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Abstract

The control of nitrite-oxidizing bacteria (NOB) dleanges the implementation of partial nitritation
and anammox (PN/A) processes under mainstream taomgli The aim of the present study was to
understand how operating conditions impact micilatoanpetition and the control of NOB in hybrid
PN/A systems, where biofilm and flocs coexist. Ahg PN/A moving-bed biofilm reactor (MBBR,;
also referred to as integrated fixed film activatdddge or IFAS) was operated at 15 °C on
aerobically pre-treated municipal wastewater (23nipg-L™). Ammonium-oxidizing bacteria
(AOB) and NOB were enriched primarily in the floesi\d anammox bacteria (AMX) in the biofilm.
After decreasing the dissolved oxygen concentraiii®) from 1.2 to 0.17 mgL™ - with all other
operating conditions unchanged - washout of NOBnftbe flocs was observed. The activity of the
minor NOB fraction remaining in the biofilm was fupssed at low DO. As a result, low effluent
NOs concentrations (0.5 gL ™) were consistently achieved at aerobic nitrogenonel rates (80
mgy-L ™ -d?) comparable to those of conventional treatmenitplaA simple dynamic mathematical
model, assuming perfect biomass segregation witlB AQd NOB in the flocs and AMX in the
biofilm, was able to qualitatively reproduce théesave washout of NOB from the flocs in response
to the decrease in DO-setpoint. Similarly, numergtaulations indicated that flocs removal is an
effective operational strategy to achieve the seleavashout of NOB. The direct competition for
NO, between NOB and AMX - the latter retained in thefion and acting as a “N&@sink” - was
identified by the model as key mechanism leading thfference in the actual growth rates of AOB
and NOB {.e., pnos < Maos In flocs) and allowing for the selective NOB washover a broad range
of simulated sludge retention times (SRT = 6.8.52#). Experimental results and model predictions
demonstrate the increased operational flexibilityterms of variables that can be easily controlled
by operators, offered by hybrid systems as comptyesblely biofilm systems for the control of

NOB in mainstream PN/A applications.
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1 Introduction

Partial nitritation and anammox (PN/A) is a reseuetficient alternative process for the removal of
nitrogen from municipal wastewater (MWW) and hgbdemise to bring wastewater treatment plants
(WWTP) close to neutral or even positive energwabeds (Siegristt al., 2008, van Loosdrecht and
Brdjanovic 2014). PN/A technologies are implemerfeadthe treatment of warm and concentrated
streams such as digester supernatant (“sidestrédAd’;H_ackneret al., (2014)). Research targeting
the direct application of PN/A to more dilute MW\, “mainstream PN/A”, is progressing at a fast
pace (De Clippeleiet al., 2013, Gilbertet al., 2015a, Laurenet al., 2016, Lottiet al., 2015). The
challenges associated with mainstream PN/A relatethe highly variable, dilute and cold
characteristics of MWW. Moreover, mainstream PN/Asinguarantee volumetric N-removal rates
comparable to conventional WWTR.e, 100 mg-L™*-d* Metcalf & Eddyet al., (2013)) and
reliably discharge effluent to stringent water dfyaktandards €g., below 2 mguan-L? in

Switzerland; WPO (1998)).

Successful PN/A relies on the concerted activityaefobic (AOB) and anaerobic ammonium-
oxidizing (AMX) bacteria (Spethet al., 2016). Optimized microbial community engineering
strategies are required to favour the growth of A#did retain the slower-growing AMX, while out-
competing the undesired nitrite-oxidizing bacter(dlOB). Several operational strategies
implemented in sidestream applications are notliEssnder mainstream conditions. At mesophilic
temperatures (> 20°C), AOB display higher maximurowgh rates than NOB, which allows
selective NOB washout at a sufficiently low solidstention time. Conversely, at mainstream
temperatures between 10-20°C (in temperate regidms)differences in growth rates are minimal
(Hellingaet al., 1998). In addition, nitrogen concentrations in thain line are too low for NOB to
be inhibited by free ammonia (NHor free nitrous acid (HN£) (Anthonisenet al., 1976, Jubangt

al., 2009). As a result, NOB control and washout cafr@based on maximum growth rates alone,
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as is efficiently achieved in sidestream suspermieshass systems (Hellinghal., 1998, Josst al.,

2011).

The use of biofilms, either grown on carrier matkdr in the form of granular bio-aggregates, has
proven effective to achieve stable and resilientAPbhder mainstream conditions at laboratory scale
(Gilbert et al., 2015a, Laurengt al., 2016, Lottiet al., 2015). Biofilms allow for the long solids
retention times (SRT) needed to retain AMX, whildstrate gradients promote the suppression of
NOB activity (Brockmann and Morgenroth 2010, Gilberal., 2015a, Laurengt al., 2016, Lottiet

al., 2014, Péreet al., 2014). NOB control in biofilm systems is mainlynam by the competition for
oxygen with AOB, with the latter usually featurirggher substrate affinities (Brockmann and
Morgenroth 2010, Corbala-Roblesal., 2016, Pérezt al., 2014). PN/A operation under oxygen-
limited NH;~ oxidation can favour nitritation while limiting ¢haerobic growth of NOB (Brockmann
and Morgenroth 2010, Isanth al., 2015, Pérezt al., 2014). However, operation under oxygen
limitation inherently limits the AOB activity as Weand thus the overall process rate (Lauetrai .,
2015, Pere=t al., 2014). Moreover, despite the generally accepteghdri affinity of AOB for
oxygen (Rittmann and McCarty 2001), NOB are knowen adapt to low dissolved oxygen
concentrations (DO) (Liu and Wang 2013), and séwtualies have recently reported higher oxygen
affinities for NOB than AOB (Malovanyyt al., 2015, Regmet al., 2014, Sliekerst al., 2005).
Lastly, although their activity can be suppres$¢@B can persist in the biofilm and become active
when favourable conditions are re-established, ngaltieir long-term suppression in solely biofilm
systems challenging (Fuwet al., 2004, Gilbertet al., 2015a, Isantat al., 2015, Laurengt al., 2016,

Lotti et al., 2014).

Hybrid systems, where biofilms and flocs coexissdaeferred to as integrated fixed film activated
sludge or IFAS), are currently receiving increaaéténtion for their potential advantages for PN/A
applications. Experimental evidence (Laurenal., 2016, Leixet al., 2016, Malovanyyet al., 2015,

Parket al., 2014, Shiet al., 2016, Veuilletet al., 2014, Vlaemincket al., 2010, Wellset al., 2017,
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Winkler et al., 2011) and numerical results (Hubaetal., 2015, Volckeet al., 2012) indicate that
the faster-growing aerobic guilds tend to enrichihia floc fraction, with direct access to dissolved
substrates. In turn, AMX have been shown to enmclthe biofilm, where anoxic conditions are
achieved. As a result, differential control of tie¢éention times of the bacterial guilds associated

the two biomass fractions is in principle possifléett et al., 2015). Moreover, as flocs are less
diffusion-limited than biofilms, significantly higir aerobic volumetric conversion rates can be
achieved even at low DO (Veuillet al., 2014). Nonetheless, published data on hybrid syste
operated for PN/A remain limited and seemingly cadictory. Hybrid systems at high flocs
concentrations above 114 L™ have been applied at full scale to treat digestgernatant at
mesophilic temperatures with negligible NOB acyi\iYeuillet et al., 2014). Conversely, increased
NOB activity has been reported in hybrid systemthai fraction of flocs as small as < 10% of total
solids (Hubauxet al., 2015, Laureniet al., 2016). The implications of biomass segregation and

operational conditions for microbial competitionhybrid systems are as yet largely unknown.

The aim of this work was to understand the dominaeichanisms controlling the interaction
between biofilm and flocs, the influence of opergticonditions, and their implications for NOB
control in hybrid PN/A systems. The effect of th© @n NOB was assessed experimentally in an
IFAS system operated on real MWW at 15°C. In palal simplified dynamic mathematical model
of the hybrid system was developed to provide ahaeistic interpretation of the experimental
results, and to understand how the compositioheffiocs and the NOB concentration respond to
changes in DO, flocs removal, and AMX activity imetbiofilm. The sensitivity of the simulation
outcome to model parameters was assessed. Relsv@mrios for engineering practice are also

discussed.
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2 Materialsand methods
2.1 Long-term reactor operation at different DO

A 12 L hybrid MBBR was operated as a sequencinghbatactor (SBR) for PN/A on aerobically
pre-treated MWW (see next section). The reactor filasl at a volumetric ratio of 33% with K5
biofilm carriers (AnoxKaldnes, Sweden; protected surface of 80G-mi°). The biomass was
previously acclimatised to the influent for overeoyear (Laurenét al., 2016). The reactor was run
for 565 days at 15.5 =+ 1.0°C. Each SBR cycle ctedi®f six steps: feeding (5 L of pre-treated
MWW, 5 min), anoxic mixing (10 min; 200 rpm), aeost and mixing (variable duration in the range
60 - 200 min; terminated at a residual Nidoncentration of 2 mga.nL™), anoxic mixing (60 min),
settling (60 min), and effluent discharge (termathtait 7 L fill level; 2 min). The DO was varied
between micro-aerobic conditionBhases I, 111, V: 0.17 + 0.04 mg,-L™"; (Gilbert et al., 2015b)),
and aerobic conditions (Phases|V: 1.2 + 0.2 mgzL™ and 1.6 + 0.1 mgL™; (Regmiet al.,
2014)) (Figure 2). The total cycle duration variegtween 3.5 £ 0.5 and 5.3 + 0.3 h for operation at

high and low DO, respectively.

The reactor was equipped with an optical oxygens@enOxymax COS61D), ion-selective
electrodes for Nii and NQ' concentrations, and pH and temperature sensoEsn@d® CAS40D),
all from Endress+Hauser (Switzerland). The pH waisaontrolled and remained stable at 7.4 + 0.2

throughout the experimental period. Operationah @aé presented in Figure S1.

2.2 Municipal wastewater (MWW)

The municipal wastewater was taken from the sewddidendorf (Switzerland). After primary
treatment (screen, sand removal and primary aa)yifMWW was pre-treated in an aerated 12 L
SBR operated for high-rate organic carbon (as C@bjoval at an SRT of 1 d. The pre-treated

MWW featured the following characteristics: 54 + f®ropsolL™, 23 + 6 m@uanL™?, and < 0.3



155

156

157

158

159

160

161

162

163

164

165

166

167

168

169

170

171

172

173

174

175

176

magv-L™ of NO, and NQ@'. Prior to feeding to the PN/A reactor, the prexteel MWW was stored in

a temperature-controlled (< 20°C) external buféerktof 50 L to equalize the hydraulic loads.

2.3 Control of total suspended solids (TSS) and calculation of their dynamic SRT

In addition to the settling step in the SBR cydl®m day 70 onwards the reactor effluent was
filtered through a 10 L filter-bag (50-pm-mesh; 3MYB Series, Nylon Monofilament) placed in a
50 L barrel. The content of the net was centrifuf@d5 min at 2000x g, and the solids were

reintroduced into the reactor on a daily basis. T88 in the reactor and all activities were meakure

one cycle after biomass reintroduction.

The dynamic total SRT was calculated considering tre observed sludge loss in the effluent and

by sampling (modified from Takaesal., (2008)):

Xe uen'Ve uen Xreac or'Vsam e
SRTHM:SRTt-(l— fMluent’ effluent* Treact p1)+At 1)

Xreactor' Vreactor

where Xuent iS the average TSS concentration in the sockdfleest (grssL™), Vefiuent is the total
effluent volume discharged during the time inter&dampe is the volume taken out for biomass
sampling, XeactoriS the TSS concentration in the reactorséd ™), Vieactoris the volume of the bulk
liquid phase in the reactor (12 L), andis the time interval between subsequent measunisngd).

The aerobic SRT is calculated from the total SRToldsws:

taerobic
SRT,erobic = SRT - —aeroblc (2)

teotal

where teronidtioral IS the actual fraction of aerobic time over th&ltdatch time (Figure S1). The
development of TSS, SRT and SRduic over time is presented in Figure S2, together \iliin
volumetric particle size distribution of the flocseasured on days 451 and 465 via laser light
scattering (Mastersizer 2000, Malvern, UK). Durthg experiment, SRJovicincreased from 4.7 to

49.1 days.
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24 Maximum activities of AOB, NOB and AM X, and thelr segregation between biofilm and

flocs

The maximum anammox activityafix max) IS defined as the volumetric rate of nitrogen ogal
(sum of NH* and NQ) in the absence of DO and under non-limiting comregions of NH* and
NO;'. ravxmax Was measureth-situ once or twice a week. The maximum activities of BA@nd
NOB (raoemax@nd kosmay are defined respectively as the volumetric rateblH," oxidation and
NOs production. kog maxand Kos max Were measured viex-situ batch tests (1 L) run under fully
aerobic conditions (> 5 nagL™) and non-limiting concentrations of WHand NQ". The liquid
fraction was sampled during mixing and a propodlonumber of random carriers were chosen
manually. Mixing was provided with a magnetic €irr(200 rpm) and the temperature was
maintained at 15 £ 1°C. After manually removingclriers, £Kos maxand Kos max Of the flocs were
measured. Theatixmax Value of the suspension was checlexesitu five times throughout the
experimental period and was confirmed to be ndgkgiNH,” and NQ" were supplied as Nj&@I and
NaNQ; (20-30 mg-L™), and volumetric consumption rates were calculdtgdinear regression of

laboratory measurements of 3-4 grab samples frenbditk liquid phase.

2.5 Activitiesof AOB, NOB, and AM X during regular operation (aerobic step)

The volumetric activities of the three main autptii@ guilds during regular operatiomdk cycie
noBeycle @Nd Rwxcycle €xpressed as mginL™d?, mouosnL™d?, and mgunasnozy Ll d?t
respectively) were estimated according to Lauetmi., (2016). In short, during the aerated step of
an SBR cycle, the consumption of NHaccumulation of N® and production of N® were
followed by laboratory measurements of 3-4 grabmasfrom the bulk liquid phase. The activities
were estimated based on the stoichiometric andikingatrix presented in Table 1, with parameters
from Table 2. Heterotrophic denitrification duriagration was assumed to be negligible (Laueeni

al., 2016).
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2.6 Nitrogen removal over the entire SBR cycle and during the aerobic step

Over the entire SBR cycle, the volumetric N-remonage (mg-L™*-d™) was calculated by dividing
the difference between the sum of the dissolvebgdnn species (NH, NO, and NQ) in the
influent and effluent by the hydraulic retentiomé (HRT, d). The relative removals (%) of NH
and total nitrogen are defined as the differendsvéen their influent and effluent concentrations
divided by the influent concentrations. The influand effluent were sampled once per week (Figure

S3).

During aeration, the aerobic volumetric N-remowaéer(mg-L™*-d*) was calculated as the difference
between the NI consumption rate and the rates of N@nd NQ production. The aerobic N-
removal efficiency (%) was estimated by dividing tN-removal rate during aeration by the NH

depletion rate.

2.7 Growthrateof AOB, NOB, and AMX

The maximum growth rates of AOB Apk may and NOB (os may Were estimated duringhase I1,
when substrate limitations were minor, based on rieasured exponential increase in their
maximum activity in the flocs i(hax, Figure 2b), or in their activity during operati@e,ce Figure
2c). Most of the activity increase occurred in &rspon, where diffusion limitation was assumed to
be of minor importance. The potential seeding ofBA@d NOB from the biofilm was neglected,
possibly resulting in a slight overestimation @f.4 The suspended solids mass balange WXh

iI=AOB, NOB) is expressed as:

dXi 1
a = (p—i,max —b; — m) Xj = Hiobs - X; (3)

where [max and lops are the maximum and observed growth rates, rasphgtof the guild i (d),
bi is the decay rate of the guild i {dset to 0.05 phay, and SRT is the solids retention time (d). The
value of |ops Was obtained from the exponential interpolatiorth&f measured increase in activities
(ri, mgy-LHd™):

10
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Tijt = Tit—aAt ° eXp(lli,obs - At) (4).

From Eg. 3 and 4, and considering that growth ccamly during the aerobic time, the maximum

growth rate can be estimated as follows:

teota 1
Wimax = (P-i,obs + bi) . —total_ 4 (5)

taerobic SRTaerobic

where teronidtiotal IS the average fraction of aerobic time over thtaltbatch time, and SRdonicthe
average aerobic SRT during the considered peribd. SRT was not considered in the estimation of
the maximum growth rate of AMX @hixmax), @s their growth occurred almost exclusively ba t
biofilm. The uncertainty associated with.x was quantified by means of Monte Carlo simulations

as previously described (Laurestial., 2015).

2.8 Amplicon sequencing analyses of the bacterial community compositionsin biofilm and

flocs

The amplicon sequencing method is presented istipporting Information, Section S1 (Laureni

al., 2016).

2.9 Analytical methods

The concentration of NH was analysed using a flow injection analyser (F4A5000, Foss,
Denmark). The concentrations of B@nd NQ" were analysed by ion chromatography (Compact IC
761, Metrohm, Switzerland). The COD was measuraatgvhetrically with test kits (Hach Lange,
Germany). The samples were filtered using 0.45 piterd (Macherey-Nagel, Germany) prior to
analysis. The concentration of total and volatispended solids (VSS, TSS) in the mixed liquors
was determined according to standard methods (ARE®5). The total solids (TS) on biofilm

carriers were estimated as described previouslyr@éiraet al., 2016).

11
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3 Mathematical model of the hybrid system
3.1 Modd description

A dynamic model of the hybrid MBBR operated in SBRRde was developed and implemented in
MATLAB (version R2015b, MathWorks Inc.). The MATLABcripts are available as open-source
code in the Supporting Information. The aim of thedel was to understand how the composition of
the flocs and the NOB concentration respond to gbann DO, fraction of flocs removed per SBR
cycle (fwas), and maximum volumetric AMX activity fuxmax). 10 this end, perfect biomass

segregation was assumed, with AOB and NOB in thesfand AMX in the biofilm (Figure 1).

Five soluble compounds were considered: ammoniutd, )\ nitrite (NQy), nitrate (NQ), di-

nitrogen gas (B, and DO.

The AOB, NOB, and AMX processes were modelled atiogrto the stoichiometric and kinetic
matrix in Table 1. Unless explicitly stated, paréenevalues were taken from the literature (Table 2)
Xaos and Xyos Were assumed to grow in the flocs, and their ahnoe and activity to be influenced
by growth and washout. For the sake of simplicttye model excluded decay processes. Free
ammonia and free nitrous acid inhibitions were agred negligible under mainstream

concentrations and pH.

AMX were considered to grow in a deep biofilm (Mergoth 2008). The primary goal of the
modelling was to understand the role of the biofds “NQ-sink”: the biofilm was consequently
modelled as zero-dimensional, and spatial gradieete neglected. In order to discuss the potential
effects of diffusion, additional simulations werawith 10-fold increased values for N@nd NH
affinity constants of AMX. Moreover, as the actyif deep biofilms is transport-limited rather than
biomass-limited, the maximum AMX process rapevk max = Hamx.max- Xamx, Mool -d?; Table

1) was assumed to be constant during each simulafiois was implemented by consideriting
concentration of AMX (Xwvx) and the process rate as constants. The oxygéitiah of AMX was

not explicitly modelled: deep biofilms are in fawtygen-limited, and the modelled AMX activity is
12
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to be considered the activity resulting from the»aa biofilm layers. For consistency with the
experimental part, the simulation results are prieskas a function ofix max (MYnHa+nozywL ™ -d ™)
as obtained by the product @fux max and the sum of the stoichiometric coefficients foi," and

NO, (Table 1).

3.2 Simulation strategy and scenario analysis

The influent was assumed to contain 2Qumg:L™ and be devoid of NQ NOs, and COD. Filling,
settling, and decanting steps were assumed to &@ntaneous. Only the aerated phase was
simulated dynamically. As in the operation of thgperimental reactor, settling was initiated each
time the NH* concentration equalled 2 mg™; this resulted in variable cycle durations depegdi
on biomass activity. Simulations were performed dotemperature of 15 °C at which maximum
growth rates were estimated in the reactor. The ild@8 assumed constant, and the volumetric
exchange of MWW was 50 % per cycle. The initial aamtration of NH" at the start of each cycle
was the result of mixing (half of its value at tved of the previous cycle plus half of the influent
concentrationj.e., 11 mgr-L™). The NQ and NQ concentrations at the start of each simulated
cycle were always equal to half of their valueshat end of the previous cycle. A fixed fraction of
flocs (fwas) was removed at the end of each cyclgsfwas defined as the mass removed from the
reactor divided by mass of solids present in thactw®, (Xemoved Viemoved!(Xreactor Vieacto)-
Simulations were run until a pseudo steady-state mgachedj.e., constant effluent N and flocs
concentration. Pseudo steady-state were shown todependent from the initial s and Xyos.

The sensitivity of the model outputs was assess#d respect to the ratio between the &@finity
constants of NOB and AOB @dsnodKoza0s) and the ratio between the N@iffinity constants of

NOB and AMX (KNOZ,NOdKNOZ,AMX) (Table S1, Figures 89)

A combination of differentpavxmax (0 - 24 mgopL ™ d*; corresponding to afixmax 0-300
mgnna+nozyn L d?), and fyas (0.4-1.7 %) were simulated for two DO (0.15 and 1.50gY).

These modelled parameter values were explicitlysehoto fall in the range of the experimental

13
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values. To assess the impact of the individual rcbrparameters, four specific scenarios are

discussed (Table 3).

3.3 Interdependence between fyas, HRT, and SRT

For an SBR where the reaction phase of the cycidways extended until the target effluent NH
concentration is reached (2 pig™), the HRT, thefas, and ultimately the SRT are interdependent.
At pseudo steady-state, the AOB removed at theoérehch cycle must equal the growth of AOB

during that cycle:

T
fwas - XAOB(T) * Vreactor = f‘[:O Maog(T) - XAOB(T) * Veeactor * AT (6)

where X\0s(T) is the concentration of AOB at the end of aleyeng-opL™), T is the length of the
cycle (d), Meactoris the working volume of the reactor (L)ags(t) is the actual growth rate of AOB
at timet during the cycle (d), and X.os(t) is the AOB concentration at time(mgeop'L ™). Under

the simplifying assumption that over a cypl@s =~ const. and Xog = const., Eq. 6 can be simplified

to

fwas = Maog - T (7).

From Eq. 7 it can be seen that the HRT and theecycle are directly linked: for a given actual
growth rate of AOB, increasingyks increases T, and thus the HRT. As a result, HRT fanas
cannot be controlled independently. The valueyagfalso impacts the pseudo steady-staigs>and
Xnos, and lower biomass concentrations result from dnighyas. Furthermore, this has direct
implications on the SRT of the flocs, defined as @lwerage biomass present in the reactor divided by
the biomass removed per cycle. Under the simplifyassumption that X const. over a cycle, it

follows that

T o1

SRT X-Vreactor

(fwasX-Vreactor)/T fwas HaoB

(8)
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318 From Eq. 8, after substituting Eq. 7, it can bensemat the SRT is not an independent parameter
319 either, but is directly determined by the actuavgh rate of the AOB for the given environmental

320 conditions.

15



321

322

323

324

325

326

327

328

329

330

331

332

333

334

335

336

337

338

339

340

341

342

343

344

4" Results and Discussion
4.1 Longterm operation of the hybrid MBBR, and the impact of DO on NOB control

4.1.1 Maximum volumetric activities (max) Segregation between biofilm and flocs

A 12-L hybrid MBBR was operated for mainstream PN#ALS °C on aerobically pre-treated MWW,
and the impact of the DO on microbial competitiond & OB control was investigated. The total and
flocs-associated maximum volumetric activitiegn4®) of the three main guilds were measured as

proxy for their abundance (Figures 2a, b).

Over more than one year the reactor was stablyatgubras PN/Ai(e. prior to Phase | in Fig. 2;
(Laureniet al., 2016)). DuringPhase I, as a result of the simultaneous increase in P 10.17 to
1.2 mgzL™ and the improved flocs retentionog, max and kos,maxincreased exponentially (Figure
2b). The observed increase was mainly associatédtiae flocs (dotted line in Figure 2b). Over the
same period, the total suspended solids increased @.2 to 1 gssL™ (Figure S2). The estimated
maximum growth rate of AOB (g may and NOB (kog ma) Were 0.30 + 0.06 and 0.34 + 0.08,d

respectively. For AMX, a Mux.max0f 0.014 + 0.004 d was estimated.

The increase iNabs max and Kos max Stopped when the DO was decreased to its inidkhlevof 0.17
mgozL ™ (day 115,Phase 111) while keeping all other operational conditionschanged. After an
apparent delay of over six weekfog max Started to decrease while the established #.x was

maintained in the system (Figure 2b). The lossdB kaxWas primarily associated with the flocs.

During Phase 1V, raosmax and Kosmax iNcreased exponentially, in particular when the B@s
increased to 1.6 mglL™ (day 460). Unfortunately, the increase stoppeddes 475, when a
dramatic drop in alliax Was observed in correlation with a multiple-dagwerain event. This also
coincided with a 15% loss of TSS in the systenhaaigh this alone cannot explain the activity loss.
Importantly, all rmax Naturally recovered in less than two montRisage V, Figure 2). All operational

conditions are presented in Figure S1.
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4.1.2" Volumetric activities during regular operation {§.ie)

The actual volumetric activities; {fce) Of the three main guilds were measured duringag®bic
step of an SBR cycle to assess the impact of th@sed operational condition on microbial
competition. Actual activities are presented inufgg2c, and the observed yields of Nidonverted

to NO, and NQ' are displayed in Figure 2d.

During periods of high DORhase Il and V), the volumetric activities during regular opeoati
(ricycle) Were comparable to the maximum activitigg ), indicating that substrate limitations were
minor under these conditions (Figures 2a, c). Tk ax (0.28 + 0.05 &) and jog,max(0.30 = 0.06

d%), estimated during’hase 11, were in good agreement with those obtained frbenincrease in

Ii,max-

Decreasing the DO on day 11Fh@se IIl) resulted in an immediate decrease Qfgkyce and
'noB.cycle @S both guilds become DO limited (Figure 2c).efAft delay of about two monthgog cycle
started to decrease progressively in accordande th#g behaviour ofnbsmax The decrease in
'noB,cycle COINCided with the increase Qfvix cycle, iNdicating a progressive shift in the competitfon
NO,. From day 285 onwards, very little NOB activity svdetected as supported by the lowsNO
production. The slight N©accumulation indicated an excess gl cie OVer the availableafix cycie

(Figure 2d).

The increase in DO on day 37Bhése IV) led to a sharp increase ifog,cycle and lead, due to the
excess AOB maintained in the system, to a pronalaceumulation of N© to about 60% of the
consumed Nu (Figure 2d). Thenos cycle @lSO increased immediately, due to the NOB péngish
the biofilm, and N@ started to accumulate. The exponential increasexd¥cyce and Kog,cycle

stopped on day 475 in conjunction with the heauy exent (Figure 2c, empty arrow).

4.1.3 Bacterial community composition of biofilm and flec
The relative read abundances of AOB, NOB, and AMXhe biofilm and flocs are presented in

Figure 3. The dynamics of all individual OTUs de#ecwithin the three guilds are shown in Figure
17



370

371

372

373

374

375

376

377

378

379

380

381

382

383

384

385

386

387

388

389

390

391

392

393

394

S4. In good agreement with the observggk hax, AMX were almost exclusively present in the
biofilm with relative abundances of up to 15% ofethotal reads (< 0.1% in suspension).
Interestingly, four different OTUs were detected AMX in the biofilm and displayed different

dynamics, suggesting possible fine-scale diffeatiain in the Ca. Brocadia” lineage. Fluorescence

in situ hybridization (FISH) micrographs of biofilm cryag®sns are shown in Figure S7.

Significantly lower relative read abundances wdyseoved for AOB and NOB throughout the entire
operation (Figures 3b, c). Duririghase 11, the TSS increased from 1 to over 2{sd. ™ (Figure
S2). The relative abundance of AOB (genh#rosomonas) progressively increased from
approximately 0.5 to over 2.5% in the flocs, wherdghe relative abundance of NOB (genus
Nitrospira) decreased progressively from 0.4 to below 0.1%usT the observed loss of NOB
activity (Figure 2) coincided with the actual wash@f NOB from the flocs. The relative read
abundances of both AOB and NOB guilds durflgase 1V increased markedly on the biofilm,
supporting the observed increases ABskax and Kosmax (Figure 2). Two different OTUs were

identified for AOB with distinct trends in biofilrand flocs.

The ratio of the relative read abundances of AOB B®OB is shown in Figure 3d. AOB were
selectively enriched over NOB in the flocs durihg period at low DORhase 111); the AOB/NOB
ratio increased from 5 to over 20. No major changethe AOB/NOB ratio were observed in the

biofilm.

4.1.4 NOB control at low DO: wash-out from the flocs arattivity suppression in the biofilm

AOB and NOB grew in the flocs and biofilm. The emment of both guilds in the flocs, less
diffusion-limited, is in good agreement with prewsoexperimental and modelling reports on PN/A
(Hubauxet al., 2015, Parlet al., 2014, Veulilletet al., 2014, Vlaeminclet al., 2010, Volckeet al.,
2012, Winkleret al., 2011). Also, AOB and NOB displayed comparable mmxn specific growth
rates as expected at mainstream temperaturesr{gedli al., 1998). In principle, these conditions

would hinder the possibility to differentiate thetwal growth rates of the two guilds and selectivel

18



395

396

397

398

399

400

401

402

403

404

405

406

407

408

409

410

411

412

413

414

415

416

417

418

wash out NOB as efficiently achieved in sidestreampended biomass systems (Helliega! .,
1998, Josst al., 2011). Nevertheless, prolonged operation at low (DQ7 mgL™) did result in
the selective wash out of NOB from the flocs (Fgu). This is explained by a distinctive
characteristic of hybrid systems, namely the cormtipetfor NO,” between the NOB in the flocs and
the AMX enriched in the biofilm acting as a “N®ink”. The proposed mechanisms for the selective

NOB washout are extensively discussed in the miodetlection.

The accumulation and persistence of an NOB fradghdmofilms has also been widely reported, and
makes the suppression of p@xidation challenging in solely biofilm PN/A syste (Fuxet al.,
2004, Gilbertet al., 2015a, Isantat al., 2015, Lottiet al., 2014, Parlet al., 2014, Poott al., 2016,
Veuillet et al., 2014). Here, the actual nitratation activity of tNOB (Rog.cycid In the biofilm was
consistently controlled by the DO, and was comptesappressed at 0.17 gl (Phase I11 andV)
presumably due to diffusion limitations. To assedgether kos cycle Was suppressed only by DO
limitation or also by N@ limitation, fcye Wwere measured under non-limiting lN@oncentrations.
No increase in Nog.cycle Was observed, confirming that DO rather than,N®as the limiting
substrate for NOB in the biofilm (Figure 2c, vedlidblack arrows irPhase V). As a result of the
selective enrichment of AOB in the flocs, high NGluxes to the biofilm for AMX can be

guaranteed at sufficiently low DO to suppress N@®vay in the biofilm.

4.1.5 Effluent quality

Overall, the wash-out of NOB from the flocs and suppression of their activity in the biofilm at
low DO, resulted in N-removals over 88 * 4% andeaidual concentration of total N below 3
mgyvL™ (1.9 £ 0.5 mguanL™, 0.3 +0.2 mgoznL™?, and 0.5 + 0.3 mgsnL™Y). This is the highest
effluent quality reported so far for mainstream RISystems (De Clippeleit al., 2013, Gilbertet
al., 2015a, Laurenét al., 2016, Lottiet al., 2014). Moreover, the aerobic N-removal rates acte

(79 + 16 mg-L™*d?), at an HRT of 11 + 2 h, were comparable to thoseonventional WWTP
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(Metcalf & Eddyet al., 2013). The dynamics of influent and effluent cartcations are presented in

Figure S3.

4.2 Mathematical modelling of the hybrid MBBR

A simple dynamic model was developed to understama the NOB concentration in the flocs
(Xnog), respond to changes in DO, fraction of flocs reatbper SBR cycle fas), and maximum
volumetric AMX activity in the biofilm (kuxmax).- TO assess the impact of the individual control
parameters four different scenarios were simuléfedble 3). The dynamics of ¥ and Xyos, and
effluent N concentrations are presented in Figu@d one cycle at pseudo steady-state is shown for
each scenario in Figure S5. The interdependencieseée the parameters and the impacts of

substrate affinities are also discussed.

4.2.1 Scenario 1 (baseline): high AOB and NOB enrichmentthe flocs

A low initial concentration of 1 mgpo-L™* was set for Xos and Xos. Prolonged operation at 1.5
mgo>L™ resulted in the enrichment of both AOB and NOBtlie flocs (Figure 4a), similar to
experimental observations during reactor operaffimse 11, Figure 2). The pseudo steady-state

Xaos and Xyog Obtained inScenario 1 were assumed as initial concentrations for theraghenarios.

4.2.2 Scenario 2: the DO controls the selective washouN®B from the flocs

The DO has a direct impact on the growth rate o BB and NOB (see process rates in Table 1).
AOB and NOB are also equally exposed to washegt,by removing a fraction of flocs at the end
of each SBR cycle (fas). However, only the NOB growth rate is impactedtbg competition for
NO, with the “NO,-sink” represented by the AMX in the biofilm. Thdgect competition for N@
between NOB and AMX leads to a difference in thiaogrowth rates of AOB and NOB€,, pnos

< Haos) providing the basis for the selective NOB wash@et, pnog < SRT* < paos).

The impact of a DO decrease to 0.15x1g" was assessed $itenario 2 to reflect the experimental

strategy Phase Il1, Figure 2). Under the imposed DO-limiting conditi@and at the fixedafas, only
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AOB could be maintained in the system while NOBaveuccessfully washed out. High N-removals
are achieved (84%; Figures 4b, f). At the same tidue to the decreased AOB activity the HRT
increases from 1.6 to 5.9 h.g longer cycles are required to achieve the seueffl NH;
concentration). In terms of effluent concentratiadhe reduction of the DO limits the aerobic adyivi

(as was the case in the reactor, Figure 2c) andtsan the immediate reduction of N@Figure 4f).

The numerical results provide a mechanistic intgggion for the experimental observations: the sole
reduction of the DO was sufficient to reduce théualcNOB growth rate below the minimum
required to prevent their washout. Moreover, threusations support the possibility to use DO to

achieve the selective washout of NOB from the flocs

4.2.3 Scenario 3: increasing the fraction of flocs remay@er cycle is an effective strategy to
achieve selective NOB washout
Decreasing the DO might not always be a viableoopét full scale, either because the operational
DO is already low or the size of the installed tmsaand blowers is not suitable (Jessl., 2011).
Conversely, the selective removal of the flocs franmybrid MBBR, or of fine particles from a
granular sludge system, may be a more feasibl®mptig., via a separate settler (Veuillet al.,
2014), hydrocyclone (Wett al., 2015), or screen (Haat al., 2016). Simulations were run to assess
the effectiveness of increasing the fraction ot$laemoved at the end of each SBR cycle as a

strategy to achieve the selective washout of NOB.

Numerical results suggest that successful NOB wast@n indeed be achieved by increasingsf
while maintaining all other conditions unchangeader Scenario 3, only the {fyas was increased to
1.7 % and, as a result, NOB were selectively washueéit an SRT of 6.8 d (Figure 4c). In this case,
the actual NOB growth rate (function of DO and N€ncentrations, Table 1) is no longer sufficient
to compensate for the increased washout. Simultetgo the significantly lower AOB
concentrations maintained in the system resulighdr HRT and thus reduced N-loads that can be

treated at the same effluent quality (Eq. 7). Nenedess, in comparison to lowering the DO,

21



468

469

470

471

472

473

474

475

476

477

478

479

480

481

482

483

484

485

486

487

488

489

490

491

increasing fias allows a faster NOB washout. From a process cbpeespective, the proposed
simulation examples highlight how in principle NQfn be washed out by only controlling the

removal of the flocs.

4.2.4 Scenario 4: variations of AMX activity in the bidfn - the “NO,-sink” - have a direct

impact on NOB concentration in the flocs
The NOB in the flocs compete for NQwith the AMX enriched in the biofilm - the “Ng&sink” -
here represented by the maximum volumetric AMX\aisti(r amx max)- INncreasing Amx max, 1-6. the
rate of NQ™ consumption by AMX, reduces the bulk N©@oncentration and consequently the actual

NOB growth rate analogously to decreasing the DO.

The possibility of achieving complete and select®B washout from the flocs by increasing
ramx.max Was shown numerically. Und&cenario 4, the increase imfix max resulted in a higher NO
consumption, and thus a stronger competition wi@BNwhich are successfully washed out (Figure
4d). At the same time, simulations indicate thareasing Aux max results in slightly lower AOB
concentrations, as AMX reduce the NHavailable for AOB growth, with however minor
implications in terms of HRT. As a result, a highrénoval is achieved while still maintaining a low
HRT. The dynamics in effluent N concentrationssneilar toScenario 2. An immediate decrease of
the NG concentration, due to the reduced N@vailable for NOB, is followed by a further

progressive reduction as NOB are washed out (Fidjye

At full scale, the maximum AMX activity can in pdiple be increased.g. by bio-augmentation
from a sidestream PN/A process (Wettal., 2015). On the other hand, a partial or complete
inhibition of the AMX guild represents the opposti@se where NOB may grow in the flocs due to
the reduced competition for NO Under such circumstances, increasipgsfand/or reducing the
DO may be suitable operational strategies to prteM&B proliferation, as will be discussed in the

next section.
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4.2.5 Interdependent impacts of DOwhs, and framx max, ON NOB, and the impact of substrates
diffusion in the biofilm

To better understand the interdependence betwesrditferent control parameters, the pseudo

steady-state concentrations ofo¥, Xnos and effluent N@ are shown in Figure 5 as a function of

different muxmax and fvas. Two DO concentrations were simulated (0.15 arfl rhgyL™),

representative of the low and high DO experimeptiods. The pseudo steady-state of the four

scenarios discussed in the previous sections ghdidgfited.

Xnos and the effluent N® concentration decrease with increasingximax (i.€. the competing
“NO,-sink”). For any given DO andwhs, there is a minimumagxmax required for full NOB
washout from the flocs (Figures 5b, e)so¥ also decrease with increasinga max- In fact, by
consuming NH', AMX reduce its availability for AOB growth (Figes 5a, d). This effect
disappears, and g stabilizes, as soon as the NOB are fully washdédAsia matter of fact, when
present in the system, NOB consume,Néd indirectly favour AOB by decreasing NHiepletion
by AMX. As an example, the case of partial AMX ibiion would be equivalent to moving
horizontally to the left in Figure 5: an increaségbs is to be expected unlesg. DO is decreased

or/and fyas is increased.

Additional simulations with a conservative ten-tari@igher value for both NA and NQ' affinity
constants of AMX were run to assess the effectsubitrate diffusion through the biofilm on the
modelled pseudo steady-states. Only the casgagfdqual to 0.5% was considered. As can be seen
from Figure 5, differences from the reference c@se with unmodified affinity constants) are

negligible. It is therefore deemed justified to leetdiffusion effects for the purpose of this work

Overall, when interpreting the numerical results,is important to consider the simplifying
assumptions made in the modelling of the biofilnvi>Ainhibition by oxygen was neglected, and the
ravxmax Was assumed to be the result of the active AMX¥haanoxic layers of a deep biofilm. In

addition, no NOB growth in the biofilm was consieér In this respect, it is worth noting that the
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nitrifying activity of NOB was shown experimentaltp be completely suppressed at low DO.
Additional simulations with more complex models¢liuding biomass stratification and inhibition
processes, are recommended here. Neverthelesssitipified model allowed to identify the
fundamental role played by the AMX-enriched biofi{fiNO,-sink”) in favouring the selective NOB

washout from the flocs.

4.2.6 The possibility of successful NOB washout from tthecs is not impaired by the values of
the affinity constants
In solely biofilm PN/A systems, the ratio of theygen affinity constants, # nod/Kozaos, and the
ratio of the NQ@Q affinity constants, Koz nodKnozamx, are reported as the main parameters
controlling microbial competition (Brockmann and Menroth 2010, Haet al., 2002, Pérezt al.,
2014, Picioreaneat al., 2016). For example, Has al., (2002) have reported thatbKnogKo2,a08 >
0.2 and Kioz2,nodKnoz,amx > 3 is a required condition for successful NOBmegsion in a biofilm
system modelled at 30°C. In the present study,stesitivity of the simulation results and the
validity of the previously drawn conclusions wastégl with respect to the ratiosknoeKo2,a08
and Kyoz.nodKnoz amx. TO ease the interpretation of the sensitivitylgsig, Koz aos Was maintained
constant (0.6 mg-L™), and the Ky nod/Koz aos ratio was varied between 0.14 (Regenal., 2014)
and 2.00 (Pereet al., 2014) by changing & nos (Table S1). Simulations were run for the two
reference DO of 0.15 and 1.5 mg., and a fixed fas of 0.5%. The pseudo steady-statgXand
effluent NG concentrations are displayed as a function & Nog/Koz,a0s in Figure 6. An overview
of Xaos and Xyos, and the effluent concentrations of the dissolMesbecies, is presented in Figure

S8.

At a low DO (0.15 mgzL™), the value of I62.n0F K02, a0 determines the mechanisms controlling
NOB washout. On the one hand, for values @b fogKo2 08 < 1, low NG concentrations are
modelled {.e. rapidly consumed by NOB and AMX), and the compatitvith AMX for NO; is the

dominant mechanism controlling NOB washout. Indré&asavx max results in lower NOB pseudo
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steady-state concentrations (Figure 6a). ImpostaNOB are successfully washed out in the model
even in the extreme case opKiod Koz ros= 0.14 (Regmet al., 2014), which would make their
control challenging in solely biofilm systems (Bkatann and Morgenroth 2010, Habal., 2002,
Pérezet al., 2014). On the other hand, for higher valuesa(fod Koz aos> 1), DO limitation starts

to play an important role. Due to the reduced NO&ngh rate, lower NOB concentrations can be
sustained in the system, and N@ccumulates if the AMX activity is not sufficiepthigh (Figure
6b). Interestingly, for large e nos (Koz.nod Koz,aos= 2.00), NOB are washed out from the system
even in the absence of AMX and despite high,N&cumulation. In this case, the actual NOB
growth rate is not sufficient to maintain them e tsystem at the cycle length set by AOB and the
imposed {yas (EQ. 7). Importantly, if fuxmax is sufficiently high €.g. > 65 mg-L™*-d?), the NOB

washout does not depend o082Ko0eKo2,a08-

At a high DO (1.5 mgrL™), NOB washout is less sensitive to the value f fog/K o208 and the
competition for N@ with AMX is the dominant mechanism controlling NQ&shout (Figure 6c).
Nevertheless, in analogy to the low DO case,,N&cumulation occurs for high values of
KoznodKozaos. Taken together, these results provide a mecharhigfpothesis to explain the
seemingly contradictory experimental observationsnd) Phase 1V (Figure 2), when only limited
NOB enrichment was observed in the flocs despigd RO and pronounced NCaccumulation. In
general, higherafix max are required for NOB washowtd., > 237 mg-L™*-d?) compared to the case

at low DO.

In terms of N@ affinity constants, ko2 nos Was decreased from a usually assumed value 1@3 tim
higher than Koz avx (Haoet al., 2002, Pérert al., 2014) to a value of 0.1 &2 aux (Figure S9).
Decreasing Koz nos increases the competitive advantage of NOB oveiXAdd results in higher
Xnos at pseudo steady-state for any givaemxax. Nevertheless, within the broad range of values
tested, NOB washout can always be achieved prouidaida sufficiently high adux max IS present

(Figure S9).
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567 In summary, this work strongly support the increasperational flexibility offered by hybrid
568 systems, as compared to solely biofilm systems, tha control of NOB under mainstream
569 conditions. In fact, irrespective of the values s# for the affinity constants, it is in principle
570 always possible to control the selective pressar®lOB via DO, fyas, and/or kux max, and achieve

571 their complete washout.

572

26



573 5 Conclusions

574

575

576

o177

578

579

580

581

582

583

584

585

586

587

588

589

590

591

592

593

594

595

596

This study aimed at understanding the mechanismerlying microbial competition and the control

of NOB in hybrid PN/A reactors. To this end, a hgbMBBR was operated under mainstream

conditions and a simple mathematical model of tystesn was developed. Experimentally, AMX

were shown to enrich in the biofilm while AOB an®B grew preferentially in the flocs. AMX are

retained in the biofilm independent of floc remoaald they act as a “N&ink”. Conversely, AOB

and NOB are maintained in the flocs only if thextuml growth rates is larger than the imposed

washoutie, if g > SRTY.

The key mechanisms for selectively washing out Ni@Bn the system are maintaining a
sufficiently low SRT for the flocs and limiting NObulk phase concentrations by means of
the AMX “NO,-sink”. AOB growth rates are not affected by NOulk phase concentrations
allowing reactor operation with selective washdui®B while keeping AOB.

Experimental results and numerical simulations sbtihat, for an imposed fraction of flocs
removed per SBR cycle or given SRT, NOB can becteldy washed out by decreasing the
DO-setpointeg., from 1.2 to 0.17 mg-L™. In this case, while both AOB and NOB actual
growth rates decrease; due to the concurrentid@ation only NOB growth rate is reduced
below the washout threshal@., pnos< SRT* < pace.

In analogy, for a given DO-setpoint, simulationdigated that selective NOB washout can be
achieved also by increasing the fraction of floesnoved: the actual NOB growth rate
remains unaffected but is no longer sufficientampensate for the increased washout.
Moreover, differently from pure biofilm systems wheNOB suppression relies on a larger
oxygen affinity of AOB than NOB, modelling resulésiggest that it is in principle always
possible to selectively wash out NOB by controllihg DO-setpoint and/or the flocs removal

provided AMX act as “N@sink” in the biofilm.
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597 Ultimately, this study demonstrates the high openat flexibility, in terms of variables that cae b
598 easily controlled by operators, offered by hybndtems for the control of NOB in mainstream

599 PN/A applications.
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Figure 1: Location of the active biomass in the mathematmsatlel of the hybrid system. The
model assumes perfect biomass segregation, with AQBNOB in the flocs and AMX in the
biofilm. rawxmax IS the maximum volumetric anammox activity (M@noznL 0%, fwas
represents the fraction of flocs removed at thedfrehch SBR cycle.



Phases 1[NNI " v Y

o
S0 50pm- v @] 27 rAMX (total)
um-net
‘%‘ 300 [ for effluent 118 DO
< 250 | 115
_l -
;:z, 200 i 112
£ 150 1 09
§ 100 106 —
= 50 {03 =
0 A L - ! I 1 . 1 n " - L N f . 1 " 1 " | 0 U’O
350 21 E
[ (b)] o
— 300 f 118 a
2 250 | 115
- r i
g 200 i 7 1.2 ——rAOB (total)
E 150 4 0.9 e rAOB (flocs)
5 100 L 1 06 rNOB (total)
= 50 | {03 rNOB (flocs)
0 N L 1 N 1 L 1 . PR I ee g0t 3 tee O DO
0 60 120 180 240 300 360 420 480 540 600
M
350 r {} ] 2.1 AGE
-,;- 300 118 —mos
F,_.l 250 r NOZ. - 15 “““ rAMX
= 200 | I 12 B
E 150 | 7 109
s 100 ¢ b ¥ 1os —
g - K ; 1 a
= 3
(o))
E
- o
z [a}
§H
> 5
3 _N027
g —NO;
> e — DO

0 60 120 180 240 300 360 420 480 540 600
Time [d]

Figure 2: Time series of the maximum; &) and actual (k) volumetric activities of AOB, NOB, and
AMX in the hybrid MBBR. @) Total maximum volumetric activities of AMX (thectwvity in the flocs was
negligible throughout the experimental period)). $egregation of maximum volumetric activities dDB
and NOB: total biomass (biofilm and flocs) and ffaaction only. €) Actual volumetric activities measured
during the aerobic phase of an SBR cycle. Actisiiee expressed as follows: AOB,m-L'l-d'l; NOB,
MauosnLd™; AMX, mgurarnoznL™d™. (d) Yields of NG~ and NQ accumulated relative to the NH
consumed during the aerobic phasthaded area: the average of the DO concentration measureishglur
aeration over the representative periodsttical black arrows: in (a) time when floc retention was
improved by filtering the effluent through a 50-unesh sock-net; incj time when the volumetric
activities during regular operation were measunedeun non-limiting nitrite concentrationgertical empty
arrows: in (a, c) time of the prolonged rain event.
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Figure 3: Time series of the relative abundances of AN AOB (b), and NOB ¢€) in the flocs (left y-

axis) and biofilm (right y-axis) as estimated byS1RNA gene-based amplicon sequencing analysis. The

displayed values represent the sum of the relatiwendances of all OTUs detected for each guildtfer

time series of the single OTUs, see Figure 8%.Time series of the dimensionless ratio between th
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periods (for values, see Figure Bjror bars. standard deviation of biological triplicates.
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Table 1: Stoichiometric and kinetic matrix describing thewth of aerobic ammoniuroxidizing bacteria (AOB) ar
aerobic nitrit-oxidizing bacteria (NOB), and anaerobic ammoniwigizing bacteriganammox, AMX). The matr
was used to estimate the activity of three guilds during regular SBR operationy{l), and for the dynamic moc
of the hybrid system (Figure 1). In the dynamic edpdthe maximum anammox process rapamxmax =
Mamx max: Xamx) was assumed constant during each simulation hiBoeind, the concentration of AMX f¥4x) was
considered as a constant and not as a state \@graatal istherefore omitted from the matrix.

Soz SuHa Svo2 Swos  Sw Xaos Xnos Processrates (p)
Component s s s NY s L -
Joz2'm On-m On'm On'M™ On'M™ gecop'M™  QJeop M Jcop'm™-d
Processes
AOB growth BA3 " Yaow) _ 1 : 1 n “Xao8 * s : S0z
g Yaon Yaop AP YaoB AOBmax A% S s + Kaopnms  Soz + Kaosoz
NOB growth — — (114 = Ynos) —i N ! 1 m “XnoB * S0z : Soz
Ynos NNOB Ynos Ynos NOBmax TNOB S\ 02 + Knosnoz  Soz + Knos,oz
1 1 1 1 2 SHa Snoz
AMX growth - =i - -—— Pamx, .
9 Yamx MM Yaux 114 114 Yawx AMXMEX S s + Kamxnna  Snoz + Kamxnoz
Composition Matrix
gToD -1 -3.43 -4.57 -1.71 1 1

gN 1 1 1 1 in,A0B in.NOB




Table 2: Kinetic and stoichiometric parameters.

Aerobic ammonium-oxidizing bacteria (AOB)

MA0B max d? Maximum specific growth rate 0.30 This study*

Y noe Ocon Growth yield 0.18 (Jubargt al., 2009)
KNHa, 08 ONHAN' m* Ammonium half-saturation constant 2.4 (Wiesmarg94)
Ko2.a08 Ocop’ m* Oxygen half-saturation constant 0.6 (Wiesmann4)99
iN,AOB On Gcop Nitrogen content in AOB 0.083 (Volclet al., 2010)
Aerobic nitrite-oxidizing bacteria (NOB)

MNOB, max d? Maximum specific growth rate 0.34 This study*

Y nos Ocoo N Growth yield 0.08 (Jubarst al., 2009)
Koz nos Jcop M* Oxygen half-saturation constant 0.4 (Blackbusng ., 2007)
Kno2.noB Ono2-N' m* Nitrite half-saturation constant 0.5 (WiesmanrQ40
iNNOB On Gcop Nitrogen content in NOB 0.083 (Volcletal., 2010)
Anaer obic ammonium-oxidizing bacteria (AM X)

DAMX.max MgcopL™d?  Maximum AMX process rate 0-24 Assumed**

Y amx Ocoo N Growth yield 0.17 (Strouet al., 1998)
K NHa,AMX ONHAN' m® Ammonium half saturation constant  0.03 (Volekal., 2010)
Kno2,amx Onoan M Nitrite half saturation constant 0.005 (Volaltenl., 2010)
IN,AMX On Gcop Nitrogen content in AMX 0.058 (Volcket al., 2010)

*Estimated from the maximum activity increase at@sluringPhase Il (Figure 2a).
** Corresponding to Aux max IN the range observed experimentally at 15°C, (ID-r&qNH4+NOZ~_N-L'1-d'1



Table 3: Values of the control parameters for the foure@stcenarios.

Scenario DO [MgorL™  fwas[%]  amx,max [MgheL +d ]
1 (baseline) 15 0.5 86
2 0.15 0.5 86
3 15 17 86

4 15 0.5 270
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Highlights
» Hybrid PN/A systems provide increased operatiolexiilhility for NOB control
* AOB and NOB enrich primarily in the flocs, and AMiXthe biofilm (“NO,-sink”)
* AMX use NG allowing to differentiate AOB and NOB growth rates
* A decrease in DO or an increase in floc removallde® selective NOB washout from

flocs
» The activity of the minor NOB fraction in the bilfi is suppressed at limiting DO



