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Abstract Driven by energy neutral/positive of wastewater
treatment plants, significant efforts have been made on the
research and development of mainstream partial nitritation
and anaerobic ammonium oxidation (anammox) (PN/A)
(deammonification) process since the early 2010s. To date,
feasibility of mainstream PN/A process has been demonstrat-
ed and proven by experimental results at various scales al-
though with the low loading rates and elevated nitrogen con-
centration in the effluent at low temperatures (15-10 °C). This
review paper provides an overview of the current state of
research and development of mainstream PN/A process and
critically analyzes the bottlenecks for its full-scale application.
The paper discusses the following: (i) the current status of
research and development of mainstream PN/A process; (ii)
the interactions among aerobic ammonium-oxidizing bacteria,
aerobic nitrite-oxidizing bacteria, anammox bacteria, and het-
erotrophic bacteria; (iii) the suppression of aerobic nitrite-
oxidizing bacteria; (iv) process and bioreactors; and (v) sug-
gested further studies including efficient and robust carbon
concentrating pretreatment, deepening of understanding com-
petition between autotrophic nitrogen-converting organisms,
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intensification of biofilm anammox activity, reactor design,
and final polishing.
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Introduction
Motivations

Microbial anoxic ammonium oxidation (anammox) was first
discovered in Delft in the 1980s (Mulder 1989) and regarded
as “one of the most startling ones in environment
biotechnology” (Rittmann and McCarty 2001). It is a remark-
able microbial conversion process: ammonium is oxidized
using nitrite, as electron acceptor, to produce nitrogen gas by
anaerobic ammonium-oxidizing bacteria (anammox bacteria
(AnAOB)), which belongs to the order of Planctomycetales
(Strous et al. 1999). The partial nitritation and anammox (PN/
A) (also termed deammonification) process consists of two
consecutive reactions: ammonium is partially oxidized to ni-
trite aerobically (nitrite shunt or nitrogen shortcut) by
ammonium-oxidizing bacteria (AOB), and subsequently, the
remaining ammonium reacts with nitrite to form nitrogen gas
anaerobically by AnAOB (van Loosdrecht 2008). Compared
to conventional biological nitrogen removal (nitrification/de-
nitrification), PN/A as an autotrophic nitrogen removal pro-
cess has three unique advantages (Jetten et al. 1997; Wett
2007; Daigger 2014): (i) 60% of reduction in oxygen demand
for partial oxidation of ammonium to nitrite, (ii) nearly 100%
elimination of carbon demand for denitrification, and (iii) 80%
reduction of excess sludge.
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The PN/A process has been successfully implemented in
removing ammonium in dewatering liquor from anaerobic
digesters in the sidestream of municipal wastewater treatment
and industrial wastewater treatment. In the latter case, PN/A is
usually used to remove ammonium after anaerobic wastewater
treatment. As of 2014, more than 200 full-scale facilities have
been operating successfully in Europe, Asia (Lackner et al.
2014), and North America (WEF/WERF 2015). Introduction
of' mainstream PN/A process enables the decoupling of carbon
and nitrogen removal and maximizes energy recovery through
carbon concentrating pretreatment process that channels more
carbon to anaerobic digester (or an up-flow anaerobic sludge
blanket (UASB) reactor) for biogas generation. Calculations
show that the wastewater treatment process with anammox in
the main stream would yield 24 watt hours per person per day
(Wh/p/day), compared to a 44 Wh/p/day consumption in con-
ventional treatment (Siegrist et al. 2008). This provides a
unique opportunity to achieve efficient nitrogen removal and
energy neutral/positive wastewater treatment and substantial
reduction in operating costs for the supplemental carbon dos-
ing to efficiently remove nitrogen of low C/N ratio wastewa-
ter. Since late 1990s, proposals for mainstream PN/A applica-
tions have been suggested (Jetten et al. 1997; Siegrist et al.
2008; Kartal et al. 2010; Vlaeminck et al. 2012), and since the
early 2010s (De Clippeleir et al. 2011; Ma et al. 2011; Winkler
et al. 2012a), a great deal of efforts has been made in the
research and development, and significant progress has been
achieved (Stinson et al. 2013; Xu etal. 2015; Ma et al. 2015a).

Challenges in implementing PN/A in main stream

The first challenge is the high C/N ratio (7-12, g COD/g N)
(Metcalf and Eddy 2003) of municipal wastewater after pri-
mary settling compared to that (<1 g COD/g N) (Lackner et al.
2014) of most sidestream PN/A process (Vlaeminck et al.
2012; Xu et al. 2015; Ma et al. 2015a). The high C/N ratio
can result in a large fraction of heterotrophic bacteria (HB) in
the sludge resulting in reductions of the populations and ac-
tivities of AnAOB and AOB and low nitrogen removal rate
(NRR). In contrast to sidestream process where the free am-
monia (FA) and free nitrous acid (FNA) concentrations are
higher than the threshold values (0.08-0.82 mg FA/L and
0.06-0.83 mg FNA/L) to inhibit nitrite oxidation bacteria
(NOB) (Anthonisen et al. 1976) that results from the high
ammonium concentration (500-1500 mg NH4-N/L)
(Lackner et al. 2014), the lower ammonium concentration
(30—-100 mg NH4-N/L) (Metcalf and Eddy 2003) of municipal
wastewater makes the NOB suppression difficult and becomes
another major challenge in mainstream PN/A process
(Vlaeminck et al. 2012; Stinson et al. 2013; Gilbert et al.
2014a; Lotti et al. 2015a; Xu et al. 2015; Ma et al. 2015a).
Also, the low activity of AnAOB especially at low tempera-
ture (<15 °C) and seasonal temperature variation of municipal
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wastewater (10-25 °C) (Vlaeminck et al. 2012) compared to
the high temperature (~30 °C) of sidestream process are chal-
lenging (Kartal et al. 2010; Vlaeminck et al. 2012; Gilbert
et al. 2014a; Xu et al. 2015; Ma et al. 2015a). The specific
activity of AnAOB can drop approximately ten times when
the temperature declined from approx. 30 to 10 °C (Lotti et al.
2015a) while a sharper activity decline was observed at 15 °C
(Dosta et al. 2008; Lotti et al. 2015a). On the average, the
maximum specific growth rate of AnAOB (0.05-0.09/day at
30 °C) (Strous et al. 1999; van der Star et al. 2008) is ten times
lower than that of AOB (0.7-0.9/day, at 20-30 °C)
(Wiesmann 1994; Park and Noguera 2007). Furthermore, the
activity-temperature coefficient 8 (defined by ry = r, x 6
T =12) . specific activity) of AOB, NOB, and AnAOB
activities irregularly varied between 10.7 and 1.20 after accli-
mation to 10, 20, and 30 °C (Gilbert et al. 2015). These dif-
ferences in temperature dependencies on growth rates can lead
to imbalance of population and activities of key groups
(Gilbert et al. 2015; Lotti et al. 2015a; Lackner et al. 2015),
cause process vulnerability, and become hard to retaining
enough AnAOB within the reactor that are extremely critical
especially for “cold anammox™ (20—10 °C) process. Last but
not the least is the final effluent ammonium, nitrite, and nitrate
concentrations of mainstream PN/A process in meeting the
strict discharge standards and reuse requirements.

What has been achieved and the major barriers?

Table 1 shows the performance of laboratory-, pilot-scale, and
different types of PN/A and anammox reactors fed with dif-
ferent influent C/N (g COD/g N) ratios. The laboratory sys-
tems fed with synthetic wastewater without additional carbon
(C/N = 0) to avoid side effects of heterotrophic growth and
operating between 30 and 20 °C (“warm anammox”
achieved high total nitrogen (TN) removal (70-90%) in
anammox biofilm reactor (Guillén et al. 2015) and anammox
and PN/A granular sludge reactor (Lotti et al. 2014a). Also, a
similar performance was achieved in anammox granular
sludge reactor (Ma et al. 2013), PN/A biofilm (Li et al.
2016), and suspended sludge process (Han et al. 2015; Han
et al. 2016) fed with low BCOD/N influent ratio (<2-3, g
Chemical oxygen demand of biodegradable organics
(BCOD) /g N) after carbon pretreatment process. Two full-
scale mainstream PN/A processes: Strass Wastewater
Treatment Plant (WWTP), Austria, which was augmented
for AOB and AnAOB from the sidestream deammonification
process to the mainstream process (Wett et al. 2013), and the
200,000 m>/day step-feed activated sludge process in Changi
Water Reclamation Plant (WRP), Singapore, with wastewater
temperature of 28-32 °C year-around under tropical climates
(Daigger et al. 2008; Cao et al. 2013) achieved >85% of TN
removal, demonstrating the high potential for full-scale appli-
cation although the nitrogen removal was likely enhanced by
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the conventional denitrification significantly (75% of TN re-
moval via nitrite path, Wett et al. 2015; 27.1% of TN removal
through conventional denitrification for Changi WRP, Cao
et al. 2014) due to the high influent C/N ratio (7-12 g COD/
g N) (Regmi et al. 2014a; Cao et al. 2013). In general, the
results of warm anammox are more promising compared with
those of cold anammox. The performance of some laboratory
PN/A systems such as granular sludge reactor operating at
18 °C (Winkler et al. 2012a) and hybrid moving bed biofilm
reactor (MBBR) operating at 15 °C (Laureni et al. 2016) still
achieved efficient TN removal (> 70%). Pilot-scale and pro-
totype PN/A (reactor volume 50 m’) processes, fed with low
C/N influent ratio after the carbon pretreatment process, have
achieved effective TN removal (70-50%) and NRR (0.1—
0.3 kg N/m® day) at temperature between 23 and 17 °C
(Lotti et al. 2014b; Geilvoet et al. 2015; Veuillet et al. 2015).
The performance of the latter is similar to or even higher than
that (0.05-0.10 kg N/m® day) in conventional nitrification/
denitrification process (ATV 1997). The reduction of TN re-
moval efficiency of pilot-scale process compared to those of
laboratory- scale process reflects the scale-up effects.
Augmentation proved to be effective in NOB suppression
and TN removal (Veuillet et al. 2015), but neither of the detail
mechanisms involved, design made, and operational guide-
lines adopted was reported. The performance and NRR dete-
riorate mainly below 15 °C. Hendrickx et al. (2014), Lotti etal.
(2014a), Gilbert et al. (2014a), Gao et al. (2015), and Lackner
et al (2015) reported that both effluent nitrite and nitrate con-
centrations increased and NRR was insignificant at approxi-
mately 10 °C due to the drastic decrease of anammox activity
approx. below 15 °C (Dosta et al. 2008; Gilbert et al. 2014a;
Lotti et al. 2015a) and relatively active NOB at low tempera-
tures (Isanta et al. 2015; Ma et al. 2015a). The studies on final
polishing to remove residual ammonium, nitrate, the side
product of anammox, and nitrite are also at its infancy and
in absence of which large amount of disinfectant is expended
in reuse application such as NEWater production in
Singapore. In summary, the progress achieved so far demon-
strates the feasibility of mainstream PN/A process applica-
tions even under low temperature, but more research and de-
velopment are still needed.

This review paper attempts to update the readers with the
overview of the current state of research and development of
mainstream PN/A process, i.e., what has been achieved in
knowledge and applications in microbiology and process
technology and what are reaming as the bottlenecks for
scale-up for full-scale application. Following the brief intro-
duction, the microbiology knowledge generated on key mi-
crobial groups (AOB, NOB, AnAOB, and HB) involved in
the PN/A process and their dynamics of interaction are de-
scribed. Also, the effects of influent C/N ratio on the process
performance are discussed. The suppression of NOB through
kinetics and other factors is discussed and analyzed using
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practical cases after that in detail. Then, the major character-
istics and performance of the different process (single-stage
and two-stage processes) and the reactor configurations
(suspended sludge, biofilm, and hybrid) implemented to date
are analyzed. The final section highlights the key areas of
further studies required to unblock the bottlenecks and to pro-
mote successful scale-up for full-scale application of main-
stream PN/A process in wastewater treatment plants.

Key microbial groups and interactions

The AOB, NOB, AnAOB, and HB are the four major micro-
bial groups involved in the mainstream PN/A process (Fig. 1),
a typical multi-culture and multi-substrate process (van
Loosdrecht et al. 2014). AOB, NOB, and HB (including het-
erotrophic denitrifiers and possibly phosphorus-accumulating
organism (PAO) and glycogen-accumulating organism
(GAO)) compete for oxygen; AOB and AnAOB compete
for ammonium; NOB, AnAOB, and heterotrophic denitrifiers
compete for nitrite, the limiting substrate of AnAOB in most
instances; and heterotrophic denitrifiers and ordinary hetero-
trophic organism (OHO: HB except heterotrophic denitrifier)
compete for organic carbon. The pattern and degree of varia-
tions in activity due to temperature change either at high
(>20 °C) or low (15-10 °C) temperatures are microbial
group- and species-dependent. Understanding the activity-
temperature relationships of the key microbial groups is es-
sential to develop potential optimization strategies of process
design and operation.

Aerobic ammonium oxidizing bacteria
and nitrite-oxidizing bacteria

Table 2 shows Monod growth kinetic parameters of AOB and
NOB. Most of the parameter values are intrinsic (with little

NOB

AOB

NO, + O; — NO3

02+ COD — CO2
NOs + COD

+ _
NH,' +NOy =N+ Now+ aon] €02+ N:

NO3~

AnAOB HB

Fig. 1 Substrate competition among AOB, NOB, AnAOB, and HB
(after Vangsgaard 2013)
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Table 2 Monod growth kinetic parameters of AOB and NOB in literature

AOB Ko Knua hmax Remarks Literature

(mgl)  (mgN/L)  (perday)

Nitrosomonas 03 1.3 0.77 20 °C, average of literature data Wiesmann (1994)

Nitrosomonas europaealeutropha NA NA 2.1 Pure culture Siripong and
Rittmann (2007)

Nitrosomonas 0.03 0.5 0.54 19-23 °C, enriched culture, intrinsic kinetics Blackburne et al.
(2008b)

Nitrosomonas europaea 0.16 0.75 1.37 30 °C, enriched culture Hunik (1993)

Nitrosomonas europaea lineages ML1 0.24 1.62 0.66 30 °C, enriched culture, intrinsic kinetics Park and Noguera

Nitrosomonas oligotropha 1.22 0.48 0.77 (2007)

Lineages NL7

Nitrosospira NA 0.64 NA 30 °C, enriched culture, intrinsic kinetics Schramm et al.
(1999)

Nitrosospira NA NA 0.7-0.9 Pure culture Siripong and
Rittmann (2007)

NOB Ko (mg/L) Knoo hmax Remarks Literature

(mg N/L) (per day)

Nitrobacter agilis 0.54 NA 0.84 30 °C, enriched culture Hunikz. (1993)

Nitrobacter 1.1 NA 1.08 20 °C, average of literature data Wiesmann (1994)

Nitrobacter NA NA 1.39 NA Prosser (1989)

Nitrobacter 0.43 NA 0.67 19-23 °C, enriched culture, intrinsic kinetics Blackburne et al.
(2008b)

Nitrobacter NA 1.7-13 1.9-4.0 28 °C, pure and mixed culture Nowka et al. (2015)

Nitrospira NA 04-1.2 0.5-1.2 28-37 °C, pure culture, intrinsic kinetics Nowka et al. (2015)

Nitrospira 0.54 0.9 0.25 15-30 °C, enriched culture, intrinsic kinetics Blackburne et al.
(2007)

Nitrospira NA 0.16 NA 30 °C, enriched culture, intrinsic kinetics Schramm et al.
(1999)

NA not available

mass transfer effect when biomass floc size is approx. 40—
50 um (Beccari et al. 1992; Blackburne et al. 2007;
Blackburne et al. 2008b) exhibiting the growth characteristics
of the microorganisms. Inhibition and toxicity by FA and
methane and high or low pH to AOB and free hydroxylamine,
FA, and FNA to NOB observed in sidestream process
(Lackner and Agrawal 2015) are not likely to occur for main-
stream PN/A process (Vlaeminck et al. 2012). Nitrosomonas
with fi.x @s high as 2.1/day has the potential to grow more
than twice as fast as Nitrosospira with pi,. varying between
0.7 and 0.9/day in the optimum temperature range (25—
30 °C) (Siripong and Rittmann 2007). Nitrosomonas
europaealeutropha can outcompete other AOB species for
NH4—N (Watson et al. 1989).

Recent studies indicate Nitrospira as the dominant NOB
species in wastewater systems (Daims et al. 2001; Siripong
and Rittmann 2007; Ward 2008). Kyp4 of 0.64 mg NH4-N/L
and Kyop 0f 0.16 mg NO,-N/L of Nitrosospira and Nitrospira
spp., respectively (Table 2), are lower than those of

Nitrosomonas—AOB and most Nitrobacter spp. Hence,
Nitrosospira and Nitrospira spp. could indeed be regarded
as typical K strategists, while Nitrosomonas—AOB and
Nitrobacter-NOB are regarded as the r strategists (Schramm
et al. 1999; Dytczak et al. 2008). This may explain why
Nitrobacter is a superior competitor when resources are abun-
dant, while Nitrospira thrive under conditions of resource
scarcity (Schramm et al. 1999; Nogueira and Melo 2006;
Kim and Kim 2006; Blackburne et al. 2007; Huang et al.
2010; Nowka et al. 2015). It was reported that the specific
nitrite oxidation activities of Nitrobacter and Nitrospira were
93.8 and 10.5 mg/g NOB h at 22-26 °C, respectively (Kim
and Kim 2006).

The AOB and NOB microbial communities and corre-
sponding intrinsic kinetics can shift and change along with
changes of the environmental and imposed operational condi-
tions. Temperature has significant effects on the diversity and
kinetics (typically on fia). The widely used relationships in
sidestream PN/A process of the minimum sludge retention
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time (SRT) and temperature of AOB and NOB (Hellinga et al.
1998), which indicates the . a0 >that of NOB at high
temperatures (>~20 °C), while the pmaxnos >that of AOB
at low temperatures (<~20 °C), were based on Hunik
(1993), where N. europaea and Nitrobacter agilis represented
AOB and NOB, respectively. In mainstream PN/A research, it
was found that at high temperature, the activities of AOB were
higher than that of NOB (Regmi et al. 2014a; Yang et al. 2016)
even under low dissolved oxygen (DO) condition (Gilbert
et al. 2015). However, under the moderate and low tempera-
tures, the activities (ex situ or in situ) of AOB could still be
higher than NOB (De Clippeleir et al. 2013; Lotti et al. 2014a;
Gilbert et al. 2014a; Gilbert et al. 2015). These discrepancies
may be explained by two facts: (i) enrichment cultures of
N. europaea and Nitrobacter agilis used by Hunik (1993)
(Table 2) and a single temperature coefficient were adopted
in formulating the temperature dependency relationship
(Hellinga et al. 1998) and (ii) the dominance of Nitrospira—
NOB rather than Nitrobacter-NOB was found in the main-
stream process at moderate and cold temperature (Huang et al.
2010; De Clippeleir et al. 2013; Gilbert et al. 2014a; Gilbert
et al. 2015), which could have different growth kinetics and
temperature dependency from Nitrobacter—NOB. More stud-
ies are needed on the growth kinetics and temperature depen-
dence of Nitrospira—NOB (and the mixed culture of
Nitrospira and Nitrobacter) at low temperature (<15 °C).

Also, DO significantly affects the diversity and kinetics of
AOB and NOB (Park and Noguera 2008; Bellucci et al. 2011;
Liu and Wang 2013). After prolonged (300 days) operation at
the high-DO (<8.5 mg/L) and the low-DO (0.12-0.26 mg/L)
enrichment chemostat, AOB community belonging to
N. europaea lineage exhibited different oxygen affinities and
growth kinetics demonstrating that a direct correlation be-
tween AOB phylogeny and DO cannot be established at the
lineage level (Park and Noguera 2004). Also, Nitrospira com-
munity shifted to group 2 from group 1 in the high-DO reactor
after half year of operation, while there was no significant
change to group 1 of Nitrospira community in the low-DO
reactor (Park and Noguera 2008). It was reported that after
more than a year of low DO operation (from the previous
high-DO condition), N. europaealeutropha remained as the
dominant AOB, while the population increase of Nitrospira-
like NOB was greater than Nitrobacter-like NOB as a result of
the reduced nitrifier endogenous decay rate and low DO op-
eration (Liu and Wang 2013).

Recently, Holger et al. (2015) and Van Kessel et al.
(2015) reported the existence of “complete ammonia ox-
idizer (comammox),” a specific species of Nitrospira,
which can perform both nitritation and nitratation. Key
functional genes of these comammox Nitrospira have
been detected in diverse terrestrial and aquatic environ-
ments as well as in new metagenomes from wastewater
and drinking water treatment plants (Holger et al. 2015).
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Also, the coexistence of ‘comammox Nitrospira with
AnAOB has been observed (Van Kessel et al. 2015).
The exact role in PN/A processes of these organisms is
yet to be evaluated.

Anammox bacteria

The optimum growth temperature for AnAOB was between
30 and 35 °C when enriched at 30 °C (Jetten et al. 2001).
When the temperature reduced from approx. 30 to 10 °C, there
was substantial decline in the ex situ maximum specific activ-
ity of granular AnAOB (0.08 at 30 °C to 0.01 g Ny/g volatile
suspended solid (VSS) day at 10 °C) in a laboratory air lift
reactor; free cell AnAOB (1.6 g N,/g VSS day at 30 °C to
0.15 g Ny/g VSS day at 10 °C) in a laboratory membrane
biological reactor (MBR) (Lotti et al. 2015a) and in the in situ
maximum anammox activity (465 mg N/L day at 29 °C versus
46 mg N/L day at 12.5 °C) in a laboratory hybrid reactor
(Laureni et al. 2015). The activity-temperature dependency
increased markedly at the lower temperatures between 15
and 10 °C, and the decline was greater than that of AOB
(Lotti et al. 2015a). As shown in Table 1 and mentioned pre-
viously, AnAOB activity at low temperature of 12 and 10 °C
was observed in anammox reactors (Hendrickx et al. 2014;
Laureni et al. 2015) and in PN/A reactors (Hu et al. 2013;
Gilbert et al. 2014a; Lotti et al. 2014a; Gao et al. 2015;
Lackner et al. 2015), and Candidatus Brocadia fulgida were
observed as the dominant AnAOB (Hu et al. 2013; Hendrickx
et al. 2014; Lotti et al. 2014a). The optimum temperatures of
AnAOB at low temperature observed by Hu et al. (2013) and
Gilbert et al. (2014a) were 12 and 10 °C, respectively, likely
due to acclimatization (Gilbert et al. 2014a). Low-yield and
high maintenance energy requirement of AnAOB at low tem-
perature were proposed from the observations of decrease of
the ratio of nitrate formed to ammonium removed along with
temperature reduction (Hu et al. 2013). The mechanistic rea-
sons explaining activity decline from both kinetics and stoi-
chiometry have not been elucidated yet. Nitrite was observed
to accumulate in laboratory-scale anammox sequence batch
reactor (SBR) at 15 °C (Dosta et al. 2008) and in PN/A
MBBR and suspended sludge SBR with temperature decline
from 13 to 10 °C (Gilbert et al. 2014a; Lackner et al. 2015).
Also, it was reported that the system lost its stable structure of
biofilm and granular sludge at 15 °C in an anammox SBR
(Dosta et al. 2008). Corresponding to 0.03-0.05 g N»,/g
VSS day of specific activity of anammox floc sludge enriched
at 10 °C (Hendrickx et al. 2014), an AnAOB biomass concen-
tration of 3—5 g Mixed liquor suspended solids (MLSS)/L is
needed to match a conventional nitrification/denitrification
process performance at a wastewater temperature of 10 °C
(Hendrickx et al. 2014). Obviously, conventional suspended
system with conventional clarifier cannot maintain similar
biomass concentration level in the reactor. Thus, it is essential
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to immobilize AnAOB (forming biofilm). Gilbert et al. (2015)
reported that the biomass concentration in a MBBR at tem-
peratures between 15 and 10 °C was maintained stably at
approx. 9 g/L (more than twice that of the suspended sludge
system). Furthermore, there was not much decrease in the
population of AnAOB growing on the carrier material
(Gilbert et al. 2015), whereas for a suspended sludge system,
a 100-fold decrease in the AnAOB (16S ribosomal RNA
(rRNA) copy numbers) was observed when the temperature
decreased from 25 to 12 °C (Hu et al. 2013). Lackner et al.
(2015) and Laureni et al. (2016) reported that the anammox
activity in the biofilm of PN/A MBBR was recovered when
temperature increased from 10 to 15 °C, while it did not in the
suspended sludge SBR (Lackner et al. 2015). These experi-
mental results illustrate the advantages and necessity of
biomass immobilization. Furthermore, the low NRR and
elevated nitrogen concentration in the effluent of main-
stream PN/A that occurred at low temperature
(Hendrickx et al. 2014; Lotti et al. 2014a; Gilbert
et al. 2014a; Gao et al. 2015; Lackner et al. 2015)
illustrate that the current biofilm process is still unable
to maintain reasonable anammox activity and PN/A pro-
cess performance at low temperature, and new ap-
proaches to enhance biofilm anammox activity are need-
ed to develop.

Suspended and free cell AnAOB have faster growth rate
and higher activity than granular/biofilm anammox bacte-
ria (van der Star et al. 2008; Cao et al. 2013; Gilbert et al.
2015; Lackner et al. 2015). One startling example is that
the maximum specific activity (1.6 g N,/g VSS day) of free
cell AnAOB enriched in a MBR operating at 30 °C was
almost 20 times higher than that (0.08 g N,/g VSS day) of
the granular sludge in the internal cycle (IC) anammox
reactor operating at 30-35 °C in Rotterdam-Dokhaven
WWTP (Lotti et al. 2015a). Recently, Lotti et al. (2015b)
reported the highest maximal growth rate (ttax) of 0.334/
day at 30 °C for Brocadia sp. 40. Also, the same species
was found dominantly in the mainstream PN/A step-feed
activated sludge process operating at an anoxic SRT of
3 days in the Changi WRP, Singapore (Cao et al. 2014).
Thus, AnAOB can no longer be regarded as intrinsically
slow-growing microorganisms (Lotti et al. 2015b). Despite
the proof of higher activity of suspended/free cell AnAOB
certainly at lower temperatures (Lackner et al. 2015), im-
mobilization is still necessary due to oxygen inhibition in a
single-stage mainstream PN/A. The potential influences of
suspended AnAOB in a biofilm reactor performance of a
mainstream PN/A process, which was largely overlooked
in the past, have recently gained attentions (Hubaux et al.
2015; Corbala-Robles et al. 2016). For inhibition and tox-
icity of oxygen, nitrite and organic substance (i.e., metha-
nol, etc.) to AnAOB, Lackner and Agrawal (2015) may be
referred.

Kartal et al. (2007) and Winkler et al. (2012b) observed
AnAOB as the dominant species in reactors fed with influent
containing HAc and NOs. High anammox nitrogen removal
was also observed in the anoxic phase of laboratory granular
anammox reactors fed with an influent acetate-COD/N ratio of
up to 6 at both 22 and 30 °C (Guillén et al. 2014). This shows
that AnAOB can effectively outcompete heterotrophic deni-
trifiers. Kartal et al. (2012) attributed to the substrate affinities
of the AnAOB (Kno2.anaoB 0.05 mg N/L) and denitrifier
(KNo2.Denitrfier 0-3 mg N/L). However, the mechanisms, quan-
titative description, and analysis of these phenomena remain
to be investigated (Kartal et al. 2012). Recent study shows
that appropriate Fe(Il) dosing (i.e., 0.09 mM) signifi-
cantly enhanced the specific anammox growth rate up
to 0.172/day compared to 0.118/day at regular Fe(Il)
level (0.03 mM) at 35 °C (Liu and Ni 2015). This
new Fe(Il)-based strategy would be likely to counteract
the decrease of anammox activity resulting from low
temperature, although this still warrants further experi-
mental verification (Liu and Ni 2015).

Heterotrophic bacteria

In mainstream PN/A process, controlling heterotrophic
growth is one of the decisive design aspects. The presence
of HB in the reactor is inevitable (~50% of population) even
in the absence of exogenous carbon, due to release of the
endogenous soluble microbial decay products (Kindaichi
et al. 2004; Gilbert et al. 2014a). The influent C/N ratio is
the most relevant parameter to control the growth of HB in
mainstream PN/A process and to energy recovery. The car-
bon concentrating pretreatment process is the key unit to
control influent C/N ratio. The tolerant range of C/N ratio in
literature varies partially due to the inconsistent definitions
of types and compositions of influent carbon matter.
However, for an effective anammox-based process, an in-
fluent BCOD/N ratio of approx. <2—3 should be maintained
for the suspended sludge system (Desloover et al. 2011,
Vlaeminck et al. 2012; Guillén et al. 2014; Li et al. 2016;
Han et al. 2016). Higher influent BCOD/N ratio compro-
mises maximizing energy recovery although may increase
TN removal (Han et al. 2016), benefits AnAOB due to
oxygen depletion (Stinson et al. 2013), and accommodates
excessive biological phosphorus removal (Cao et al. 2016a;
Cao et al. 2016b). Under this situation, nitrite shunt
(shortcut) may be a simple and proper alternative
(Jimenez et al. 2014; Seuntjen et al. 2016). For biofilm
and hybrid systems, a higher influent C/N ratio appears to
be tolerated as HB in the liquid phase get washed out to-
gether with solids through short SRT control (Lotti et al.
2014b; Geilvoet and Hendrickx. 2015; Veuillet et al.
2015), but nitrite can react fast in the liquid phase should
there be biodegradable COD overflow from carbon
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pretreatment unit, while recent study using a metagenomic
assembly further supports the hypothesis of “nitrate loop,”
i.e., some denitrifiers can reduce the excessive nitrate
formed by NOB and AnAOB as electron acceptor for the
degradation of certain organic matter (e.g., fermentation
products) in the granule core (Winkler et al. 2012b) produc-
ing nitrite for AnAOB (Speth et al. 2016).

Suppression of nitrite oxidizing bacteria
Residual ammonium concentration

Maintaining the required level of residual ammonium concen-
tration (RAC) is critical to the performance of mainstream PN/
A process as it is the precondition to (i) suppress NOB through
manipulating DO or oxygen supply (flux) (Pérez et al. 2014;
Welker et al. 2016) and kinetic advantage of AeAOB (Poot
et al. 2016) and (ii) maintain the activities of both AOB and
AnAOB (Lotti et al. 2014a; Pérez et al. 2014). Recently, Wu et
al. (2016) reported fast growing r strategists -AOB were
enriched in a laboratory suspended activated sludge PN pro-
cess operating under high RAC. The required RAC is main-
tained through control of aeration duration (Blackburne et al.
2008b; Ma et al. 2015b). A RAC of approx. 2 mg NHy-N/L is
practiced (Stinson et al. 2013; Cao et al. 2013; Regmi et al.
2014a) for suspended sludge process. A value of RAC of
>5 mg NH4-N/L was suggested for granular sludge system
(Poot et al. 2016). Maintaining high ammonium levels above
2-5 mg NH4-N/L may request a final polishing when strict
discharge standards were imposed although the residual am-
monia may favor saving disinfection chemicals when
chloramination is used for disinfection in the case of water
reuse.

Dissolved oxygen and oxygen/ammonium flux ratio

In conventional nitrification, ammonium was limiting sub-
strate and was completely oxidized to nitrate (Schramm
et al. 1999). In a mainstream PN/A process, manipulation of
the competition for oxygen between AOB and NOB under
oxygen-limiting condition is one of the main strategies to sup-
press NOB (Pérez et al. 2014). For the suspended sludge sys-
tem, AOB and NOB are present in liquid phase as flocs/small
aggregates with limited mass transfer resistance. The compe-
tition for oxygen between AOB and NOB is, to a large extent,
governed by intrinsic kinetics compared to biofilm system.
The suppression of NOB primarily depends on faster oxygen
uptake rate by AOB compared to that of NOB. In most cases,
Nitrosomonas was reported to be the dominant genus of AOB
(Bellucci et al. 2011) for nitrification in activated sludge pro-
cess although the lineage and strains could be different (Park
and Noguera 2004). The dominant genus of NOB varies. The
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specific growth rate of r strategists Nitrosomonas—AOB
(Dytczak et al. 2008; Ahn et al. 2008) is higher than that of r
strategists Nitrobacter-NOB corresponding to high operating
dissolved oxygen (DO) (>1.5 mg/L) (Dytczak et al. 2008; Ahn
etal. 2008) leading to dominant AOB growth and suppression
of NOB as reported by Dytczak et al. (2008), Ahn et al.
(2008), Wett et al. (2013), and Cao et al. (2014). The operating
moderate (<1.0 mg/L) and low (<0.5 mg/L) DO favors
Nitrosomonas—AOB and suppresses NOB but selecting K
strategists Nitrospira—NOB (grow at the rate close to the max-
imum) not r strategists Nitrobacter (grow at the rate far from
the maximum) as reported by Huang et al. (2010), Dytczak
etal. (2008), Sliekers et al. (2005), Kindaichi et al. (2007), and
Gilbert et al. (2015). High nitrite concentration accumulated in
the liquor phase often selects Nitrobacter as the dominant
NOB due to its higher specific rate corresponding to the nitrite
concentration than that of Nitrospira when nitrite affinity was
involved in the kinetics (Blackburne et al. 2007; Blackburne
et al. 2008a; Nowka et al. 2015) as reported by Nogueira and
Melo (2006), Kim and Kim (2006), and Huang et al. (2010).
Suppression of NOB is still achievable when DO varied ap-
proximately between 1.5 and 0.5 mg/L with the coexistence
and change in relative abundance of Nitrobacter and
Nitrospira as reported by Daims et al. (2001), Regmi et al.
(2014a), and Ma et al. 2015b). However, suppression of NOB
will become difficult when the specific growth rates of AOB
and NOB at the operating DO set point are close to each other
regardless of the controlling level of DO in the liquid phase if
the process is oxygen limited only.

In biofilm system AOB, NOB and AnAOB compete for
spatial space. Under aerated conditions, AOB grew on the
outer surface layer, while NOB slightly deeper (several pum)
and AnAOB inside the anoxic interior as verified by molecu-
lar microbial observation (Vlaeminck et al. 2010; Winkler
et al. 2011; Poot et al. 2016) and mathematical simulation
(Hao et al. 2002; Volcke et al. 2010). As such, substrates have
to diffuse to these layers in order for conversions to occur. The
substrate gradients, mass transfer, and kinetics determine the
dominance, coexistence, or suppression/washout of bacteria.
Importantly, layered structure of biofilm is needed in order to
outcompete NOB (Picioreanu et al. 2016). Due to the mass
transfer effect, more Nitrospira dominance (due to low DO)
was reported (Kindaichi et al. 2007; De Clippeleir et al. 2011;
De Clippeleir et al. 2013; Gilbert et al. 2015) compared to
Nitrobacter-dominant cases (Isanta et al. 2015). Similarly,
the dominance of Nitrosospira—AOB rather than
Nitrosomonas—AOB was found in biofilm (Schramm et al.
1999) sometimes.

The oxygen/ammonium flux ratio-based approach of
suppressing NOB by providing little oxygen to NOB
(Sliekers et al. 2005; Pérez et al. 2014; Poot et al.
2016), mainly applicable for biofilm systems due to their
layered structure, is more convincing than controlling
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only the DO in liquid phase. This approach has been
verified in laboratory PN biofilms (Okabe et al. 2011;
Isanta et al. 2015; Poot et al. 2016) and PN/A MBBR
(Gilbert et al. 2015) and also studied via mathematical
simulation (Vangsgaard et al. 2012). Model-based studies
(Hao et al. 2002; Vangsgaard et al. 2012; Pérez et al.
2014; Isanta et al. 2015; Corbala-Robles et al. 2015) il-
lustrated that the interdependent relationship between the
minimum ammonium flux (NHy,;,) and the DO flux in
the bulk liquor constitutes the “operational window” of
the process operation to suppress NOB for biofilm sys-
tem. Growth kinetics of AnAOB, AOB, and NOB; tem-
perature’ and thickness of biofilm influence the boundary
of the “window” as conceptually proven by experimental
results. This illustrates that changes in ammonium load
(e.g., to cope with low anammox activity in winter) must
cope with oxygen supply, etc. In fact, a higher ammonium
flux or concentration may be used as a temporary inter-
vention to suppress NOB in winter (Pérez et al. 2014).
Microorganism growth kinetics provide a useful tool to
study the competition, population shift, and dominance of
AOB and NOB. However, cautions may be needed when
using kinetics to analyze the competition between AOB
and NOB. Using oxygen affinity such as Ko, aoop and
Ko> nos to analyze species dominance is feasible only
when oxygen is limiting substrate, while ammonium for
AOB and nitrite for NOB are in excess (Blackburne et al.
2007; Liu and Wang 2013; Pérez et al. 2014). Both ammo-
nium and nitrite should be taken into account when the
kinetics is under dual limitation as demonstrated by Al-
Omari et al. (2015). In many cases, ftma/Ks (S: limiting
substrate) is an appropriate expression of specific growth
rate and adopted in modeling (Sliekers et al. 2005; Pérez
et al. 2014). Broadly speaking, taking both biomass popu-
lations and substrate conversions into account, the kinetic
parameter evaluation should include pmax, Knna.a0B., and
Kyoz.nop 1n addition to Kg», b (decay constant), and Y
(yield coefficient) (Bellucci et al. 2011). A wide range of
kinetic parameter values is reported for AOB and NOB
(Brockmann et al. 2008b; Pérez et al. 2014), but the pre-
diction of nitrifying community is still not successful in
many occasions (Okabe et al. 2011) due to lack of under-
standing the factors influencing the kinetics, namely
sources and characteristics of the biomass (pure, enriched,
mixed culture, lineages of the same genus, etc.) (Nowka
et al. 2015; Park and Noguera 2004; Park and Noguera
2008); structure of floc and biofilm (Dytczak et al. 2008;
Vazquez 2016); microcolony size, number, and spatial dis-
tribution of AOB and NOB in biofilm (Picioreanu et al.
2016) and wastewater (Okabe et al. 2011); overlap of
influencing environment factors (Stinson et al. 2013; Ma
et al. 2015a); and methods of experiment and parameter
estimation (Guisasola et al. 2005). Apparently, deepening

of understanding competition between autotrophic
nitrogen-converting organisms is still critically essential
for research and development of mainstream PN/A. A crit-
ical revisit and evaluation on the existing intrinsic kinetics
is helpful. To be cost-effective, kinetic studies should be
conducted under the relevant site conditions. The intrinsic
growth kinetics and stoichiometry of Nitrospira-like NOB
under low temperature (Gilbert et al. 2014a) can be an
appropriate starting point of further studies.

Transient anoxia

Transient anoxia due to on/off aeration has been proven
as an effective method to outcompete NOB. The lag
phase in NOB activity at the beginning of the aeration
phase is due to (Stinson et al. 2013) the following: (i)
the absence of one or both of the substrates (nitrite and
oxygen) (Gilbert et al. 2014b; Malovanyy et al. 2015)
and (ii) inactivation of metabolic mechanisms in NOB
recovery and NOB lag adaptation compared to AOB in
aerobic conditions following transient anoxia (Kornaros
et al. 2010). For suspended sludge systems, intermittent
aeration based on on-line control of NO, (NO, +
NO; )/NH4* ratio (approx. 1) in the PN reactor of a
two-stage PN/A process (Regmi et al. 2014a) is a typical
example. Delay of Nitrospira activity after the anoxic
phase (between 5 and 15 min) effectively suppressed
NOB presence in a PN/A SBR process (Kornaros et al.
2010; Gilbert et al. 2014b). Intermittent aeration also
seemed to be effective in integrated fixed-film and acti-
vated sludge (IFAS) (Trojanowicz et al. 2016).
Simulation shows high TN removal (~90%) with contin-
uous when compared to intermittent aeration (68—80%)
due to the oxygen inhibition during intermittent aeration
to AnAOB (Corbalé-Robles et al. 2016). This oxygen
inhibition will be less or absent when the nitrifying pop-
ulation is growing on the biofilm instead of in IFAS.

FNA inhibition

AOB were generally more tolerant to FNA than NOB under
aerobic conditions (Vadivelu et al. 2006). Wang et al. (2014)
found that under anoxic conditions, FNA was substantially
more biocidal to NOB than to AOB. Wang et al. (2016) re-
ported when one fourth of the sludge in the reactor was treated
daily with FNA at 1.82 mg N/L in a sidestream unit for 24 h,
approx. 80% of nitrite accumulation ratio and significant NOB
population decrease were achieved in the mainstream
nitritation reactor operating at low DO (0.3-0.8 mg/L) and a
temperature of 22 °C. More experiments operating under site
conditions and economic assessment are needed prior to its
application.
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Aerobic sludge retention time

Short acrobic SRT has been adopted to suppress and wash out
NOB due to the higher growth rates of AOB compared to
those of NOB in sidestream anammox process (Hellinga
et al. 1998). An aerobic SRT of 2.5 days in a step-feed acti-
vated sludge process between 28 and 30 °C is one of the major
contributing factors among others for the robust nitrogen
shortcut at Changi WRP, Singapore (Cao et al. 2013). Full-
scale nitrogen shortcut activated sludge process operating at
an aerobic SRT of 3.5 days in the St. Petersburg Southwest
WWTP, USA (Jimenez et al. 2014), is another reference of
such operation. Currently, there is some tendency to use
“aggressive” (short) aerobic SRT as an intervention to sup-
press NOB even under moderate and cold temperatures
(Stinson et al. 2013), likely, taking the advantage of fast ki-
netics of AOB through a high ammonium concentration.
However, to date, little experimental information on the dura-
tion required for the process to response and the ammonium
concentration during the intervention period is reported.

Augmentation

Suppression of NOB and enhancement of AnAOB and AOB
populations and activities in the mainstream PN/A process by
transferring of AnAOB and AOB from the sidestream
deammonification to the mainstream and retaining them in
the mainstream by cyclone (Wett et al. 2013) or alternating
feeding (cyclic exchange) of biomass (grow on carrier mate-
rials) and liquor between the mainstream and sidestream PN/A
processes (Lemaire et al. 2013; Veuillet et al. 2015) have been
implemented. The reduction of nitrite and nitrate concentra-
tions in the effluent shows the feasibility. It may help to en-
hance the mainstream PN/A performance during the winter
season. However, the differentiation on the contributions
to mainstream PN/A process through increasing AOB and
AnAOB population or FA and FNA inhibition from the
sidestream 1is still unknown. Little information is available
on the effects of temperature difference between the side
and mainstream on the efficiency of augmentation. More
studies on the mechanisms are needed to develop opti-
mized operational strategies especially during the winter
season.

Real-time aeration control

A variety of real-time aeration control strategies has been de-
veloped and applied to suppress NOB through DO setting or
oxygen supply (flux). The response parameters linked to the
DO or oxygen supply include the following: ammonium flux
(Lackner et al. 2008), ratio of NO,  to NO,, NO, to NH,*
(Regmi et al. 2014a), NO3~ produced to NH4* removed
(Veuillet et al. 2015), and pH change with time interval
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(dpH/dt) (Yang et al. 2007). In addition, the failures of me-
chanical equipment such as blowers (Veuillet et al. 2015) or
pumps (Lotti et al. 2014b) resulted in serious operational dis-
ruption, illustrating the importance of key equipment reliabil-
ity for a stable mainstream PN/A process.

In many cases, the suppression of NOB is the complexed
integrated effect of multiple factors (Stinson et al. 2013; Cao
et al. 2013; Wu et al. 2016). This increases the difficulties in
the understanding and analysis of the mechanisms involved
and is an area requiring further studies. Given that the PN/A
process occurs at the aerobic/anoxic/anaerobic interphases,
the potential involvement of ammonia-oxidizing archaea
(AOA) (Park et al. 2006; Daigger and Littleton 2013),
comammox (Holger et al. 2015,) and mixotrophic nitrification
and denitrification (Stein 2011; Bellucci et al. 2011; Fitzgerald
etal. 2015) should not be excluded from the scope of the studies.

Process and reactor
Carbon concentrating pretreatment process

The carbon concentrating pretreatment processes may include
the following: (i) high-rate activated sludge (HRAS) such as
the A-stage activated sludge process (SRT ~0.5 days; hydrau-
lic retention time (HRT) ~0.5 h) in Strass WWTP with approx.
60% of COD removal (Wett et al. 2013); (ii) chemical-
enhanced primary treatment (CEPT), which can remove about
80 to 90% for TSS and 50 to 70% for COD removal (Kroiss
and Cao 2014); and (iii) UASB reactor aiming at maximizing
energy recovery (Malovanyy et al. 2015; Guillén et al. 2015).
In general, the influent BCOD/N ratio of approx. <2-3 can be
met with application of these three types of properly designed
pretreatment process. But different issues remain. HRAS is
most widely applied as a carbon concentrating pretreatment
process. Laureni et al. (2015) reported that the heterotrophic
growth due to the residual carbon of the HRAS effluent is
unable to impair AnAOB activity. However, carbon mineral-
ization can account for up to 20 to 30% of the influent carbon
(Roest et al. 2012; Jimenez et al. 2015), which minimizes the
benefits of energy recovery, and a mechanistic understanding
on influent characteristics and removal efficiency is still not
available. The major issue for CEPT is the removal efficiency
when wastewater contains high soluble COD concentration.
The disadvantage of the UASB reactor is a large fraction of
dissolved methane remaining in the liquid. Moreover, sulfide
and methane removals in downstream process have yet to be
resolved although some potential technologies and ideas have
been proposed (Vela et al. 2015). The occasional high organic
matter or suspended solid loading from the outflow pretreat-
ment process into the downstream PN/A reactor can stimulate
heterotrophic growth on the surface of the granules/biofilm
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(Liang et al. 2014) and causes the washout of active PN/A
(granular) sludge (Geilvoet and Hendrickx 2015; Geilvoet
et al. 2015) calling for a robust on-line control system.

Single- and two-stage process

A single-stage PN/A process performs PN/A in one reactor,
while a two-stage PN/A process separates the PN/A reactions
in two reactors. Typical examples of two-stage PN/A process
include the following: suspended sludge process for PN and
biofilm for anammox (Ma et al. 2011; Regmi et al. 2014a),
biofilm for both PN and anammox (Okabe et al. 2011), and
biofilm for both PN and anammox with augmentation
(Piculell et al. 2016). Combination of PN and anammox reac-
tions in one reactor significantly reduces the costs of infra-
structure and operation as compared to that of the two-stage
process (Vlaeminck et al. 2012; De Clippeleir et al. 2013; Wett
et al. 2013; Pérez et al. 2014). With respect to nitric and ni-
trous oxide gas emission (Sliekers et al. 2005; Winkler et al.
2011; De Clippeleir et al. 2013; Lotti et al. 2014a), the emis-
sion from the single-stage process is lower compared to that
from the two-stage process (Kampschreur et al. 2009) as a
single-stage reactor often operates under the condition of ni-
trite limitation and low DO concentration. The main advan-
tage of splitting the PN/A in two different reactors is that the
anammox reactor can be operated in an anoxic environment to
avoid the competition for nitrite by NOB (Pérez et al. 2014),
while it is unavoidable in a single-stage PN/A reactor
(Winkler et al. 2012a; De Clippeleir et al. 2013). Another
advantage is that the PN/A process can be optimized separate-
ly (Isanta et al. 2015). The following sections will concentrate
on single-stage PN/A process as it is used more widely com-
pared to two-stage PN/A process.

Suspended sludge process

The PN/A in 200,000 m*/day step-feed activated sludge pro-
cess of the Changi WRP, Singapore (Cao etal. 2013; Cao etal.
2016a), and the deammonification process in Strass WWTP,
Austria (Wett et al. 2013), are two existing typical suspended
sludge PN/A process full-scale references. In these two cases,
AnAOB were protected from oxygen in anoxic zone, and
heterotrophic denitrification made significant contributions
to nitrogen removal due to the high influent C/N ratio.

Enhancement of biofilm anammox activity

The high anammox activity in biofilm assists in maintaining a
reasonable anammox activity at low temperature and in sup-
pressing NOB at a wider range of DO/NH, flux ratio due to
nitrite unavailability (Vangsgaard et al. 2012; Pérez et al.
2014). Both are essential to unlock the bottlenecks of low
anammox activity and low efficiency performance of

mainstream PA/A at low temperatures. The intensification of
anammox activity in the biofilm can be made through increase
of AnAOBI population and activity. A thicker biofilm or large
size of granular sludge is capable of harboring more AnAOBI
population under aerated conditions (Vlaeminck et al. 2012;
Winkler et al. 2012a; Pérez et al. 2014; Gilbert et al. 2015). A
fixed biofilm, whose application is not popular, may help to
grow thicker (and denser) anammox biofilm although the re-
actor volume may be larger than MBBR/IFAS. It was reported
that a high NRR (2.28 kg N/m® day) and high AnAOB pop-
ulation (16S rRNA 3.95 x 10" copies/g VSS) of a granular
sludge anammox UASB reactor treating low ammonium con-
centration wastewater at 16 °C were achieved due to the use of
floc anammox sludge as seeds and the stepwise increase of up-
flow velocity during granulation (Ma et al. 2013). This illus-
trates utilizing free/floc AnAOB, which has a high growth rate
(0.2-0.3/day), as seeds of immobilization (Lotti et al. 2015b)
may enhance biofilm anammox activity. Proper hydraulic
control can enhance the density and integrity of biofilm and
granular sludge. A wide range in the intrinsic maximum
growth rates (pimax 0.06-0.10/day) at mesospheric tempera-
tures of granular anammox sludge (Kartal et al. 2012) high-
lights the potentials to promote anammox cell activity in bio-
film through optimizing immobilization process. The changes
of granular sludge structure at low temperature (Dosta et al.
2008; Vazquez 2016), which could result in deeper penetra-
tion of oxygen impairing anammox, which can further deteri-
orate performance of mainstream PN/A, should be further
studied in terms of phenomena and mechanisms. The potential
solutions to mitigate or avoid it should be explored.

Granular sludge reactor

The pilot-scale mainstream PN/A granular sludge reactor (vol-
ume 4 m?, hydraulic capacity 1-3 m’/h) of Rotterdam-
Dokhaven WWTP, which is continuously fed with the effluent
of the chemically enhanced A-stage activated sludge process
and without biomass augmentation, is a typical example of a
granular sludge reactor. The flocculent biomass concentration
in the liquid phase was about 30 mg/L only, which was dom-
inated by heterotrophs. While the total biomass concentration
in the reactor was about 4 g VSS/L, the diameter of granular
sludge was in the range between 0.8 and 1.6 mm (Lotti et al.
2014b). Most of the AOB activity (80% based on maximum
activity) and the NOB activity (84% based on maximum ac-
tivity) were with the granules, but the actual (in situ) NOB
activity in the reactor was maintained at a low level (10%
based on maximum activity) due to the competition for oxy-
gen between the AOB and NOB and for nitrite between
AnAOB and NOB via optimization of the DO control
(Geilvoet and Hendrickx 2015). High NRR and a satisfactory
TN removal efficiency with temperature variations between
17 and 23 °C (Table 1) were achieved under the stable
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operational conditions (Geilvoet et al. 2015). Vazquez (2016)
reported from PN/A ELAN®, another granular sludge pro-
cess, that at low-temperature, granular sludge structure be-
came loose with density reduction resulting in deeper oxygen
penetration. The current research works focus on the suppres-
sion of NOB during the winter season (~10 °C) (Geilvoet and
Hendrickx 2015). It was proposed to build an overcapacity of
anammox during the summer as to retain treatment capacity in
the winter when anammox activity substantially drops (Lotti
et al. 2014b). The recovery ability of AnAOB activity after
1 month of ammonium limitation (Sliekers et al. 2005) and the
small decay constant b (0.003/day) (Hao et al. 2002) of the
AnAOB sound to provide favorable conditions to build such a
capacity. COD or solids overflowing from the chemically en-
hanced A-stage process into the granular sludge PN/A reactor
during heavy rain caused heterotrophic growth on the biofilm
surface (Geilvoet et al. 2015) indicating essentiality of robust
on-line control.

Moving bed biofilm reactor

Bacteria grew mostly on the surface of the carriers such
as Kaldnes rings (K1®, K3®, and K5®, etc.) in MBBR.
As in the granular sludge reactor, low suspended sludge
concentration was maintained in the liquid phase in the
MBBR, e.g., 10-20 mg VSS/L, which accounted for
about 3% of the total biomass and 6 to 33% of aerobic
ammonium oxidation (Malovanyy et al. 2015). Microbial
community was stable throughout the temperatures that
varied between 20 and 10 °C (Gilbert et al. 2014a). The
laboratory experiment showed that the operation was sta-
ble from 19 to 13 °C but became unstable at 10 °C
(Gilbert et al. 2014a; Persson et al. 2014; Lackner
et al. 2015). In order to overcome the mass transfer re-
sistance, a higher DO (0.5-1.5 mg/L) was maintained in
the liquid phase, which resulted in a high aeration energy
consumption (Lemaire et al. 2013) and potential inhibi-
tion of anammox activity due to deeper oxygen penetra-
tion. Real-time aeration control strategy was implement-
ed with an automatically adjusted DO set point based on
online inlet and outlet concentrations of ammonium and
nitrate so as to control the nitrate production below 11%
of removed ammonium (i.e., stoichiometric nitrate
production by anammox reaction, Strous et al. 1999)
while maintaining a high ammonium oxidation conver-
sion in the reactor (Veuillet et al. 2015). Exchanges of
biofilm carriers and alternating feeding between the side-
stream and mainstream PN/A (augmentation) process
were used. Limited suppression of NOB was reported
regardless of the applied intermittent aeration strategy
(Gustavsson et al. 2015; Trojanowicz et al. 2016). With
lower DO concentration, the thicker biofilm made it eas-
ier for AnAOB to compete with NOB for nitrite since
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inactivation of AnAOB by DO penetration is avoided
(Gilbert et al. 2015). However, low DO can lead to low
NRR (Hu et al. 2013; Lotti et al. 2014a). Hence, a bal-
anced consideration is needed. More detachment of AOB
from the biofilm and washout from the reactor could
reduce the nitrogen removal from 50 to 40% at 25 °C
(Malovanyy et al. 2015), indicating the importance of
maintaining layered structure of biofilm and the appro-
priate hydraulics in reactor design (Lotti et al. 2014a;
Winkler et al. 2012a).

Hybrid reactor

The major difference between the biofilm (granular
sludge reactor and MBBR) and hybrid reactor is that a
hybrid reactor has a much higher suspended sludge con-
centration in the liquid phase. The biomass in both liquid
and solid (biofilm) phases plays an important role in
microbial conversions. IFAS reactor is a typical hybrid
reactor. In contrast to the biofilm reactor, AOB and
NOB, in addition to the HB, are mainly spatially distrib-
uted in the liquid phase, while AnAOB are found mainly
in the biofilm (Veuillet et al. 2015). It was reported that
60% of the aerobic capacity was realized in the liquid
phase, while AnAOB activity was almost entirely (e.g.,
>96.5%) experienced in the biofilm (Malovanyy et al.
2015). The high suspended sludge concentration in the
liquid phase allows significantly lower diffusion limita-
tion compared to biofilm system, making it feasible to
control the AOB/NOB competition through a low-level
DO in the liquid phase. Moreover, the sludge age of
suspended biomass can be controlled independently from
the biofilm and provides an additional alternative to
wash out HB and outselect NOB while tolerating a high
influent COD/N ratio although solid removal may be-
come a task of final polishing. As a result, sSCOD/N ratio
instead of COD/N ratio was used in the process design
(Lemaire et al. 2013; Veuillet et al. 2015) although the
ratio to be used in the design is yet to be formulated.
However, few studies reported the nitrite reduction in the
liquid prior nitrite diffusion to the surface of biofilm.
IFAS ANITA Mox®, which has MLSS of up to 3 g/L
(Veuillet et al. 2015) and the DO level controlled at less
than 0.5 mg/L in the liquid phase (Lemaire et al. 2013),
achieved a NRR thrice as much as that of the MBBR
(Lemaire et al. 2013). A 3-day liquid phase SRT was
efficient in suppressing the NOB activity (Veuillet et al.
2015). The pilot PN/A IFAS ANITA Mox® (2 m3) and
another prototype IFAS ANITA Mox® (50 m’) achieved
satisfactory nitrogen removal efficiency and NRR
(Table 1). Real-time aeration control and argumentation
were similar to the MBBR ANITA Mox® (Lemaire et al.
2013; Veuillet et al. 2015).
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Further studies

It can be seen that the major bottlenecks for the scale-up of
mainstream PN/A process are (i) unstable performance of the
carbon concentrating pretreatment, (ii) suppression of NOB
especially under low temperatures (15-10 °C), (iii) the low
activity of AnAOB at low temperatures, and (iv) final
polishing. Thus, the areas for further studies are proposed
accordingly.

Carbon concentrating pretreatment process

More investigations should be carried out on the mechanisms
of'the carbon absorption/storage, particularly bio-flocculation/
coagulation; minimization of carbon mineralization; and the
relationships between the influent characteristics and HRAS/
CEPT process efficiency under typical site operational condi-
tions including SRT, HRT, DO, and temperatures, etc. The
real-time control system and facilities to deal with variety of
influent characteristics resulting from seasonal variations and
heavy rain events should be developed and implemented.

Deepening of understanding competition
between autotrophic nitrogen-converting organisms

Expanding the previous studies and models by accommodat-
ing the competition between AOB (mainly Nitrosomonas) and
NOB (mainly Nitrospira and Nitrobacter), revisits and further
studies on the wide range of kinetic parameters for AOB,
NOB, and AnAOB in the literature are desired and crucial.
The investigation of intrinsic kinetics and stoichiometry of
Nitrospira at low temperatures can be an appropriate starting
point. The potential involvement of ammonia-oxidizing ar-
chaea (AOA), comammox, and mixotrophic nitrifiers and de-
nitrifiers should not be excluded from the scope of the studies.

Intensification of biofilm anammox activity

Intensification of anammox biofilm activity can be conducted
through increase of population, cell activity of AnAOB, and
integrity of biofilm, which helps to increase the anammox
activity and NRR of mainstream PN/A at low temperature.
To achieve these objectives, the following studies are pro-
posed: (i) to utilize larger size of granular sludge or thicker
biofilm; (ii) to improve the immobilization (granulation) pro-
cess to culture biofilm with higher anammox population, den-
sity, and cell activity, including exploring the feasibility of
using fast-growing free/flocculent AnAOB as seeds; and (iii)
to develop effective operational strategies for augmentation
implemented during the winter season. The possible structure
change of granular sludge (and other types of biofilm) under
low temperature should be studied. The impact of temperature
on the activity of AnAOB and how it can be influenced by the

cultivation history of the biomass and its aggregation status
need to be investigated from both kinetics and stoichiometry
for a proper mechanistic understanding to help the enhance-
ment of anammox activity at low temperature.

Reactor design

Plug flow or staged completely mixed stirred tanks, which
help to suppress NOB and maintain high reaction rate, should
be considered in biofilm reactor design. Multiple feed points,
which enable the generation of “overcapacity zone” to allow
process intensification/augmentation of anammox activity
during winter season, should be explored. To maintain layered
structure of biofilm, which is vital to suppress NOB and main-
tain anammox activity for biofilm process, design of reactor
and configurations and selection of mechanical equipment
should be made to minimize hydraulic patterns resulting in
irregular detachment/sloughing and restructuring of biofilm.
Also, the reactor must be equipped with robust real-time aer-
ation control systems and reliable mechanical equipment.

Final polishing

Depending on the type of process used to implement the
anammox conversions and the effluent requirements, a post-
treatment might be needed for removal of suspended solids,
nitrate, residual ammonia, and nitrite (its presence will lead to
increased use of disinfection chemicals when reuse is im-
posed). Currently, it is difficult to state ,what type of polishing
is needed, the state of technology is not developed well
enough and the use of the treated water can be highly
influential.
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