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Abstract: The application of partial nitritation and anammox processes (PN/A) to remove nitrogen
can improve the energy efficiency of wastewater treatment plants (WWTPs) as well as diminish their
operational costs. However, there are still several limitations that are preventing the widespread
application of PN/A processes in urban WWTPs such as: (a) the loss of performance stability of the
PN/A units operated at the sludge line, when the sludge is thermally pretreated to increase biogas
production; (b) the proliferation of nitrite-oxidizing bacteria (NOB) in the mainstream; and (c) the
maintenance of a suitable effluent quality in the mainstream. In this work, different operational
strategies to overcome these limitations were modelled and analyzed. In WWTPs whose sludge is
thermically hydrolyzed, the implementation of an anerobic treatment before the PN/A unit is the
best alternative, from an economic point of view, to maintain the stable performance of this unit. In
order to apply the PN/A process in the mainstream, the growth of ammonia-oxidizing bacteria (AOB)
should be promoted in the sludge line by supplying extra sludge to the anaerobic digesters. The
AOB generated would be applied to the water line to partially oxidize ammonia, and the anammox
process would then be carried out. Excess nitrate generated by anammox bacteria and/or NOB
can be removed by recycling a fraction of the WWTP effluent to the biological reactor to promote
its denitrification.

Keywords: autotrophic nitrogen removal; effluent quality; energy efficiency; mainstream; nitritation;
sludge thermal hydrolysis

1. Introduction

Improving the energy efficiency of urban wastewater treatment plants (WWTPs) is
a crucial step for decreasing their operating costs and environmental impact. Accord-
ingly, numerous new technologies and processes have been proposed to decrease energy
consumption [1]. Since aeration has the greatest energy cost, much work has focused on
replacing the aerobic degradation of organic matter with anaerobic degradation under
conditions suitable for the production of biogas. As a result, energy recovery from organic
matter is maximized and energy requirements are minimized. Processes such as membrane
filtration, chemically enhanced primary treatment, or adsorption/bio-oxidation can be
applied in the mainstream to concentrate organic matter and redirect it towards the sludge
line [2–4]. This redirection improves the WWTPs energy efficiency but may compromise
their effluent quality in terms of nitrogen compounds. Nitrogen is generally removed in the
mainstream by applying nitrification/denitrification processes that require 6–8 g COD/g
N to ensure complete denitrification [5]. In this context, the application of autotrophic
partial nitritation and anammox (PN/A) processes for nitrogen removal instead of the
conventional nitrification/denitrification processes would allow for an increase in the
WWTP energy efficiency while also meeting the nitrogen disposal requirements. In fact,
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if the removal of nitrate generated by anammox bacteria is considered, 0.31 g COD/g N
would be required for nitrogen removal [6]. Siegrist et al. [7] reported that a 52% reduction
in the total energy consumption of WWTPs could be achieved through the implementation
of PN/A processes in the sludge line. The achievement of energy savings, together with
the availability of different technologies capable of providing a quick start-up and a stable
operation, have motivated the full-scale implementation of the PN/A processes in the
WWTP sludge line [8,9]. However, the current trend of applying a thermal hydrolysis
pretreatment (THP) at the sludge line to improve the rate of anaerobic digestion is causing
operational stability problems in the PN/A units. These issues are attributed to the increase
of both ammonia and organic matter concentrations in the supernatant stream coming
from anaerobic digesters [10–12]. Therefore, new operating strategies should be developed
to maintain the proper performance of the PN/A units.

The latest research on anammox-based processes has focused mainly on their applica-
tion to the mainstream of urban WWTPs. The literature shows, however, that wastewater
temperatures are generally lower than 20 ◦C. This low temperature is one of the main
bottlenecks for the successful implementation of PN/A processes in the mainstream since
it favors the development of nitrite oxidizing bacteria (NOB) over both ammonia-oxidizing
(AOB) and anammox bacteria, thus causing ammonia to be oxidized to nitrate instead of
nitrogen gas [13,14]. On the other hand, the nitrate generated by both NOB and anammox
bacteria, in addition to the remaining ammonia and nitrite, can cause the effluent from
mainstream PN/A units to exceed strict nitrogen disposal requirements [15]. In order to
overcome these drawbacks, different control strategies have been proposed to avoid NOB
proliferation [16], while the combination of PN/A processes with others involved in the
nitrogen cycle seems to be the way to improve effluent quality [17]. At this moment, there
is only one WWTP where a combination of partial nitritation, anammox, and denitrification
processes is applied at full scale to remove nitrogen [18]. This WWTP takes advantage
of the fact that wastewater temperature is around 30 ◦C, which favors both the growth
of AOB and anammox bacteria over the growth of NOB. The paucity of real-life applica-
tions contrasts with the number of full-scale facilities already implemented in the sludge
line [8,9], indicating that the technology for applying PN/A processes in the mainstream is
not yet sufficiently mature to guarantee a suitable effluent quality.

Hence, this work focuses on proposing, modelling, and analyzing different operational
strategies to overcome the most critical aspects limiting the application of PN/A processes
in urban WWTPs such as: (a) the loss of performance stability of the PN/A units operated
at the sludge line, when the sludge is thermally pretreated; (b) the proliferation of NOB in
the mainstream; (c) the challenge of obtaining a suitable effluent quality in the mainstream.

2. Implications of Thermal Pre-Hydrolysis Units at the Sludge Line

Technologies based on the anammox process, mainly those using PN/A single-stage
configurations, are being successfully applied at full scale for the removal of nitrogen from
the supernatants of anaerobic sludge digesters (AD) in order to improve WWTP energy
balance [19]. Further improvements are achieved if sludge pretreatment units are also
implemented to increase the overall rate of the anaerobic digestion process. The sludge
pretreatment increases the digestion capacity of the existing facilities while allowing for the
addition of external organic waste to the sludge in order to increase the amount of biogas
generated in the WWTPs [20]. Among the sludge pretreatment technologies, those based on
thermal hydrolysis are the most widely used, with CAMBI being the dominant technology
implemented at full scale [21,22]. In order to minimize the energy required by THP units,
the sludge is subjected to double centrifugation in order to be able to introduce it into the
CAMBI system at the highest concentration possible. However, the use of sludge THP units
leads to a rise in the ammonium concentration inside the anaerobic digesters, from values of
1000–1300 mg NH4

+-N/L, when no THP is applied, to 1800–2300 mg NH4
+-N/L [10,23,24].

This rise negatively affects the performance of the subsequent nitrogen removal systems
due to different factors:
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1. A direct effect: The increase of the inlet ammonium concentration increases the risk of
inhibition of AOB and anammox bacteria by both free ammonia (NH3) and free nitrous
acid (HNO2). To guarantee operational safety conditions, full-scale PN/A units are
generally operated at inlet ammonium concentrations of around 1000 mg N-NH4

+/L.
To achieve this, a 1:1 dilution is usually applied to the effluents from anaerobic
digesters fed with thermally hydrolyzed sludge [10,23,25]. This operational strategy
has the disadvantage of having to heat the water used for dilution in order to maintain
a temperature of around 30 ◦C and avoid a decrease in biomass activity that would
hinder the ammonium removal [26].

2. An indirect effect: The increase in ammonium concentration also affects the perfor-
mance of the AD process due to the inhibitory effect of the former on methanogenic
(acetoclastic) bacteria, which leads to an increase in the concentration of biodegradable
organic matter in the effluent [27]. Moreover, anaerobic digesters fed with prehy-
drolyzed sludge are generally operated at lower solid retention times (SRT) than those
fed with raw sludge, thus promoting the presence of biodegradable organic matter in
their effluent (Figure 1, calculations details are provided in the Supplementary Sec-
tion). The literature shows that the concentration of volatile fatty acids (VFAs) in the
sludge of anaerobic digesters increases when the sludge is thermally pretreated [28].
Therefore, the implementation of THP units in the sludge line leads to an increase
of the CODbiodegradable/N ratio up to values around 1.2 g/g, or even higher, when
the anaerobic digesters become unstable [10,11]. These values exceed the limit of
0.5 g/g recommended for the operation of single-stage PN/A systems under stable
conditions [29]. This high concentration of organic matter would affect both AOB and
anammox bacteria activities [11,30].
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Figure 1. Biodegradable organic matter concentration expected in the effluent of an anaerobic sludge
digester, depending on the level of free ammonia (SRT:
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In recent years, several publications have focused on the organic matter present in
anaerobic digester effluents treating thermally hydrolyzed sludge (THP/AD) and its in-
hibitory effects on the performance of single-stage PN/A nitrogen removal systems [10–12].
According to Zhang et al. [11], these effects may be attributed to both a direct inhibition
on the growth rate of AOB and anammox bacteria, and a substrate diffusional limitation
caused by the presence of the COD particulate and colloidal fractions. To counteract
these inhibitory effects, Zhang et al. [10] proposed to increase the dissolved oxygen (DO)
level at which those systems are operated to promote AOB activity, and consequently,
the degradation of organic compounds. Such inhibitory effects can also be overcome by
applying a biological pretreatment (aerobic or anaerobic) to the AD effluents [11,26] or
by using a two-stage autotrophic system to remove nitrogen [31,32]. Based on these facts,
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the reported inhibitory effects could be associated with the biodegradable fractions of the
organic matter since they would be removed during the biological pretreatments or at
the PN stage upon the application of a two-stage nitrogen removal system. According to
the results obtained by Driessen et al. [26] at a full-scale facility, the initial organic matter
removal by means of a Phospaq reactor would also allow for the reduction of the degree of
dilution applied to the THP/AD effluents without compromising the operational stability
of the subsequent single-stage PN/A system. In the case of using two-stage nitrogen
removal systems, the THP/AD effluents can be treated under stable conditions without
applying any dilution [31,32]. Therefore, a suitable strategy to remove the organic matter
could also reduce the risk of process destabilization associated with the presence of high
ammonia concentrations. In fact, Ochs et al. [12] attributed the loss of operational stability
in the single-stage PN/A systems to organic/nitrogenous overloads rather than to possible
inhibitory effects related to the characteristics of the influent, and hence proposed the
implementation of effective control systems to avoid operational destabilization episodes.

In order to maintain the proper performance of the nitrogen removal units in the
sludge line, operational strategies focused on decreasing the organic matter concentration
of the THP/AD effluents should be implemented. Mitigation of the ammonia inhibitory
effect on AD through the improvement of methanogenic activity via bioaugmentation [33]
or trace elements addition [34] could be the most effective options to promote the removal
of organic matter by the AD itself, while also increasing biogas production. Moreover, this
operational strategy would not require the implementation of additional treatment units.
Ammonia inhibitory effects could also be overcome by increasing the SRT of the AD to
reach a trade-off between the biogas production rate and the effluent quality [35].

The decrease of the organic matter in the THP/AD effluents could be directly achieved
through an aerobic or anaerobic biological pretreatment. The installation of an aerobic pre-
treatment unit would have no impact on overall aeration requirements since organic matter
would be aerobically degraded and ammonia would be removed via PN/A processes, as
happens in the single-stage PN/A units; however, in this case, organic matter would be
degraded prior to nitrogen removal and not simultaneously. If an anaerobic pretreatment
system is applied, the energy balance will improve since the organic matter would generate
biogas rather than consume energy due to aeration requirements, thus reducing operating
costs. Regarding capital costs, if the nitrogen removal unit was already installed in the
WWTP sludge line, the implementation of pretreatment units would increase such costs.
However, if a nitrogen removal unit were to be installed, its implementation in conjunction
with a pretreatment system would allow for operation at a higher nitrogen loading rate.
Consequently, the volume required by this unit would be lower. On the one hand, there
would be an increase in capital costs associated with the implementation of the pretreat-
ment unit; on the other hand, there would be a decrease in capital costs associated with the
smaller size required by the PN/A system. Considering both operating and capital costs,
in the case of installing new nitrogen removal units, the economic analysis (calculation
description is provided in Supplementary Material) shows that the application of an aerobic
pretreatment system would be advisable for WWTP sizes larger than 500,000 equivalent
inhabitants (Figure 2). Nevertheless, when the sidestream nitrogen removal technologies
are already installed (nowadays, there are at least 17 WWTPs with both thermal treatment
and nitrogen removal units in their sludge line), the implementation of this pretreatment is
not economically advantageous, and it would only be justified if the organic matter did
not allow for a stable operation of the PN/A system. In the case of anaerobic pretreatment,
its application would be advisable both for new or already installed nitrogen removal
systems (Figure 2).
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3. Application of Anammox-Based Processes in the Mainstream

Implementations of anammox processes in the sludge line have been successful in
reducing operating costs [7]. Considering that the sludge line only contains around 20%
of the nitrogen load entering the WWTP, it would be expected that the application of
anammox-based processes in the mainstream would have a notable impact on reducing
these treatment costs as well [20]. For this reason, in the last decade, efforts have been
made to perform PN/A processes under mainstream conditions such that the resulting
effluent meets the disposal standards. This objective, however, has yet to be achieved, in
part because of the difficulties in avoiding NOB proliferation and in keeping the nitritation
process stable [16].

Until recently, in view of the lower oxygen affinity of NOB versus AOB, the accepted
strategy was to operate the system at low DO concentrations in order to give AOB a com-
petitive advantage over NOB. However, Wett et al. [36] observed that this strategy was
not suitable in the long term since under mainstream conditions, NOB with a high affinity
for oxygen are developed under oxygen-limiting conditions. In addition, in the case of
mainstream single-stage PN/A systems, the suppression of NOB activity is challenging
because the low DO that is imposed to maintain the balance between AOB and anammox
bacteria activities favors NOB proliferation [37,38]. Thus, maintaining a stable nitritation
process in single-stage PN/A systems operated at mainstream conditions requires complex
control strategies based on the combination of several parameters such as the SRT of each
population, the DO level, alternative aerobic and anoxic periods, among others [39–41].
Moreover, these control strategies must not only suppress NOB proliferation but also man-
age fluctuations of both the flow rate and the characteristics of incoming wastewater [42].
As an alternative, the use of two-stage nitrogen removal systems can provide greater oper-
ational flexibility than that of single-stage systems, achieving a stable PN process under
mainstream conditions with easily implemented operational strategies [43,44].

Given the difficulty of maintaining the stability of the mainstream PN process, the
oxidation of 50% of ammonium to nitrate and its subsequent partial denitrification to nitrite
by adding organic matter was recently proposed as an alternative route to the generation
of the required nitrite for the anammox process [45,46]. For this strategy to succeed,
the COD/N ratio of the influent should be around 2–3 g/g, since higher ratios would
promote total denitrification while lower ratios would not be enough to reduce all nitrate
to nitrite [6]. Despite promising results from the combination of partial denitrification and
anammox processes at a laboratory scale, obtaining an influent with the required COD/N
ratio seems to be the most critical challenge for the application of partial denitrification at
full scale [47]. Moreover, the combination of partial denitrification and anammox processes
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is energetically less favorable than the combination of PN/A processes in the removal
of nitrogen because a fraction of the ammonium would be oxidized into nitrate instead
of nitrite (higher oxygen consumption), and a fraction of the organic matter would be
consumed to reduce nitrate to nitrite (lower biogas production) [6].

The literature shows that PN/A processes, and more precisely, the nitritation stage,
operate adequately at high nitrogen concentrations and/or high temperatures but not
at low concentrations and temperatures lower than 20 ◦C, as those usually found for
sewage [15]. Therefore, instead of putting efforts into designing complex control systems
to operate the processes under conditions that are unfavorable for them, the way forward
is perhaps in promoting operating conditions that are conducive to them. If we assume
as a baseline that 80% of nitrogen arriving at WWTPs is present in the waterline and that
the remaining 20% is in the sludge line, where PN/A processes are easily applicable, the
following three operating strategies can be proposed to remove nitrogen in urban WWTPs
through anammox-based processes (Figure 3).
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Figure 3. Possible operating strategies to remove nitrogen in urban WWTPs using anammox-based
processes: (a) Divert more nitrogen to the sludge line to remove it by the PN/A processes: capture of
ammonia by physical/chemical technologies; (b) divert more nitrogen to the sludge line to remove it
by the PN/A processes: ammonia bioaccumulation; (c) carry out PN in the sludge line and anammox
process in the water line; (d) bioaugmentation of AOB from the sludge line.

3.1. Divert More Nitrogen to the Sludge Line for Its Removal by the PN/A Processes

In the same way that organic matter is diverted to the sludge line to improve the
WWTP energy balance, ammonium could be captured from the water line and sent to
the sludge line as a concentrated stream to be treated by the PN/A processes (Figure 3a).
Among the many different physical or chemical technologies that have been proposed to
capture ammonium, adsorption through zeolites and membrane filtration are the most
noteworthy [48,49]. However, these capture processes still have some drawbacks hindering
their full-scale implementation such as the need for zeolite regeneration, and in the case
of the membrane processes, their power requirements and membrane fouling [50,51]. To
avoid these drawbacks, the application of bioaccumulation has been considered. One
bioaccumulation strategy that has raised interest in recent years is the use of microalgae,
which, once they have captured ammonia for growth, could be co-digested with the WWTP
sludge to increase biogas production and release the captured ammonia in the sludge
line. Although there have been successful applications of microalgae-based systems to
remove nitrogen from the mainstream of WWTPs, this alternative has limited applicability
given the large area of land required [52]. Heterotrophic bacteria could replace microalgae
in carrying out nitrogen bioaccumulation. For this strategy to succeed, the wastewater
COD/N ratio should be increased from typical values of around 11–20 g/g, so that the
ammonium can be removed through its assimilation by the heterotrophic bacteria [53].
This requirement could be achieved through the joint management of the organic fraction
of municipal solid waste (OFMSW) and urban wastewater (Figure 3b). The OFMSW could
be shredded in homes and sent to the WWTP through the sewer, avoiding transport costs.
The particulate fraction of the organic matter would be separated in the primary decanter
towards the anaerobic digester, while the soluble fraction could be treated in high-load
units in order to maximize the generation of sludge and thus promote the assimilation
of ammonia as well as minimize oxygen consumption. The sludge generated would be
diverted to the anaerobic digester and the captured ammonium would be released in the
sludge line. Since the OFMSW has a high COD/N ratio, biogas production in the WWTP
would be enhanced, which would offset the increase in aeration costs in the mainstream.
Moreover, the additional input of ammonia from OFMSW would almost be negligible, as
would be the oxygen consumption associated with its removal. Based on mass balance
analyses similar to those performed by Morales et al. [20] and taking into account the
characterization of the OFMSW provided by Moñino et al. [54], the joint management
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of OFMSW and sewage would increase the nitrogen load in the sludge line from 20%
to 31%. Accordingly, most of the nitrogen would remain in the mainstream where the
conditions are not favorable for the application of PN/A processes. Under these conditions,
and considering there was no additional nitrogen removal in the mainstream, the WWTP
inlet ammonia concentration would have to be lower than 14 mg NH4

+-N/L to meet the
discharge requirement of 10 mg N/L (typical limit in the EU for sensitive areas) (Figure 4).
Considering a typical inlet ammonia concentration of 50 mg NH4

+-N/L, it would be
necessary to divert at least 90% of the inlet nitrogen load to the sludge line in order to fulfil
the discharge standard. Diverting such a fraction would probably require the use of reverse
osmosis membranes in the mainstream, which could be justified only in the case of water
reuse [55].

Processes 2021, 9, x FOR PEER REVIEW 19 of 19 
 

 

account the characterization of the OFMSW provided by Moñino et al. [54], the joint man-
agement of OFMSW and sewage would increase the nitrogen load in the sludge line from 
20% to 31%. Accordingly, most of the nitrogen would remain in the mainstream where 
the conditions are not favorable for the application of PN/A processes. Under these con-
ditions, and considering there was no additional nitrogen removal in the mainstream, the 
WWTP inlet ammonia concentration would have to be lower than 14 mg NH4+-N/L to 
meet the discharge requirement of 10 mg N/L (typical limit in the EU for sensitive areas) 
(Figure 4). Considering a typical inlet ammonia concentration of 50 mg NH4+-N/L, it 
would be necessary to divert at least 90% of the inlet nitrogen load to the sludge line in 
order to fulfil the discharge standard. Diverting such a fraction would probably require 
the use of reverse osmosis membranes in the mainstream, which could be justified only in 
the case of water reuse [55]. 

 
Figure 4. Minimum fraction of the WWTP inlet nitrogen load that should be present in the sludge 
line to fulfil a discharge requirement of 10 mg N/L for the WWTP layout shown in Figure 3a,b. 

3.2. Carry Out PN in the Sludge Line and Anammox Process in the Water Line 
A stable performance of the PN process is easily achieved under sludge line condi-

tions [56,57], while the anammox process can be successfully applied under mainstream 
conditions [58,59]. Therefore, nitrite generation could be promoted in the sludge line by 
adding an alkalinity source to oxidize all the ammonium to nitrite. The sludge line stream 
containing nitrite would be added to the mainstream once the organic matter has been 
removed to carry out the anammox process (Figure 3c). Since the nitrogen load of the 
sludge line is 20% of the total nitrogen received by the WWTP, the nitrite generated would 
not be enough to remove all the ammonia from the mainstream. This nitrite deficit could 
be overcome by increasing the nitrogen load in the sludge line. For this, sludge coming 
from neighboring WWTPs could be supplied to the sludge anaerobic digesters. The higher 
ammonia input to the WWTP would bring with it two issues: (1) a higher energy require-
ment for ammonia removal that could be offset by a higher biogas production, and (2) an 
increase in the nitrogen concentration of the mainstream, making the discharge limit more 
difficult to achieve. Considering the nitrogen fluxes of both sludge and water lines and 
the stoichiometry of the anammox process, this operating strategy would meet the dis-
charge requirements only when the sewage ammonium concentration is lower than 49 mg 
NH4+-N/L (Figure 5). 

0

15

30

45

60

75

90

20 40 60 80 100

In
le

t N
H

4+
(m

g 
N

/L
)

Fraction of inlet N loading diverted to the sludge line (%)

Figure 4. Minimum fraction of the WWTP inlet nitrogen load that should be present in the sludge
line to fulfil a discharge requirement of 10 mg N/L for the WWTP layout shown in Figure 3a,b.

3.2. Carry out PN in the Sludge Line and Anammox Process in the Water Line

A stable performance of the PN process is easily achieved under sludge line condi-
tions [56,57], while the anammox process can be successfully applied under mainstream
conditions [58,59]. Therefore, nitrite generation could be promoted in the sludge line
by adding an alkalinity source to oxidize all the ammonium to nitrite. The sludge line
stream containing nitrite would be added to the mainstream once the organic matter has
been removed to carry out the anammox process (Figure 3c). Since the nitrogen load of
the sludge line is 20% of the total nitrogen received by the WWTP, the nitrite generated
would not be enough to remove all the ammonia from the mainstream. This nitrite deficit
could be overcome by increasing the nitrogen load in the sludge line. For this, sludge
coming from neighboring WWTPs could be supplied to the sludge anaerobic digesters. The
higher ammonia input to the WWTP would bring with it two issues: (1) a higher energy
requirement for ammonia removal that could be offset by a higher biogas production, and
(2) an increase in the nitrogen concentration of the mainstream, making the discharge limit
more difficult to achieve. Considering the nitrogen fluxes of both sludge and water lines
and the stoichiometry of the anammox process, this operating strategy would meet the
discharge requirements only when the sewage ammonium concentration is lower than
49 mg NH4

+-N/L (Figure 5).
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Figure 5. Overboost of the nitrogen load in the sludge line required to fulfil a discharge requirement
of 10 mg N/L for the WWTP layout shown in Figure 3c.

3.3. Bioaugmentation of AOB from the Sludge Line

In order to promote the growth of AOB over NOB and to overcome the low growth
rate of anammox bacteria under mainstream conditions, the excess of AOB and anammox
bacteria generated in the sludge line could be transferred to the waterline. This bioaugmen-
tation strategy was already applied by Wett et al. [36,40] to the operation of single-stage
nitrogen removal systems where the two biomasses were segregated between granules
(anammox) and flocs (AOB). Because of the density differences between the two kinds
of aggregates, hydrocyclones promote the retention of the anammox biomass and the
wash-out of AOB and NOB. However, these hydrocyclones also partially retain NOB and
promote their enrichment inside the system, making the control of the system’s stability
very complex [60]. This incompatibility between maintaining long SRTs to ensure adequate
activity of anammox biomass and preventing NOB proliferation was also reported for
single-stage PN/A systems using biofilms or granules where AOB and anammox bacteria
grow together [37,61]. Finally, maintaining long SRTs under mainstream conditions also
favors the proliferation of complete ammonia-oxidizing bacteria (comammox) [62].

Bioaugmentation could be carried out through periodic biomass exchange between
water and sludge lines to avoid mainstream NOB proliferation [42,63]. This strategy relies
on promoting the decay of the NOB generated in the mainstream by subjecting them to
unfavorable growth conditions (high concentrations of HNO2 and/or NH3) in the sludge
line [64,65]. To obtain total repression of NOB, their net growth in the system must be zero;
that is, their decay in the sludge line must counteract their growth in the water line (1):

µ20 ◦C ·SRTmainstream = b30 ◦C ·SRTsludge line (1)

Taking into account the values of the growth and decay rates reported for NOB by
the West Models Guide [66], and a possible operating range of DO concentration in the
mainstream of 0.3–2.0 mg O2/L, Equation (1) would be fulfilled for a sludge line with
an SRT 3.2 to 6.9 times higher than the SRT in the mainstream. Considering a biomass
concentration factor of 10 from the mainstream to the sludge line, a sludge line tank with a
volume of 0.32–0.69 times the volume of the aerobic tank would be necessary in order to
provide enough time for the NOB population to decay. Therefore, this strategy is limited by
the availability of land on which to implement a larger tank and the capital costs involved.

If PN and anammox processes are carried out in separate units, the operating condi-
tions applied to AOB and NOB could be more strictly controlled without compromising
the retention of anammox bacteria under mainstream conditions. The nitritation reactor
would be continuously inoculated, with AOB coming from the sludge line, and depending
on the wastewater temperature, specific conditions for both SRT and DO concentration
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would be imposed to avoid NOB proliferation. The operating conditions imposed must
not only prevent the development of new NOB but also limit the activity of NOB present
in the wastewater itself [67]. Taking into account the kinetics of NOB [66] and the inlet con-
centration of these microorganisms (0.04 mg VSS/L, [67]), it is possible to define operating
conditions that limit nitrate concentration to acceptable values so as to maintain effluent
quality (Figure 6).
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1.6 d). (A nitrate concentration of 1 mg NO3
−-N/L was arbitrarily

taken since it is sufficiently low to have a minimal impact on the quality of the effluent).

A possible strategy to carry out the AOB bioaugmentation in the mainstream relies
on oxidizing all the ammonium present in the sludge line to nitrite. The nitrite together
with the AOB would then be added to an aerobic system where a fraction of the primary
decanter effluent would be treated to remove organic matter and oxidize ammonium
to nitrite (Figure 3d). Another aerobic system would treat the remaining fraction of
the primary decanter effluent to remove only the organic matter. The splitting of the
effluent from the primary decanter would be performed so that by joining the streams
treated by both systems, the resulting stream would have an NO2

−-N/NH4
+-N ratio of

1.32 g/g, suitable for feeding the anammox system. When applying a mainstream-splitting
operating strategy, control of the oxidized ammonium fraction would not be required to
achieve a suitable nitrite/ammonium ratio for the anammox process, but the addition
of alkalinity would be necessary when the NH4

+-N/alkalinity ratio of the wastewater is
less than 7.1 g/g. Aerobic systems treating both fractions of the mainstream would be
operated at an SRT of 1.6–3 days. These SRT values would allow for a compromise to be
reached between the organic matter removal, the sludge sedimentation properties, and
the fraction of COD redirected to the anaerobic sludge digesters [2]. Depending on the
SRT applied and the wastewater temperature, the dissolved oxygen concentration would
be set according to Figure 6 to prevent the proliferation of AOB in the system where only
organic matter is removed as well as to limit the activity of the incoming NOB in the
system where ammonium is oxidized. However, the conditions imposed to limit nitrite
oxidation could also limit the ammonia oxidation capacity of the reactor, especially during
the winter period, resulting in the partial oxidation of ammonia to nitrite. This deficiency
would prevent getting a suitable nitrite/ammonium ratio for the anammox process and,
therefore, deteriorate the quality of the effluent. The lower temperature means a lower
inlet WWTP ammonium concentration to meet the discharge requirements (Figure 7). As
shown in Figure 7a, for a temperature of 10 ◦C and an SRT of 3 d, this strategy would
allow for the treatment of wastewater with a maximum inlet ammonia concentration of
around 30 mg NH4

+-N/L. To overcome the negative effect of decreasing temperature on
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the ammonia oxidation capacity in the mainstream, “extra” AOB can be generated in the
sludge line by increasing its nitrogen load. As more AOB are generated in the sludge line,
the WWTP could handle higher inlet ammonia concentrations (Figure 7b,c). An overboost
in the nitrogen load of the sludge line of 100% would fulfill the discharge requirements
for inlet WWTP ammonium concentrations of around 65 mg NH4

+-N/L, regardless of the
operating temperature.
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Regarding the implementation of the anammox process under mainstream conditions,
the systems based on granular biomass have been shown to maintain stable long-term
performance under such conditions because the high settling velocity of the granules
allows for good biomass retention [59,68]. However, substrate diffusional limitations
intrinsic in this type of biomass could cause some of the substrates to remain in the effluent,
thus worsening its quality. The anammox granular system must be operated at long
SRTs to guarantee very low substrate concentration in the effluent [69]. The anammox
process can be started up directly in the mainstream, but the accumulation of the required
amount of biomass would take a long time due to the low temperatures and low substrate
concentrations of sewage [58]. In order to avoid long start-up periods, the anammox process
is usually initiated by using biomass developed in the sludge line. However, the change in
the operating conditions from the sludge line to the mainstream can cause a decrease in
the size of the granules due to a decline in their extracellular polymer content [70]. This
fact could cause a progressive washing out of biomass, and consequently, a loss of the
system’s operational stability. When mainstream anammox systems are operated, special
attention must be paid to the oxygen input from both the influent DO and its transfer from
the atmosphere. The presence of DO would favor the oxidation of a fraction of the inlet
nitrite to nitrate because of the higher oxygen affinity of NOB, and therefore the effluent
quality would deteriorate. In this regard, the previous PN unit should be operated at the
lowest possible DO level and the anammox reactors should be covered to avoid oxygen
transfer from the atmosphere [69].

In summary, the simplest way to remove nitrogen from urban wastewater by means
of PN/A processes would be to promote the PN process in the sludge line and then apply
the anammox process in the mainstream. However, given the low fraction of the inlet
nitrogen load present in the sludge line, the amount of nitrite generated would not be
sufficient to obtain an adequate effluent quality in terms of nitrogen. For this reason, the
generation of part of the required nitrite should be carried out in the mainstream, which
requires imposing operating conditions that prevent the proliferation of NOB. Such strict
operating conditions would entail that AOBs inoculated from the sludge line are unable to
produce all the necessary nitrite; thus, the AOB generation would have to be increased by
supplying extra sludge to the anaerobic digesters.

4. Interactions between AOB and Anammox Bacteria and Others: Are They Useful for
Obtaining the Desired Effluent Quality?

Previous studies on the application of PN/A processes in the mainstream showed
difficulties in fulfilling the effluent nitrogen discharge requirements due to the nitrate
generated by NOB and anammox bacteria [37,40,61]. For this reason, the possible joint
application of partial nitritation or partial nitratation and anammox processes with other
processes related to bacteria involved in the nitrogen cycle has been proposed to obtain
an effluent with adequate quality for its discharge. Among these processes, it is worth
mentioning the heterotrophic denitrification, sulfur-driven denitrification, and denitrifica-
tion using methane (damo process) [71–73]. However, although the combination of such
processes improves nitrogen removal efficiency, it should be noted that the greater the
number of processes that are intended to be carried out jointly, the narrower the operating
window will be since there are bound to be more stoichiometric constraints. For example,
when heterotrophic denitrification is combined with PN/A processes in the same reactor, in
addition to controlling the DO level, the inlet COD/N ratio should be maintained at values
of around 2 g/g in order to achieve a compromise between the nitrogen removal efficiency
and oxygen consumption [74]. When partial nitratation is combined with sulfur-driven
denitrification and anammox processes, the H2S-S/NO3

−-N and NO3
−-N/NH4

+-N ratios
should be maintained as close as possible to 0.57 g/g and 1.32 g/g, respectively, in order to
optimize nitrogen removal efficiency [75]. Therefore, control of the operating conditions
that allow for the maintenance of the necessary balance between all the processes involved
will be more difficult. This low operational stability of combined processes could limit their
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application, and facilities that use them are not currently implemented in urban WWTPs at
full scale [76].

As discussed in the previous sections, carrying out the partial nitritation and anammox
processes in separate units would allow for the application of relatively simple operational
strategies to avoid the proliferation of NOB. However, if the input ammonium concentra-
tion were to exceed 60–65 mg NH4

+-N/L, it would be challenging to meet the discharge
limit of 10 mg N/L, mainly because of the nitrate generated by the anammox process itself.
For this reason, when necessary, a process to remove excess nitrate should be promoted
in order to adjust effluent quality. For practical reasons, processes involving fast-growing
bacteria such as heterotrophic denitrifiers are preferred for a rapid response, and the use
of slow-growing bacteria such as those involved in the damo process and sulfur-driven
denitrification should be ruled out. Furthermore, the problematic management of methane
(in the damo process) and the generation of sulfate (in the case of the sulfur-driven denitri-
fication) could cause a deterioration of the effluent quality [77,78].

Since nitrate would be removed only when the effluent does not reach the discharge
limit, implementing an occasional post-treatment unit to carry out heterotrophic denitri-
fication may not be the most cost-effective option. In this sense, the removal of excess
nitrate in the anammox reactor itself could be an interesting alternative to save capital costs.
Organic matter could be added to the anammox reactor and be used by the anammox
bacteria themselves or the heterotrophic denitrifying bacteria that are associated with them
to remove excess nitrate [79,80]. The organic matter could be provided from an external
source (methanol or acetic acid), or even through a by-pass of the stream coming from
the primary decanter, the latter being a cheaper option. However, this solution would
have the disadvantage of increasing the ammonium level in the effluent if the efficiency
of ammonium conversion into nitrite is not adjusted. To use the organic matter from
sewage, nitrite production should be maximized in the PN unit to cope with the additional
ammonium supplied to the anammox unit [81]. The combination of the anammox process
and heterotrophic denitrification has been studied repeatedly; however, the COD/N ratio
that maximizes the nitrogen removal efficiency without compromising the stability of the
anammox process remains unclear [79]. In any case, an excessive COD/N ratio should
be avoided since it could lead to excessive consumption of nitrite by denitrifying bacteria
or even to the presence of organic matter in the effluent [82]. For this reason, it is necessary
to have rigorous control of the dose of organic matter in order to obtain the required
effluent quality.

Due to the complexity of dosing an optimal quantity of organic matter so as not to
compromise the quality of the effluent, the safest alternative would be to take part of the
effluent from the anammox system and recirculate it to the aerobic system, where only the
removal of organic matter takes place (Figure 3d). At the head of this reactor, it might be
possible to operate a chamber under anoxic or aerobic conditions, depending on the nitrate
level of the anammox reactor effluent. In this way, the removal of excess nitrate would
be guaranteed by using both organic matter of the wastewater itself and heterotrophic
bacteria present in the aerobic tank without compromising either the performance of the
anammox reactor or the effluent quality. Finally, the fraction of the stream to be recirculated
would be relatively low as it would only be focused on refining the effluent and not on
removing most of the nitrogen.

5. Conclusions

• The CODbiodegradable/N ratio at the inlet of single-stage nitrogen removal systems
treating THP/AD effluents should be maintained below 0.5 to avoid losing operational
stability. For this purpose, applying an anerobic pretreatment seems to be a viable
option from an economic perspective.

• When single-stage nitrogen removal systems are applied under mainstream conditions,
maintaining the stability of the nitritation process requires complex control strategies
and adequate effluent quality is not guaranteed. In this sense, promoting the growth
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of AOB in the sludge line by supplying extra sludge to the anaerobic digesters in order
to carry out their bioaugmentation in the mainstream and subsequently applying
the anammox process could be a feasible strategy for achieving autotrophic nitrogen
removal from urban wastewater.

• Combining PN/A with other biological processes can be used to adjust excess nitrate
to meet discharge requirements. However, the more processes taking place simultane-
ously, the more difficult it will be to balance them. A simple way to remove excess
nitrate would be to partially recirculate the WWTP effluent to the unit where organic
matter is removed and promote heterotrophic denitrification by implementing an
anoxic chamber.

Supplementary Materials: The following are available online at https://www.mdpi.com/article/10
.3390/pr9081334/s1, Description of calculations: (a) Calculation of the effect of NH3 presence on the
effluent quality of an anaerobic sludge digester; (b) Calculation of treatment costs for removing both
organic matter and ammonia from supernatant of anaerobic sludge digester; (c) Calculation of the
maximum ammonia inlet concentration to fulfill the discharge nitrogen limit.
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