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a b s t r a c t
Nowadays the application of Anammox based processes in the wastewater treatment plants has given a
step forward. The new goal consists of removing the nitrogen present in the main stream of the WWTPs
to improve their energetic efﬁciencies. This new approach aims to remove not only the nitrogen but also
to provide a better use of the energy contained in the organic matter. The organic matter will be removed
either by an anaerobic psychrophilic membrane reactor or an aerobic stage operated at low solids retention time followed by an anaerobic digestion of the generated sludge. Then ammonia coming from these
units will be removed in an Anammox based process in a single unit system. The second strategy provides
the best results in terms of operational costs and would allow reductions of about 28%.
Recent research works performed on Anammox based processes and operated at relatively low temperatures and/or low ammonia concentrations were carried out in single-stage systems using bioﬁlms,
granules or a mixture of ﬂocculent nitrifying and granular Anammox biomasses. These systems allowed
the appropriated retention of Anammox and ammonia oxidizing bacteria but also the proliferation of
nitrite oxidizing bacteria which seems to be the main drawback to achieve the required efﬂuent quality
for disposal. Therefore, prior to the implementation of the Anammox based processes at full scale to the
water line, a reliable strategy to avoid nitrite oxidation should be deﬁned in order to maintain the process
stability and to obtain the desired efﬂuent quality. If not, the application of a post-denitriﬁcation step
should be necessary.
Ó 2015 Elsevier Ltd. All rights reserved.

1. Introduction
Up to now the main goal of wastewater treatment plants
(WWTPs) was to remove pollutants content in order to protect
downstream users. Most efforts have been traditionally focused
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on achieving the disposal requirements in terms of solids, organic
matter and nutrients content (Benedetti et al., 2006). Recently, new
challenges are under consideration, oriented to assure the sustainability of WWTPs in terms of their technical reliability, economic
feasibility and environmental impact. Energy consumption, sludge
production, and greenhouse gases emissions are among the aspects
that should become key-factors concerning the overall performance of the WWTPs (Mo and Zhang, 2013; Yerushalmi et al.,
2013).
It is known that the potential energy available in the raw
wastewater, as organic compounds, exceeds signiﬁcantly the
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electricity requirements of the applied treatments (Garrido et al.,
2013). However, part of this organic matter is wasted when the
nitriﬁcation and denitriﬁcation processes are used to remove nitrogen and organic matter simultaneously. In reality an effective use
of the contained COD is only performed in the case of primary
and secondary sludge which are normally anaerobically digested
and energy is recovered through methane production (Wett
et al., 2007a). Nevertheless, in these conditions only about 35–
45% of the solids are converted into CH4 during anaerobic digestion. This limitation increases the interest in implementing sludge
disintegration units prior to the anaerobic digesters to maximize
the recovery of energy from sludge (and also to reduce sludge production) (Carrère et al., 2010).
In order to improve the recovery of energy from the raw
wastewater, the application of Anammox based processes, which
take place in autotrophic conditions, to the main stream in the
WWTPs is one of the most interesting options (van Loosdrecht
et al., 2004; Wett et al., 2013). According to this strategy both organic
matter and nitrogen are removed in separated processes. In this case
the energy contained in the organic matter can be saved and recovered by means of the application of an anaerobic psychrophilic
digester (Alvarez et al., 2008) or an aerobic stage operated at a low
solids retention time (Wett, 2007b; Ge et al., 2013) followed by an
anaerobic digestion of the generated sludge. Thus oxygen requirements are minimized while methane production is maximized.
Anammox based processes are already applied at full scale to
treat the supernatants of anaerobic sludge digesters (Lackner
et al., 2014). This application allowed reducing the total electrical
consumption of the WWTPs by 40–50% (Siegrist et al., 2008). If
Anammox based processes are applied in the main line the energy
savings could be increased and the WWTPs could generate 24 W h
per person equivalent per day (W h pe1 d1), compared to a consumption of 44 W h pe1 d1 in conventional treatment (Kartal
et al., 2010).
These data indicate the potential beneﬁts of the implementation of Anammox based processes in the WWTPs main line.
Nevertheless, there is still scarce information about the procedure
how to apply such processes at low temperature and/or low
ammonia concentrations at full scale. Therefore, prior to their
application, an appropriated understanding of the effects of the
operational conditions (nitrogen and biomass concentrations, dissolved oxygen concentrations. . .) on the process efﬁciency and also
on the efﬂuent quality is required (Fig. 1). For this reason, the aim
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Fig. 1. Factors to be considered at different scales in order to apply Anammox based
processes in the WWTPs.

of this work was to carry out an overall evaluation of the application of Anammox based processes on the WWTPs, to identify the
possible bottlenecks and to propose strategies to avoid them.
2. Impacts of Anammox based processes applications on the
WWTPs preformance
The effects of the Anammox based processes implementation
on the WWTP performance have been evaluated from an energetic
point of view taken into account the increase of methane production and the costs reduction associated with aeration (Siegrist
et al., 2008; Kartal et al., 2010). However, the implementation of
these processes also affects to the sludge and N2O production.
Then, in order to quantify all these effects on the WWTPs performance, the possible implementation of the Anammox based processes in both sludge and water lines of a conventional WWTP at
several conﬁgurations was evaluated. Five possible modiﬁcations
of the conventional WWTP conﬁguration were proposed in order
to improve its energetic efﬁciency (Fig. 2). Case A: the implementation of a sludge disintegration unit prior to the anaerobic
sludge digester. Case B: the implementation of an Anammox based
process system to treat the supernatant of the anaerobic sludge
digester. Case C: the implementation of both sludge disintegration
unit and an Anammox based process system in the sludge line.
Case D: In addition to modiﬁcation of Case C in the water line
the nitriﬁcation–denitriﬁcation reactor was replaced by an aerobic
reactor operated at a solids retention time (SRT) of 2 d, in order to
remove only organic matter and maximize the sludge production,
followed by an Anammox based process system. Case E: an anaerobic membrane reactor was used to remove organic matter previously to the application of the Anammox based process
systems as single units of the WWTP.
To evaluate the performance of each option mass and energy
balances were performed. The chosen characteristics of the inﬂuent were: total COD of 500 mg L1 (Ss: 150 mg L1; SI: 50 mg L1;
Xs: 200 mg L1; XI: 100 mg L1) and NH+4–N of 30 mg L1. The
required characteristics of the efﬂuent were a COD concentration
lower than 125 mg L1 and total nitrogen concentration lower than
10 mg L1. The inlet ﬂow rate was of 50,000 m3 d1 and the operational conditions of the WWTP were: solids retention time of 15 d;
hydraulic retention time of 12 h; internal recycle ratio of 3; external recycle ratio of 1; aerobic volume percentage of 65%; anaerobic
digester VSS removal efﬁciency of 45%. Sludge disintegration
unit + anaerobic digester VSS removal efﬁciency of 55%. Oxygen
consumption, biogas production, sludge generation and membrane
energy demand were taken as the output parameters of the
calculations. In order to evaluate the economic implications the
following considerations were taken into account: energy for aeration: 1 kW h (kg O2)1; sludge disposal costs: 200 Euros (Ton
TSS)1; electricity production: 2 kW h m3 CH4; electrical energy
for pumping and mixing: 0.02 kW h pe1 d1 (Siegrist et al.,
2008); membrane energy demand: 0.69 kW h m3 of inﬂuent
(Ozgun et al., 2013); and electricity cost: 0.12 Euros kW h. N2O
gas emissions were also estimated considering that one single unit
stage was used to remove nitrogen. This stage converts around
0.6% of the treated nitrogen into N2O while this conversion is
around 3.6% for conventional nitriﬁcation–denitriﬁcation processes (Kampschreur et al., 2008).
Results obtained from the calculations corresponding to the ﬁve
modiﬁcations are shown in Table 1. When the sludge disintegration unit (Case A) is implemented in the sludge line, biogas generation increases and sludge production decreases. However the
ammonia concentration in the supernatant of the sludge digester
increases which increases the amount of organic matter and oxygen needed for denitriﬁcation and nitriﬁcation, respectively in
the water line. Since more nitrogen is removed in the main stream,
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Fig. 2. Possible modiﬁcations of a conventional WWTP to improve its energetic efﬁciency: sludge line (dotted lines); water line (continuous line) (boxes indicating the
substituting units).

Table 1
Effects of Anammox based processes applications on the WWTPs performance. All
data are referred to the results of the calculations of a WWTP without any
modiﬁcation.
Parameter

Case A

Case B

Case C

Case D

Case E

Aeration requirements (%)
Biogas production (%)
Sludge generation (%)
Membrane energy demand (%)
N2O emissions (%)
Saving costs (%)

+13
+15
24
0
+3
6

26
+18
+17
0
22
7

25
+51
1
0
22
19

50
+67
+9
0
83
28

86
+250
+4
100
83
39

the N2O emissions increase. If an Anammox based processes unit is
used to treat the sludge return stream (Case B), the nitrogen loading rate fed to the biological reactor is reduced around 15–20%.
Then organic matter requirements for denitriﬁcation are lower,
therefore, more organic matter can be derived to the anaerobic
digester which increases both biogas and sludge production
derived from the primary settling. Moreover, a lower nitrogen
loading rate means lower oxygen requirements during nitriﬁcation
and lower N2O emissions. In Case C, synergetic effects of both previous cases occur since the increased amount of ammonia in the
supernatant of the sludge digester is removed before its returns
to the main line in an Anammox based processes unit. When the
Anammox based processes unit is applied to the main stream combined with an aerobic unit to remove organic matter (Case D), both
biogas generation and oxygen savings increase up to 67% and 50%,
respectively while N2O production decreases 83%. Nevertheless,
sludge generation slightly increases due to the maximization of
its production during the aerobic process. When the organic matter
of the main stream is removed by anaerobic psychrophilic membrane reactor (Case E) the high membrane energy demand makes

this conﬁguration less efﬁcient in terms of operational costs than
the conventional WWTP conﬁguration. Therefore, the best results
are obtained with the conﬁguration proposed as Case D.
These results indicate the potential beneﬁts of the implementation of Anammox based processes in the WWTPs conﬁguration. Nowadays there are already Anammox based processes
systems implemented at full scale treating the supernatant of the
sludge digesters, sludge disintegration units, psychrophilic anaerobic units, and high loaded aerobic units. Nevertheless, there is no
enough information about the procedure to apply Anammox based
processes systems operated at low temperature and/or low ammonia concentrations at full scale. In the next section recent results
obtained at lab and pilot scale by several authors in this sense will
be analyzed.
3. Anammox based processes operated at low temperature and/
or low ammonia concentrations
The Anammox based processes have mainly been applied at full
scale, operated at temperatures in the process optimum range values between 30 and 40 °C and treating high ammonia concentration streams. Early Anammox based processes implementations
used two stage reactor conﬁguration (van der Star et al., 2007;
Abma et al., 2007). This conﬁguration was chosen in order: (a) to
avoid possible negative effects of toxic or organic biodegradable
compounds, present in the inﬂuent, on the stability of the
Anammox process since these compounds are degraded in the
nitrifying unit avoiding its entrance in the Anammox reactor
(Lackner et al., 2008); (b) to made use of already existing partial
nitriﬁcation systems (van Loosdrecht and Salem, 2006). With more
full scale experiences, focus has shifted mainly to single-stage
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systems in order to reduce capital costs (Vázquez-Padín et al.,
2009a). In fact, nowadays, 88% of all Anammox based processes full
scale plants are operated as single-stage systems (Lackner et al.,
2014). This could be the reason why all the recent Anammox based
processes applications at relatively low temperatures (15–25 °C)
and/or low ammonia concentrations were carried out in singlestage systems (Vázquez-Padín et al., 2009b, 2011; De Clippeleir
et al., 2011; Winkler et al., 2012a; Chang et al., 2013; Daverey
et al., 2013; De Clippeleir et al., 2013; Hu et al., 2013; Wett et al.,
2013; Hoekstra et al., 2014; Malovany et al., 2014).
The application of Anammox based processes systems directly
to the water line in the WWTP presents two main disadvantages:
(1) low biomass growth rate due to the temperature of operation
under the optimum range; (2) low net biomass production due
to the low nitrogen content of the stream and to the biomass
wash-out caused by the high ﬂow.
Reactor systems with good biomass retention are required to
solve these problems, like those based on bioﬁlm or granular biomass (Vázquez-Padín et al., 2009b; De Clippeleir et al., 2011;
Winkler et al., 2012a; Hoekstra et al., 2014; Malovany et al.,
2014). When bioﬁlm or granular biomass is used, ammonia oxidizing bacteria (AOB) can grow in the outer part of the bioﬁlm/granule
and produce nitrite and consume oxygen to provide anoxic conditions in the inner part of the bioﬁlm/granule. In this anoxic zone,
ammonium (left from the AOB activity) and nitrite (produced during partial nitriﬁcation) have to be present in order to allow the
growth of Anammox bacteria (Vázquez-Padín et al., 2009b).
Other possible alternative to carry out simultaneously partial
nitriﬁcation and Anammox processes is the use of ﬂocculent nitrifying biomass and granular Anammox biomass (Wett, 2007b;
Vázquez-Padín et al., 2009c). In both cases, the application of single-stage systems implies the necessity of an efﬁcient control system in order to maintain both suitable environmental conditions
for AOB and Anammox bacteria and low nitrogen concentration
in the system to fulﬁll disposal requirements.
Both bacterial populations Anammox and AOB need a minimum
solid retention time at 15 °C of 85 d and 2.4 d respectively
(Wiesmann, 1994; Strous et al., 1999). In the case of bioﬁlm or
granular biomass Anammox are located in the inner layers and,
therefore, they are protected from erosion, washed-out biomass
due to detachment being mainly composed by AOB. This implies
that the minimum SRT needed is that imposed by AOB (Winkler
et al., 2012b). In this aspect, the systems using ﬂocculent nitrifying
and granular Anammox biomasses are more ﬂexible since both
types of biomasses can be separated in the recycling stream due
to their different density and, therefore, different SRT can be
applied to them in order to maintain the stability of the system
(Wett et al., 2013).
Long term stability of the process in terms of biomass retention
has been proved in systems inoculated with large biomass concentrations, which does not correspond with the reality of operation of
a full scale plant where the biomass has to be developed from a low
amount of inoculum. A suitable strategy to achieve a quick start up
or restoration of the system capacity, in case of an operational
problem, is needed.
According to the Anammox process stoichiometry at 30 °C
(Strous et al., 1999), around 11% of the nitrogen removed is converted to nitrate and this value remains almost constant when
low temperatures are used (Isaka et al., 2008a; Hendrickx et al.,
2012) or even it is reported that can be lower (Hu et al., 2013).
This fact supposes that minimum nitrogen concentrations ranging
1
between 2 and 9 mg NO
are expected in the efﬂuent of
3 –N L
urban WWTPs. Moreover, larger nitrate concentrations could be
produced if nitrite oxidation takes place simultaneously (De
Clippeleir et al., 2011). On the other hand, when bioﬁlm or granular

biomass is used to carry out simultaneously partial nitriﬁcation
and Anammox processes, even under optimal operational conditions, ammonia and nitrite residual concentrations will be always
present in the bulk liquid due diffusional limitations. All these factors will cause and probably contribute to the nitrogen concentration in the efﬂuent exceeds the disposal requirement limits of 10–
15 mg N L1.
4. Anammox based process application in the water line
constraints
4.1. Process start-up
Up to date most of the experiences with Anammox based processes units started up at full scale were carried out at the optimal
temperature values and treating concentrated streams coming
from anaerobic digesters (Abma et al., 2007; Joss et al., 2009).
The fact that the biomass growth rate decreases with the decrease
of temperature and that the large ﬂowrate of the water line
induces the biomass washout slows down the process start up.
Under these conditions if the inoculation of the reactor is performed with a very low amount of biomass, the start-up period, till
the required biomass concentration for steady state operation is
achieved, will take several months even when a system with high
biomass retention capacity is used (Hendrickx et al., 2012). To
speed up the start-up process the required amount of biomass
can be produced in a separated unit where the Anammox based
systems are operated at optimum temperature values and high
ammonia concentrations.
Since the growth rate of Anammox biomass is lower than that
of ammonia oxidizing one, the development of this kind of biomass is the limiting step during start-up. In order to determine
the time required to produce the biomass needed for the
Anammox based system applied in the water line several factors
have to be taken into account. First from the total nitrogen loading rate of the WWTP an amount of 15% can be removed by
means of an Anammox based process in the sludge line (Case
B). There is 85% nitrogen left to be treated by the Anammox process applied in the water line where the amount of biomass must
be high enough to compensate the activity decrease caused by
the temperature reduction from 30 °C to 15 °C. Taking into
account the maximum growth rate and activation energy values
of Anammox biomass (Strous et al., 1999), a period of 50 d is
needed to produce at 30 °C the required biomass amount. This
value would be like 4 times higher in the case that the biomass
was produced at 15 °C.
Furthermore, once the inoculum is obtained at 30 °C it has to be
taken into account that a sudden change of temperature has been
found by some authors to negatively affect the stability of the biological process and as a solution they propose the progressive
adaptation of biomass to lower operating temperatures (Dosta
et al., 2008; Isaka et al., 2008a). However, recent works showed
that a sudden change of temperature has no effects on the stability
of the biological process if the operational conditions are properly
controlled (Winkler et al., 2012a). On the other hand, neither qualitative changes in the bacterial populations nor changes of the
physical characteristics of biomass were observed when the
operating temperature is lowered (Dosta et al., 2008).

4.2. Control of the process stability
Until now only single stage conﬁguration was used to apply
Anammox based processes to remove ammonia from the main
stream of WWTPs. If bioﬁlm or granular biomass is used to carry
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out simultaneously both partial-nitriﬁcation and Anammox processes, some operational considerations must be taken into
account in order to maintain the stability of the system:
(a) The thickness of the bioﬁlm/granule must be larger than the
oxygen penetration depth in order to obtain anoxic conditions in the inner part of the bioﬁlm/granule (Gilbert et al.,
2014a). The oxygen penetration depth mainly depends on
the oxygen concentration in bulk liquid and the temperature
which affect the ammonia oxidizing activity. Therefore, the
DO concentration will be the operating parameter used to
control the fraction of the available anoxic zone.
(b) Furthermore, combined with the above point raised, enough
ammonia should be present in the bulk liquid in order to
allow the total consumption of oxygen by AOB and to
remove in the anoxic zone all the nitrite generated during
partial ammonia oxidation. This condition fulﬁlls Eq. (1)
(Campos et al., 2010) and implies the presence of ammonia
in the efﬂuent and, therefore, a limitation of its quality
(Hoekstra et al., 2014).

C NHþ > 0:48  C O2
4

ð1Þ

being C NHþ and C O2 the ammonia (mg NH+4–N L1) and oxygen
4

(mg O2 L1) concentrations in the bulk liquid.
(c) The activity of AOB in the external layers of the bioﬁlm/granule should be high enough to protect Anammox bacteria
from the penetration of dissolved oxygen but their activity
must be controlled to avoid inhibition of Anammox bacteria
by high nitrite concentrations. This inhibition can occur
when the diffusion rate of nitrite to the anoxic zone is higher
than the nitrite consumption by Anammox bacteria
(Vlaeminck et al., 2010).
(d) Fluctuations of the inﬂuent temperature can also affect the
process stability since it has effects on both AOB and
Anammox activities. As the ammonia oxidation and
Anammox processes have a similar activation energy value
(68 kJ mol1 for ammonia oxidation (Hellinga et al., 1998)
and 70 kJ mol1 for Anammox process (Strous et al.,
1999)), a decrease of temperature would affect to the intrinsic kinetics of both processes in a similar way. Then, in order
to maintain a balance between ammonia oxidation and
Anammox rates, the oxygen penetration depth should be
kept constant (constant volume of both aerobic and anoxic
zones) by decreasing the oxygen concentration in the bulk
liquid (Vázquez-Padín et al., 2011).
This aspect is also of special importance when bioﬁlms/granules
developed in reactors under high temperature conditions (reject
water from the sludge line) are used to inoculate reactors operated
at notably lower temperature (main stream of a WWTP) since they
must be operated at a low dissolved oxygen concentration
(between 0.05 and 0.3 mg O2 L1 (Hu et al., 2013; Malovany
et al., 2014; Morales, 2014)) to maintain the balance between
ammonia oxidation and Anammox rates. This causes the nitrogen
removal rates achieved are relatively low (0.02–0.06 g N L1 d1
(Hu et al., 2013; Hoekstra et al., 2014; Morales, 2014)).
4.3. Efﬂuent quality
Nitrate produced either by Anammox or nitrite oxidizing bacteria (NOB) and the residual amounts of both ammonia and nitrite
would determine the produced efﬂuent to fulﬁll disposal requirements in terms of nitrogen concentration. The different attempts
of applying Anammox based processes to the main stream of the
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WWTPs showed that proliferation of nitrite oxidizing bacteria
caused that most part of ammonia is oxidized into nitrate instead
of being converted into dinitrogen gas. Therefore, the development
of nitrite oxidizing bacteria seems to be the main factor that affects
the efﬂuent quality (De Clippeleir et al., 2013; Wett et al., 2013).
Different strategies have been proposed by several authors with
the objective of out-selecting the NOB and/or favor the AOB and
Anammox selection. At high temperatures and high ammonia concentrations, as in the case of the supernatant of the sludge digesters, this objective has been successfully achieved because: (1)
the AOB growth rate is larger than the NOB one at high temperatures (Guo et al., 2010); (2) the inhibition by Free Ammonia (FA)
and/or Free Nitrous Acid (FNA) is larger for NOB than for AOB
(Park and Bae, 2009). However, the operational conditions in the
main stream of the WWTPs are just the opposite ones: low temperature and low ammonia concentrations. For this reason, the
proposed strategy to minimize the development of NOB under
these operational conditions is to operate under limiting DO conditions since DO afﬁnity is larger for AOB than NOB (Blackburne
et al., 2008). Nevertheless, in recent works, Wett et al. (2013)
and Akintayo (2012) found that the oxygen afﬁnity constant
ðK O2 Þ of NOB decreased during the operation at low DO concentrations, while that value for the AOB remained stable which causes
ammonia is fully oxidized into nitrate even at low DO levels.
Then, when operating a reactor at low temperatures and nitrogen
concentrations other selection mechanisms should be explored.
Among the new strategies that have been proposed for partial
nitriﬁcation, the exploitation of a lag phase in nitrate production
after anoxic periods is a promising approach to suppress nitrite oxidizing bacteria, as it does not require any addition of chemicals (e.g.
hydrazine (N2H4) (Yao et al., 2013), chlorate (Xu et al., 2011) or NaCl
(Liu et al., 2008)) or extreme operational conditions (e.g., heatshock treatments (Isaka et al., 2008b)), but a simple manipulation
of the operational conditions (Kornaros et al., 2010; Munz et al.,
2011). In order to avoid nitrite oxidation, the system is operated
under alternating aerobic/anoxic conditions. The length of the aerobic period is ﬁtted in such way that ammonia is oxidized into nitrite
but nitrite is not oxidized into nitrate. Then, during the anoxic period, nitrite is consumed by Anammox or denitrifying bacteria if any
organic matter is present to remove it and avoid its presence, as
substrate for NOB, during the next aerobic period (Wett et al.,
2013; Ge et al., 2014; Regmi et al., 2014). However, the application
of this strategy can be not enough to completely avoid the growth of
NOB and must be combined with a short aerobic solids retention
time (3 d) (Regmi et al., 2014). If the partial nitriﬁcation and
Anammox processes are carried out using bioﬁlms or granules systems, where both nitrifying and Anammox biomasses growth
together, the application of a short aerobic SRT is not possible since
it would cause the wash-out of the Anammox biomass. Therefore,
this strategy can only be used in systems where, nitrifying biomass
grows as ﬂocs and Anammox biomass as granules since, in this case,
different SRT can be applied for both types of biomasses. On the
other hand, this strategy causes also a lag phase of 2–5 min in
ammonium oxidation after anoxic periods what implies that 40%
of the aerobic period is useless (Gilbert et al., 2014b).
If NOB growth is not properly suppressed the possible excess of
nitrate in the efﬂuent should be removed by a subsequent denitriﬁcation step. Three possible alternatives could be applied to maintain a suitable level of nitrate in the efﬂuent: (a) intermittent
addition of organic matter (ethanol or methanol) under anoxic conditions to the partial nitriﬁcation-Anammox reactor in order to promote the consumption of nitrate by Anammox and/or heterotrophic
bacteria (Güven et al., 2005). This addition should be controlled in
order to avoid both overwhelming of heterotrophic biomass
(Güven et al., 2005) and a secondary contamination by organic
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matter; (b) nitrate removal can be performed by autotrophic denitrifying bacteria using elemental sulfur. This process could be carried out in bioﬁlm reactors operated in an upﬂow mode where
elemental sulfur particles could be used as both electron donor
and support material for autotrophic denitrifying biomass
(Sahinkaya et al., 2014); (c) a small part of methane generated in
the anaerobic sludge digester can used to reduce nitrate into dinitrogen gas by means of methanotrophic bacteria (Kampman et al.,
2014). According to the stoichiometry of the methanotrophic denitriﬁcation reaction, 1.4 mg NO
3 –N mg CH4 could be removed in this
way.
In order to maintain a stable operation of an Anammox based
processes single-stage system operated at relatively low temperatures the production of the needed biomass amount is crucial
together with the control of the dissolved oxygen and ammonia
concentrations. The proliferation of nitrite oxidizing bacteria
should be avoided to achieve an efﬂuent quality suitable for discharge into water bodies; if not, a post treatment via denitriﬁcation
will be required.
5. Conclusions
The application of Anammox based processes to the main
stream of WWTPs will improve their performance from an energetic and environmental point of view. Saving costs can be as high
as 28% while the amount of N2O produced can be 83% lower compared to a conventional WWTP.
All the recent Anammox based processes applications at relatively low temperatures and/or low ammonia concentrations were
carried out in single-stage systems using bioﬁlms, granular sludge
or a mixture of ﬂocculent nitrifying and granular Anammox biomasses. These systems showed a good capacity to maintain high
solids retention times needed for the accumulation of the required
amount of Anammox and ammonia oxidizing bacteria. However,
they must be operated at a low dissolved oxygen concentration
to maintain the balance between ammonia oxidation and
Anammox rates and, therefore, the nitrogen removal rates
achieved are relatively low.
Nowadays, the main bottleneck of the Anammox based processes application to the main stream of WWTPs seems to be the
proliferation of nitrite oxidizing bacteria which contribute to an
excessive presence of nitrate in the efﬂuent. Perhaps, the use of a
two stage reactor conﬁguration could allow applying operational
strategies focused on avoiding the development of nitrite oxidizing
bacteria without affecting the Anammox bacteria.
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