▴) and
average growth rate of anammox in the granule (•).
Note: Aeration cases A, B and C as in ﬁgure 1.
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to the inlet of the WWTP for further treatment before discharge.[8] Therefore, we considered that calculating the
SBR operation should be avoided given the relatively
higher computation demands required compared with
the CSTR.
It was found that for each oxygen concentration in
the bulk liquid, there is a minimum ammonium concentration which results in NOB repression (Figure 5). The
RKO (i.e. the ratio KO2 ,AOB /KO2 ,NOB ) and temperature
affected this value considerably. With higher RKO
higher ammonium concentrations were required to
repress NOB. For example, a change of RKO from 0.17
to 7.25 would increase the required ammonium concentration to repress NOB from 0.31 to 220 gN/m3 (Figure 5).
Temperature affects the inhibition by ammonium
and nitrite through their ionization constants (Supplementary Material, Temperature and pH effects on ionization constants), while growth and decay rates of all
biomass types are exponential functions of temperature
(Table S3, Supplementary Material). Lower minimum
ammonium concentrations for NOB repression were
observed at 30°C than at 20°C. As expected, when
the afﬁnity coefﬁcients for O2 are similar for AOB and
NOB (RKO = 1 and 1.38) the DO had little effect on the
minimum ammonium required for NOB repression. The

modelling results show that NOB repression at 20°C
should be feasible. However, lower temperature may
also promote development of ﬁlamentous bacteria, as
shown recently by López-Palau et al.,[31] which will
eventually lead to lower biomass concentrations and
less nitrogen removal.
In these simulations, the required ammonium concentration for efﬁcient NOB repression in the case of an
RKO = 7.25, as reported in [28], is very high (e.g. at low
DO > 150 gNH+4 -N/m3 at 30°C, Figure 5). The results in
fact suggest that the oxygen afﬁnities of AOB and NOB
in this type of installations are far from those reported
by Regmi et al.[28] Efﬁcient NOB repression was reported
in many DEMON® installations (see, for instance [8])
where the residual ammonium concentration is often
lower than 100 gNH+4 -N/m3.
In both the SBR and CSTR reactor conﬁgurations,
residual ammonia concentration affects NOB repression
despite the high HRT (i.e. HRT > 1/μmax,AOB), long SRT
and an important fraction of biomass in suspension. Previous studies with preponderant AOB bioﬁlm activity
support these results. Ammonium concentration was
observed to change an airlift bioﬁlm reactor operation
from full nitritation to complete nitriﬁcation.[32,33]
Another model-based study [34] of a single-stage autotrophic nitrogen removal system indicated that certain
residual ammonium concentrations were required for
efﬁcient NOB repression and high system sensitivity to
the RKO. All of these means that controlling the ratio
DO to ammonium could be an efﬁcient way to repress
NOB in partial nitritation-anammox systems for the
side-streams of WWTPs. In mainstream applications,
however, the low temperature and signiﬁcantly lower
ammonium concentrations would present a challenge
for effective NOB repression by this strategy.

4. Conclusions

Figure 5. Minimum ammonium concentration required to
repress NOB as a function of the ratio of oxygen afﬁnities of
AOB and NOB (RKO: 0.17, 0.27, 1, 1.38 and 7.25) at different
oxygen concentrations (gO2/m3: 0.25 (●), 1.0 (▪) and 2.0 (x))
and temperatures (a) 30°C and (b) 20°C.

Modelling results obtained for a single-stage partial nitritation-anammox SBR with granular sludge indicate that:
. Aerobic ammonium oxidation occurs mostly in suspension rather than in the granules because there is
no driving force for AOB to form granular sludge
due to the long settling times, the SRT of ca. 30 days
and the long HRT applied.
. The presence of a small fraction of AOB in the outer
layer of granules is paramount to avoid oxygen
repression of anammox and maintain a high anaerobic ammonium oxidation.
. Continuous aeration may result in better nitrogen and
ammonium removal. Maximum oxygen concentration during aeration periods has a major effect in
process efﬁciency. The inhibition on anammox
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conversion rate during periods of high oxygen concentration was identiﬁed as a main factor reducing
nitrogen removal.
A residual ammonium concentration is required for
efﬁcient NOB repression in systems with relatively
high HRT, long SRT and an important biomass fraction
in suspension.

Disclosure statement
No potential conﬂict of interest was reported by the authors.

Funding

Downloaded by [Bibliotheek TU Delft] at 06:42 29 April 2016

JP work was supported by the Marie Curie Intra European
Fellowship under Grant GreenN2 [PIEF-GA-2012-326705].

Supplemental data
Supplemental data for this article can be accessed at
10.1080/09593330.2015.1077895

References
[1] Kartal B, Kuenen JG, van Loosdrecht MC. Sewage treatment with anammox. Science. 2010;328(5979):702–703.
doi:10.1126/science.1185941
[2] Mozumder MS, Picioreanu C, van Loosdrecht MC, Volcke
EI. Effect of heterotrophic growth on autotrophic nitrogen
removal in a granular sludge reactor. Environ Technol.
2013;35(8):1027–1037.
doi:10.1080/09593330.2013.
859711
[3] Mulder A. The quest for sustainable nitrogen removal
technologies. Water Sci Technol. 2003;48(1):67–75.
[4] Siegrist H, Salzgeber D, Eugster J, Joss A. Anammox brings
WWTP closer to energy autarky due to increased biogas
production and reduced aeration energy for N-removal.
Water Sci Technol. 2008;57(3):383–388. doi:10.2166/wst.
2008.048
[5] van Loosdrecht MC, Salem S. Biological treatment of
sludge digester liquids. Water Sci Technol. 2006;53
(12):11–20. doi:10.2166/wst.2006.401
[6] Abma WR, Driessen W, Haarhuis R, van Loosdrecht MC.
Upgrading of sewage treatment plant by sustainable
and cost-effective separate treatment of industrial wastewater. Water Sci Technol. 2010;61(7):1715–1722. doi:10.
2166/wst.2010.977
[7] van der Star WR, Abma WR, Blommers D, Mulder JW,
Tokutomi T, Strous M, Picioreanu C, van Loosdrecht MC.
Startup of reactors for anoxic ammonium oxidation:
experiences from the ﬁrst full-scale anammox reactor in
Rotterdam. Water Res. 2007;41(18):4149–4163. doi:10.
1016/j.watres.2007.03.044
[8] Lackner S, Gilbert EM, Vlaeminck SE, Joss A, Horn H, van
Loosdrecht MC. Full-scale partial nitritation/anammox
experiences – an application survey. Water Res. 2014;55
(0):292–303. doi:10.1016/j.watres.2014.02.032

701

[9] Wett B. Development and implementation of a robust
deammoniﬁcation process. Water Sci Technol. 2007;56
(7):81–88. doi:10.2166/wst.2007.611
[10] Wett B, Nyhuis G, Takacs I, Murthy S. Development of
enhanced deammoniﬁcation selector. In: Proceedings of
the WEFTEC 2010. New Orleans, LA: Water Environment
Federation; 2010. p. 5917–5926.
[11] Joss A, Salzgeber D, Eugster J, König R, Rottermann K,
Burger S, Fabijan P, Leumann S, Mohn J, Siegrist H. Fullscale nitrogen removal from digester liquid with partial
nitritation and anammox in one SBR. Environ Sci
Technol. 2009;43(14):5301–5306. doi:10.1021/es900107w
[12] Wett B, Omari A, Podmirseg SM, Han M, Akintayo O,
Gomez Brandon M, Murthy S, Bott C, Hell M, Takacs I,
O’ Shaughnessy M. Going for mainstream deammoniﬁcation from bench to full scale for maximized resource efﬁciency. Water Sci Technol. 2013;68(2):283–289. doi:10.
2166/wst.2013.150
[13] Volcke EI, Picioreanu C, De Baets B, van Loosdrecht MC.
Effect of granule size on autotrophic nitrogen removal
in a granular sludge reactor. Environ Technol. 2010;31
(11):1271–1280. doi:10.1080/09593331003702746
[14] Hao X, Heijnen JJ, van Loosdrecht MC. Sensitivity analysis
of a bioﬁlm model describing a one-stage completely
autotrophic nitrogen removal (CANON) process.
Biotechnol Bioeng. 2002;77(3):266–277. doi:10.1002/bit.
10105
[15] Hao XD, van Loosdrecht MC. Model-based evaluation of
COD inﬂuence on a partial nitriﬁcation-anammox bioﬁlm
(CANON) process. Water Sci Technol. 2004;49(11, 12):83–
90.
[16] Vangsgaard AK, Mauricio-Iglesias M, Gernaey KV, Smets
BF, Sin G. Sensitivity analysis of autotrophic N removal
by a granule based bioreactor: inﬂuence of mass transfer
versus
microbial
kinetics.
Bioresour
Technol.
2012;123:230–241. doi:10.1016/j.biortech.2012.07.087
[17] Reichert P. AQUASIM 2.0: computer program for the
identiﬁcation of simulation of aquatic systems. Version
2.0. Dubendorf: EAWAG; 1998. ISBN-3-906484-16-5.
[18] Wanner O, Gujer W. A multispecies bioﬁlm model.
Biotechnol Bioeng. 1986;28(3):314–328. doi:10.1002/bit.
260280304
[19] Beun JJ, Heijnen JJ, van Loosdrecht MC. N-removal in a
granular sludge sequencing batch airlift reactor.
Biotechnol Bioeng. 2001;75(1):82–92. doi:10.1002/bit.1167
[20] de Kreuk MK, Picioreanu C, Hosseini M, Xavier JB, van
Loosdrecht MC. Kinetic model of a granular sludge SBR:
inﬂuences on nutrient removal. Biotechnol Bioeng.
2006;97(4):801–815. doi:10.1002/bit.21196
[21] Sin G, Kaelin D, Kampschreur MJ, Takacs I, Wett B, Gernaey
KV, Siegrist H, van Loosdrecht MC. Modelling nitrite in
wastewater treatment systems: a discussion of different
modelling concepts. Water Sci Technol. 2008;58(6):1155–
1171. doi:10.2166/wst.2008.485
[22] van Loosdrecht MC, Henze M. Maintenance, endogeneous respiration, lysis, decay and predation. Water
Sci Technol. 1999;39(1):107–117. doi:10.1016/S0273-1223
(98)00780-X
[23] Koch G, Egli K, van der Meer JR, Siegrist H. Mathematical
modeling of autotrophic denitriﬁcation in a nitrifying
bioﬁlm of a rotating biological contactor. Water Sci
Technol. 2000;41:191–198.

Downloaded by [Bibliotheek TU Delft] at 06:42 29 April 2016

702

L. CORBALÁ-ROBLES ET AL.

[24] Jubany I, Carrera J, Lafuente J, Baeza JA. Start-up of a nitriﬁcation system with automatic control to treat highly concentrated ammonium wastewater: experimental results
and modeling. Chem Eng J. 2008;144(3):407–419. doi:10.
1016/j.cej.2008.02.010
[25] Jubany I, Lafuente J, Carrera J, Baeza JA. Automated thresholding method (ATM) for biomass fraction determination
using FISH and confocal microscopy. J Chem Technol
Biotechnol. 2009;84(8):1140–1145. doi:10.1002/jctb.2146
[26] van Benthum WA, van Loosdrecht MC, Tijhuis L, Heijnen
JJ. Solids retention time in heterotrophic and nitrifying
bioﬁlms in a bioﬁlm airlift suspension reactor. Water Sci
Technol. 1995;32(8):53–60. doi:10.1016/0273-1223(96)
00007-8
[27] Henze M, Gujer W, Mino T, van Loosdrecht MC. Activated
sludge models ASM1, ASM2, ASM2d and ASM3. London,
UK: International Water Assosiaction; 2009. Scientiﬁc and
technical report No. 9.
[28] Regmi P, Miller MW, Holgate B, Bunce R, Park H, Chandran
K, Wett B, Murthy S Bott CB. Control of aeration, aerobic
SRT and COD input for mainstream nitritation/denitritation. Wat Res. 2014;57:162–171. doi:10.1016/j.watres.
2014.03.035
[29] Hubaux N, Wells G, Morgenroth E. Impact of coexistence
of ﬂocs and bioﬁlm on performance of combined

[30]

[31]

[32]

[33]

[34]

nitritation-anammox granular sludge reactors. Water
Res. 2015;68(0):127–139. doi:10.1016/j.watres.2014.09.036
Wett B, Murthy S, Takács I, Hell M, Bowden G, Deur,
O’Shaughnessy M. Key parameters for control of DEMON
deammoniﬁcation process. Wat Prac. 2007;1(5):1–11.
doi:10.2175/193317707X257017
López-Palau S, Sancho I, Pinto A, Dosta J, Mata-Álvarez J.
Inﬂuence of temperature on the partial nitritation of
reject water in a granular sequencing batch reactor.
Environ Technol. 2013;34(18):2625–2632. doi:10.1080/
09593330.2013.781230
Jemaat Z, Bartrolí A, Isanta E, Carrera J, Suárez-Ojeda ME,
Pérez J. Closed-loop control of ammonium concentration
in nitritation: convenient for reactor operation but also for
modeling. Bioresour Technol. 2013;128:655–663. doi:10.
1016/j.biortech.2012.10.045
Bartroli A, Perez J, Carrera J. Applying ratio control in a
continuous granular reactor to achieve full nitritation
under stable operating conditions. Environ Sci Technol.
2010;44(23):8930–8935. doi:10.1021/es1019405
Perez J, Lotti T, Kleerebezem R, Picioreanu C, van
Loosdrecht MC. Outcompeting nitrite-oxidizing bacteria
in single-stage nitrogen removal in sewage treatment
plants: a model-based study. Water Res. 2014;66:208–
218. doi:10.1016/j.watres.2014.08.028

