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Abstract

Today, aerobic granular sludge (AGS) technology is an established alternative to con-

ventional activated sludge for the biological treatment of municipal wastewater (WW).

But despite countless studies and full-scale applications of AGS, the e�ect of partic-

ulate organic substrate (XB ) - the major constituent of organic substrate in munici-

pal WW - on AGS start-up, performance, stability and microbial community is not

well understood. Therefore this PhD thesis evaluated physical retention and microbial

turnover pathways of XB during AGS sequencing batch reactor (SBR) operation, as

well as the in�uence of XB on formation, process stability, settling performance, nutri-

ent removal and microbial community composition of AGS systems.

Physical retention of XB during AGS-SBR operation was identi�ed as a 2-step pro-

cess. Firstly, XB sedimented and accumulated in the bottom of the settled sludge

bed and was retained through surface �ltration by the emerging �lter-cake. Thus, at-

tachment to biomass was quite limited. Secondly, XB then was preferentially attach-

ing to the �ocs during fully-mixed conditions. Results from mathematical modelling

of XB hydrolysis, conversion and turnover resembled and expanded those prior �nd-

ings. Flocs played a major role in aerobic XB utilisation via aerobic oxidation by or-

dinary heterotrophic organisms (OHO). Synergies between �ocs and granules were

observed, where �ocs diverted aerobic XB oxidation from the granules and thus sup-

ported anaerobic-feast aerobic-famine conditions for the granules, despite the minor

mass fraction of �ocs. Long-term operation of AGS systems fed with di�erent WW

additionally reinforced the results from physical XB retention experiments and mathe-

matical modelling. Complex WW composed of low volatile fatty acids (VFA) and high

XB fractions led to the formation of small granules and 10-40% (% of total suspended

solids) of �ocs as well as to increased start-up time, decreased nutrient removal and

settling performance. The microbial community of AGS treating WW composed of

XB was characterised by a high abundance of fermenting bacteria, like fermentative

glycogen and phosphorus accumulating organisms (fGAO, fPAO, respectively). Simul-

taneous nitri�cation-denitri�cation (SND) was quite limited when AGS was fed with

municipal WW containing X B . The main factors in�uencing SND in those AGS sys-
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tems were identi�ed to be the dynamic of anoxic formation and decay inside the gran-

ule and the availability of organic substrate in the anoxic granule layers. In addition,

the PhD thesis could signi�cantly contribute towards practical understanding of AGS

for the treatment of municipal WW. Most importantly, AGS was distinguished as hy-

brid bio�lm system, whereby bio�lm (granules) and suspended growth (�ocs) coexisted

in synergy. Optimised aeration strategies such as intermittent aeration were identi-

�ed to increase SND and total nitrogen removal by AGS systems fed with municipal

WW signi�cantly. Overall, AGS proved to be a simple, e�cient and stable process for

the treatment of municipal WW. However, expectations towards settleability, start-up

duration and nutrient removal performance must be lowered if AGS is applied for the

treatment of low-strength municipal WW containing X B .
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Zusammenfassung

Aerob granulierter Belebtschlamm (AGS) ist eine relativ neue Alternative zum kon-

ventionellen Belebtschlammverfahren in der biologischen Abwasserreinigung. Trotz

zahlreicher Studien und Anwendungen im Vollmassstab von AGS wurde der E�ekt

von partikulärem Substrat (X B ), welcher den Hauptanteil an organischem Substrat

in kommunalem Abwasser darstellt, noch nicht ausreichend untersucht. Die Zielset-

zung der vorliegenden Doktorarbeit war es deshalb, den physischen Rückhalt und die

mikrobielle Verwertung von XB im AGS Sequencing-Batch-Reaktor (SBR) Betrieb zu

erforschen. Zusätzlich wurde der Ein�uss von XB auf die Bildung, Prozessstabilität,

Absetzbarkeit, Nährsto�entfernung und mikrobielle Gemeinschaft von AGS analysiert.

Der physische Rückhalt von XB im AGS SBR wurde als zweistu�ger Prozess identi-

�ziert. Während der Beschickung im �Plug-Flow� wurde X B hauptsächlich am Bo-

den des Reaktors durch Ober�ächen�ltration im Porenraum des abgesetzten Schlamm-

betts, welches vor Allem aus Granula besteht, zurückgehalten. Der Kontakt zwischen

XB und AGS und damit der Sto�umsatz waren dadurch stark limitiert. Sobald der

Reaktor volldurchmischt wurde, adsorbierte XB präferenziell an den Flocken. Diese

Resultate wurden durch mathematische Modellierung des AGS SBR Prozesses bestätigt

und erweitert. Die Flocken spielten eine wichtige Rolle im Rückhalt, der Hydrolyse

und der mikrobiellen Verwertung von XB . Flocken leiteten die mikrobielle Verwertung

von XB weg von den Granula, obwohl Flocken nur einen kleinen Teil an der Gesamt-

biomasse ausmachten. Langzeitversuche zeigten weiter auf, dass niedrige Anteile an

volatilen Fettsäuren zusammen mit XB im Zulauf zu einem erhöhten Anteil an Flocken

führten (10-40% an suspendierten Feststo�en), die Dauer zur Bildung von Granula

deutlich erhöhten, sowie zu einer Verschlechterung der Nährsto�entfernung und Abset-

zverhalten führten. Fermentierende Bakterien wie fermentierende Glykogen- und Phos-

phor akkumulierende Bakterien (fGAO, fPAO) dominierten die mikrobielle Gemein-

schaft in Gegenwart von XB im Zulauf. Die simultane Nitri�kation-Denitri�kation

(SND) war stark beeinträchtigt, sobald AGS zur Reinigung von kommunalem Ab-

wasser eingesetzt wurde. Die limitierenden Faktoren der SND waren die Dynamik der

Bildung und des Verfalls der anoxischen Zonen im Inneren der Granula, sowie die Ver-
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fügbarkeit von organischem Substrat in den anoxischen Zonen. Die vorliegende Dok-

torarbeit konnte des Weiteren wichtige Erkenntnisse für den praktischen Betrieb von

AGS Systemen zur Reinigung von kommunalem Abwasser bereitstellen. AGS wird als

�Hybrid-Bio�lm� Verfahren anerkannt, in welchem Flocken und Granula in Synergie

koexistieren. Des Weiteren konnte aufgezeigt werden, dass die Sticksto�entfernung

von AGS Prozessen mithilfe optimierter Belüftungsstrategien (z.B. intermittierender

Belüftung) signi�kant erhöht werden kann. Abschliessend erwies sich AGS als stabiles,

e�zientes und simples Verfahren zur biologischen Reinigung von kommunalem Ab-

wasser. Die Erwartungen an die Sedimentationsleistung, Dauer zur Bildung von Gran-

ula und Nährsto�entfernung müssen jedoch gedämpft werden, falls AGS zur Reinigung

von stark verdünntem, XB -reichem kommunalem Abwasser eingesetzt wird.
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1. Introduction



1.1. Municipal wastewater treatment

The treatment of municipal wastewater (WW) is often referred to as the most impor-

tant development in human health of the last two centuries (Henze et al., 2008). Its

introduction became necessary, whenever the �capacity of a river for self-puri�cation�

(Jenkins and Wanner, 2014) was exceeded, which was especially the case in densely

populated areas, and led to hygienic and ultimately human health problems. The ini-

tial goals of municipal WW treatment were therefore to purify water in order to limit

risks towards humans and ensure hygiene (Henze et al., 2008). During the 1970s the

goals of WW treatment were extended in order to protect the downstream users of

water and the aquatic environment (Jenkins and Wanner, 2014), and ultimately to

today's immission control, which incorporates potentially harmful impacts on human

beings and their environment (Umweltbundesamt, 2020). Today, wastewater treatment

plants (WWTP) have to ful�l ever increasing treatment requirements, such as reaching

very low e�uent concentrations of nitrogen (N) and phosphorus (P) compounds, with

a simultaneous minimization of space requirements, energy usage and greenhouse gas

(GHG) emissions or recovery of valuable resources (e.g., N, P) from WW streams. The

transition from WWTP, which remove pollutants from human waste streams, towards

water resource recovery facilities (WRRF), which produce valuable goods such as clean

water and nutrients, is therefore required.

Today, WWTP typically consists of 3 treatment steps: primary (mechanical / physi-

cal), secondary (biological) and tertiary (�ltration, disinfection, advanced oxidation)

treatment. Primary treatment consists of mechanical pre-treatment and is typically

constituted of fat and grit-removal, as well as primary sedimentation, which removes

a large part of settleable solids and organics, sand, fat and other coarse fractions from

WW. The subsequent secondary treatment is a biological treatment step. The over-

whelming majority of biological WW treatment today is accomplished by utilising

the so-called �activated sludge� process, whereby microorganisms are cultivated to re-

move or convert organics and nutrients from WW, �rst published by Ardern and Lock-

ett, 1914. The growth of those microorganisms occurs in the suspended phase,i.e., in

the form of activated sludge �ocs. Activated sludge �ocs are then separated from the

treated WW in the secondary clari�er. In AS WWTP, secondary clari�ers often limit

the treatment capacity of the entire WWTP, since settleability and thus separation

rates of activated sludge and treated WW are low. Di�erent reactor con�gurations ex-

ist, such as continuous �ow systems or sequencing batch reactors (SBR), whereby the

processes of reaction and separation are either separated in time (SBR), or in space
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(continuous �ow systems). Activated sludge processes can be operated independently

from reactor con�guration. For a long time, the activated sludge process was solely

designed to remove organic substrate (carbon) and pathogens by aerobic oxidation.

Advances in process understanding, design and operation allowed to integrate biologi-

cal nitri�cation (NH 4
+ to NO3

-) and biological nitrogen removal (nitri�cation + den-

itri�cation, NH 4
+ to NO3

- to N2) within the activated sludge process. Eventually, en-

hanced biological phosphorus removal (EBPR) activated sludge integrated within the

activated sludge process. Today, many existing WWTP are reaching their maximum

capacity. Also, due to urbanisation, it is required to intensify and improve WW treat-

ment. Therefore, research is required to identify and evaluate new technologies with

improved treatment capacity, lower space requirements and high economic e�ciency.

1.2. From activated sludge to advanced bio�lm reactors

Bio�lm reactors for the treatment of municipal WW have been applied in the form of

trickling �lters since the early 1900s (Morgenroth, 2008). However, since the 1980 -

1990s more advanced bio�lm reactor systems, like submerged bio�lm, integrated �xed-

�lm activated sludge (IFAS), membrane bio-reactors (MBR), or moving bed bio�lm

reactors (MBBR) are widely applied in municipal WW treatment. Bio�lms for WW

treatment rely on a substratum - a surface material like a membrane, cloth or car-

rier material - for attachment and growth, and are oftentimes referred to as �attached

growth� in opposition to �suspended growth� as in activated sludge systems. Bio�lm

reactors promise high volumetric loadings, good e�uent quality without requiring

solids separation (secondary clari�er) or recirculation (both not in hybrid bio�lm -

suspended growth systems, like IFAS) resulting in a lower footprint as compared to ac-

tivated sludge systems (Rittmann, 1982). The newest addition to aerobic bio�lm sys-

tems are aerobic granular sludge (AGS) systems, in which the biomass self-immobilises

into so-called granules, without relying on a substratum (Beun et al., 1999; Morgen-

roth et al., 1997).

In general, aerobic bio�lm reactors can achieve similar treatment performance as acti-

vated sludge systems, like organic substrate removal, nitri�cation, denitri�cation and

EBPR (Morgenroth, 2008). The main di�erence between activated sludge and bio�lm

WW treatment is that mass-transport of substrate (electron-donor and electron-acceptor)

is limited by di�usion in bio�lms. Limited mass-transport has vast impacts on micro-

bial ecology, reactor operation and design (Morgenroth, 2008). Mass-transport limita-

tions - in theory - allow for simultaneous nutrient removal processes like simultaneous
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nitri�cation - denitri�cation (SND) (Falkentoft et al., 1999; Hibiya et al., 2004; Nielsen

et al., 1990).

Besides aerobic bio�lms, also anaerobic bio�lm systems for municipal or industrial

WW treatment exist. Such systems include anaerobic �lters (AF), up�ow anaerobic

sludge blankets (UASB) or integration of anammox technology in a bio�lm environ-

ment (either through attached-growth or as anammox granules) (Arrojo et al., 2006;

McHugh et al., 2003; Tsushima et al., 2007). Biomass in UASB or anammox granular

reactors consist of granular bio�lms, which self-immobilise (without requiring a sub-

stratum) (Lettinga, 2001), similar to AGS technology.

However, despite many full-scale applications of advanced bio�lm systems for the treat-

ment of municipal WW, the majority of WWTP worldwide operates as activated sludge

system. Further research and improvement of advanced bio�lm systems is therefore re-

quired in order to intensify and improve treatment of municipal WW.

1.3. The composition of municipal wastewater

Municipal WW is a complex mixture of organic and inorganic pollutants and di�eren-

tiates from other WW streams (e.g., industrial WW, stormwater) by its heterogeneity

in terms of composition and typically low concentration ranges (resulting from high di-

lution). Municipal WW is composed of microorganisms (pathogens, bacteria, viruses,

etc.), biodegradable and other organic materials (organic substrate, carbonaceous com-

pounds), macro- and micronutrients (nitrogen (N), phosphorus (P), etc.), as well as

metals and other inorganic materials (Cu, Zn, acids, bases,etc.) (Henze et al., 2008).

Organic substrate, the main pollutant in municipal WW, is typically characterised by

the sum parameters chemical oxygen demand (COD) or biological oxygen demand

(BOD). COD can be di�erentiated in terms of physical properties (material size) be-

tween total, soluble (sCOD, after �ltration at 0.45 � m), and particulate (pCOD, total

minus soluble COD) fractions. COD can also be di�erentiated in terms of biological

availability between readily biodegradable COD (rbCOD), slowly biodegradable COD

(sbCOD) and inert (unbiodegradable) COD. Another important measure of organic

substrate is BOD. BOD indicates a highly biodegradable fraction of organic substrate

and is typically measured after 5 days of aerobic degradation (BOD5). Volatile fatty

acids (VFA) are a fraction of organic substrate with very high biodegradability, speci�-

cally, acetate (Ac) and propionate (Pr). VFA are part of BOD 5 and rbCOD. Availabil-

ity of rbCOD is essential for EBPR (Gerber et al., 1986).

Particulate and sbCOD are both proxies for polymeric organic substrate, or sheer par-
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ticles, both referred to as XB , contrary to readily biodegradable organic substrate

(SB ). X B typically represents > 50% of organic substrate in the in�uent WW (mea-

sured as COD) (Metcalf and Eddy, 2014), but the speci�c composition in terms of

protein, carbohydrate and lipid can vary signi�cantly between di�erent municipal WW

(Sophonsiri and Morgenroth, 2004). In opposition to monomeric organic substrate

(SB ), X B cannot be transported through the cell envelope of microorganisms due to

its size larger than 103 amu. Therefore, organic substrate polymers have to be trans-

formed into monomers by hydrolysis � enzymatic depolymerisation � before microor-

ganisms can utilise this type of organic substrate (Morgenroth et al., 2002). Protozoa

contribute to the degradation of particulate organic substrate through direct uptake

and intracellular degradation. However, it remains unclear, whether protozoa signi�-

cantly contribute to X B degradation in biological WW treatment (Morgenroth et al.,

2002). In general, it is assumed that hydrolysis rates are reduced in anoxic or anaer-

obic redox conditions, in comparison to aerobic redox conditions (Henze and Mladen-

ovski, 1991). The reduction could be related to the activity of protozoa, whose typi-

cally aerobic-only metabolism would signi�cantly be reduced in anoxic or anaerobic re-

dox conditions (Morgenroth et al., 2002). In general, it is assumed that the microbial

community and protozoa cultivated within the biological stage of the WWTP carry

out hydrolysis. Therefore, hydrolysis by microorganisms is initiated only once physical

contact between XB and the microorganisms has been established. However, research

has hypothesised that hydrolytic microorganisms could already be attached to XB be-

fore it enters the WWTP, and that only a small fraction of the microorganisms of the

WWTP actually contribute to hydrolysis (Benneouala et al., 2017). Due to hydrol-

ysis, the rate of biological oxidation of XB is typically one order of magnitude lower

compared to SB (Levine et al., 1985), and hydrolysis is often referred to as the rate-

limiting step in biological WW treatment (Morgenroth et al., 2002). Understanding

and behaviour of XB retention, hydrolysis and utilisation is still limited in biological

WW treatment, and research is therefore required.

1.4. Aerobic granular sludge (AGS) systems

1.4.1. Discovery and de�nition of AGS

AGS is a technology for biological WW treatment and composed of self-immobilised

bio�lm aggregates without relying on a carrier material (substratum). Granules are

de�ned as bio�lm aggregates of �microbial origin, which do not coagulate under re-
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duced hydrodynamic shear, and which settle signi�cantly faster than conventional [ac-

tivated] sludge� (de Kreuk et al., 2007). AGS was �rst discovered and cultivated in

two laboratories in Munich and Delft, respectively (Beun et al., 1999; Morgenroth et

al., 1997). The minimum size of granules was set to 0.2 mm - 0.25 mm, and high set-

tleability of AGS can be expressed as sludge volume indices after 10 and 30 minutes

(SVI10, SVI30, respectively) being similar: SVI10 � SVI30. High settleability of AGS

originates from high settling velocities of 25-70 m h-1, which is signi�cantly higher

than the settling velocity of activated sludge �ocs of 7-10 m h-1 (Adav et al., 2008).

1.4.2. Mechanisms involved in the formation of AGS

AGS was �rst cultivated in SBR by using an aggressive washout strategy on slow set-

tling biomass (activated sludge �ocs) and relatively high shear force (Beun et al., 1999;

Morgenroth et al., 1997). Since 2000, AGS was studied intensively, and most stud-

ies focused on the cultivation of AGS in synthetic WW, mostly composed of readily

biodegradable substrates (VFA) (de Kreuk et al., 2007). The fast formation of AGS

in such conditions was closely linked to the application of (1) high wash-out stress on

slow settling biomass (short settling), (2) application of high shear stress (aeration in-

tensity or mixing) and (3) microbial selection through anaerobic-feast - aerobic-famine

SBR operation (Adav et al., 2008). AGS fed by synthetic WW can achieve the follow-

ing characteristics within 30 days after start-up (de Kreuk et al., 2005; Lochmatter

and Holliger, 2014):

(1) Formation of large granules, complete transformation of �ocs to granules: diame-

ter 0.5-2 mm, granule fraction > 95 %

(2) Excellent settleability: SVI 30 < 40 mL g-1, SVI30/SVI 10 ratio � 1

(3) Simultaneous removal of carbon, nitrogen and phosphorus

Granules form through a gradual transformation process of �occular biomass to com-

pact granules, and AGS formation is proposed to include four steps: (1) cell-to-cell

attraction by physical, chemical or biochemical forces, (2) microbe-to-microbe attach-

ment by hydrodynamic, di�usional and / or thermodynamic forces, (3) microbial ad-

hesion enhancement through excretion of extracellular polymeric substances (EPS)

and (4) hydrodynamic shear force to stabilise the granule structure (Winkler et al.,

2018).

AGS have mainly been cultivated using SBR. Operation of SBR allow for di�erent

operational phases, which were identi�ed as being important for AGS formation and
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long-term stability. Feeding of AGS-SBR systems is typically done in plug-�ow con-

ditions, whereby fresh WW is injected from the bottom into the settled sludge bed,

while e�uent is withdrawn simultaneously from the top of the reactor (referred to as

�simultaneous �ll-draw� mode or �constant volume� operation) (Derlon et al., 2016).

Plug-�ow conditions allow for high substrate gradients, which act as driving force

for di�usion of substrate into the granules. Anaerobic redox conditions prevail dur-

ing feeding and bene�t the proliferation and growth of carbon-storing organisms like

phosphorus and glycogen accumulating organisms (PAO, GAO, respectively). PAO

and GAO demand a key role in AGS formation and stability (de Kreuk and van Loos-

drecht, 2004; Winkler et al., 2018). Ideally, all organic substrate is removed through

internal carbon-storage during the anaerobic phase by GAO and PAO, respectively. If

organic substrate is not fully used up during anaerobic conditions, organic substrate

is available in aerobic conditions resulting in aerobic growth of ordinary heterotrophic

organisms (OHO), which harm AGS system stability (Sturm et al., 2004). The subse-

quent aerobic SBR phase is applied to perform nitri�cation, EBPR and oxidation or

replenishment of internally stored carbon. Afterwards, a short settling period is ap-

plied. Excess sludge is removed selectively,i.e., ideally only slow settling biomass is

removed, either after settling (from the sludge fraction still in suspension) or feeding

(from the top of the settled sludge bed) (Lochmatter and Holliger, 2014).

1.4.3. AGS for the treatment of municipal wastewater

AGS was �rst cultivated for the treatment of municipal WW by de Kreuk and van

Loosdrecht, 2006. But despite very fast formation and excellent settling properties of

AGS in municipal WW conditions, nutrient removal was not satisfactory (Table 1.1).

This early research indicated that the transition of AGS cultivated in the laboratory,

typically fed by simple synthetic VFA-rich WW, to cultivation of AGS in municipal

WW is quite challenging. Also, operating conditions to achieve granulation as well as

mechanisms involved in the formation of AGS might be a function of the in�uent WW

composition.

Nevertheless, Dutch company RoyalHaskoningDHV brought the Nereda® process to

the market, the �rst full-scale AGS system for treatment of municipal WW (Giesen et

al., 2013; van der Roest et al., 2011). RoyalHaskoningDHV claims signi�cantly lower

energy and chemical consumption, savings in space, lower investment and operational

costs, as well as simultaneous removal of carbon, nitrogen and phosphorus and overall

excellent treatment performance. Today, over 70 full-scale Nereda® plants exist, one
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being in operation (ARA Alpnach) and one being under construction (ARA Kloten-

Op�kon) in Switzerland (Ali et al., 2019; Pronk et al., 2017).

However, further research indicated that expectations towards AGS cultivated in real

municipal WW must be lowered in comparison to early lab studies which conducted

research on AGS using synthetic VFA-rich WW (Figure 1.1, Table 1.1), speci�cally:

(1) Much increased start-up time: 20 d up to > 1 year

(2) Decreased settleability: SVI30 40-100 mL g-1, SVI30/SVI 10 ratio 0.6-1.0

(3) Increased presence of �ocs: granule fraction 60-98%

(4) Limited (simultaneous) nutrient removal performances: incomplete nitri�cation,

incomplete denitri�cation, increased e�uent TN

(5) Distinct morphology of AGS

A literature review on AGS cultivated in municipal WW revealed inconsistencies and

wide ranges in applied operational strategies, sludge characteristics and nutrient re-

moval performances, indicating that understanding of feasibility, operation and perfor-

mance of AGS for the treatment of municipal WW is still limited (Table 1.1). Speci�-

cally, many studies cultivated AGS using municipal WW composed of either very high

total organic substrate concentrations of 500-1000 mgCOD L-1, very high fractions

of SB (and hence low XB ), or municipal WW with the addition of VFA. In addition,

some studies relied on inoculation with (crushed) AGS or excess sludge from other

AGS plants, rather than starting up from activated sludge �ocs, which likely signif-

icantly decreased start-up time (Linlin et al., 2005; Pijuan et al., 2011; Pronk et al.,

2015).

Therefore, one of the main questions is whether AGS can be cultivated without inoc-

ulation in municipal WW composed of low SB and high XB concentrations, typically

also referred to as low-strength municipal WW. Further research is therefore required.

Cultivation of AGS in municipal WW is quite challenging (Table 1.1). Operational

strategies to cultivate AGS in lab-scale environments fed by VFA as sole carbon source

were found to be not or only partially applicable in municipal WW conditions. Too

high wash-out stress in municipal WW fed AGS systems results in breakdown of the

nutrient removal performance of AGS systems (Derlon et al., 2016), and high shear-

stress is not required to form AGS in municipal WW (Devlin et al., 2016; Devlin and

Oleszkiewicz, 2018). Researchers therefore focused on and successfully applied the
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Figure 1.1.: Morphology after 10 months of operation of 100%-VFA synthetic WW fed AGS (left) and
raw WW fed AGS (right) (Layer et al., 2019). Scale bars = 1 mm.

strategy of microbial selection (via anaerobic-feast aerobic-famine SBR operation) in

combination with increased, but not very high washout stress (via short settling time)

to cultivate AGS in municipal WW (Bassin et al., 2019; Campo et al., 2020). Micro-

bial selection requires preferentially supporting the growth of slow-growing organisms

like PAO and GAO. The presence of PAO and GAO is ultimately determined by the

amount of biodegradable organic substrate (and ortho-P for PAO) in the in�uent WW

(Gerber et al., 1986; Wei et al., 2020). Often, both ortho-P and organic substrate con-

centrations are low, especially in Switzerland (Sollfrank and Gujer, 1991). However,

the proliferation of PAO and GAO can be additionally promoted by operational mea-

sures. Such measures include the promotion of full organic substrate uptake during the

anaerobic phase (feast), in order to (1) support the competitive advantage of carbon-

storing organisms over OHO and (2) limit the organic substrate availability in aerobic

conditions to restrict the growth of OHO. One of the key di�erences between lab-scale

synthetic WW and municipal WW is the presence of non-di�usible X B in municipal

WW (like polymeric carbohydrates, proteins, etc.). The presence of XB could poten-

tially harm anaerobic-feast - aerobic-famine conditions and therefore limitmicrobial

selection in AGS-SBR operation (de Kreuk et al., 2010; Derlon et al., 2016; Jabari et

al., 2016; Wagner et al., 2015b). For the application of AGS for the treatment of mu-

nicipal WW it is therefore key to understand the e�ect of X B on AGS systems.
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1.5. Objectives

The main objective of the thesis was thus to understand the e�ect of XB on the mech-

anisms of formation, process performance, stability and microbial community composi-

tion of AGS systems (Figure 1.2). The research questions were:

(1) How is XB physically retained during AGS-SBR operation (short-term)?

(2) What are the microbial X B utilisation pathways in AGS-SBR operation (short-

term)?

(3) What is the e�ect of in�uent WW composition in terms of di�usible and non-

di�usible organic substrate on start-up, settling performance, nutrient removal

and microbial community of AGS systems (long-term)?

(4) Why is simultaneous nitri�cation-denitri�cation (SND) limited in AGS systems

treating municipal WW (short and long-term)?

1.6. Thesis outline

The thesis was structured as a cumulative dissertation, and split into 7 chapters. Chap-

ter 1 contains the introduction, research questions and outline of the PhD thesis. Chap-

ter 2 focused on the short-term,i.e., SBR cycle duration, physical interaction between

XB and AGS, i.e., before microbial conversion of XB is initiated, during anaerobic

plug-�ow and aerobic fully mixed conditions. Chapter 3 focused on the microbial con-

version of XB in AGS systems during anaerobic plug-�ow feeding and aerobic fully

mixed conditions (short-term) using a mathematical model implemented in SUMO® .

Chapter 4 focused on the e�ect of in�uent WW composition in terms of di�usible and

non-di�usible (X B ) organic substrate on the formation, performance, nutrient removal

and microbial community development of AGS. Therefore, four AGS systems were

inoculated with conventional activated sludge, started up and operated for 400 d in

parallel. Similar operating conditions were applied, but di�erent in�uent WW charac-

terised by di�erent levels of complexity (from X B -free 100%-VFA synthetic to X B -rich

municipal raw WW) were fed to the reactors. Chapter 5 aimed at understanding what

mechanisms govern limited SND in AGS systems treating municipal WW, based on

long-term observations originating from Chapter 4 as well as a mathematical model

implemented in SUMO® . Chapters 6 and 7 contain an overall conclusion, as well as

an outlook of the PhD thesis.
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Figure 1.2.: Overview of the main objectives of the PhD Thesis.
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2.1. Abstract

Particulate substrate (X B ) is the major organic substrate fraction in most municipal

wastewaters. However, the impact of XB on aerobic granular sludge (AGS) systems

is not fully understood. This study evaluated the physical retention of XB in AGS se-

quencing batch reactor (SBR) during anaerobic plug-�ow and then aerobic fully-mixed

conditions. The in�uence of di�erent sludge types and operational variables on the ex-

tent and mechanisms of XB retention in AGS-SBR were evaluated. XB mass-balancing

and magnetic resonance imaging (MRI) were applied. During the anaerobic plug-�ow

feeding, most XB was retained in the �rst few cm of the settled sludge bed within the

interstitial voids, where X B settled and accumulated ultimately resulting in the for-

mation of a �lter-cake. Sedimentation and surface �ltration were thus the dominant

XB retention mechanisms during plug-�ow conditions, indicating that contact and at-

tachment of XB to the biomass was limited. XB retention was variable and in�uenced

by the XB in�uent concentration, sludge bed composition and up�ow feeding velocity

(vww ). X B retention increased with larger XB in�uent concentrations and lower vww ,

which demonstrated the importance of sedimentation on XB retention during plug-

�ow conditions. Hence, large fractions of in�uent X B likely re-suspended during aer-

obic fully-mixed conditions, where XB then preferentially and rapidly attached to the

�ocs. During fully-mixed conditions, increasing �oc fractions, longer mixing times and

larger XB concentrations increased XB retention. Elevated XB retention was observed

after short mixing times < 60 min when �ocs were present, and the contribution of

�ocs towards X B retention was even more pronounced for short mixing times< 5 min.

Overall, our results suggest that �ocs occupy an environmental niche that results from

the availability of X B during aerobic fully-mixed conditions of AGS-SBR. Therefore, a

complete wash-out of �ocs is not desirable in AGS systems treating municipal wastew-

ater.

Keywords: Aerobic granular sludge; municipal wastewater; particulate substrate;

plug-�ow feeding; attachment; �ocs
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2.2. Introduction

Our understanding of the e�ect of particulate organic substrate (XB ) on the forma-

tion, operation and overall process performance of aerobic granular sludge (AGS) re-

mains limited, despite many full-scale installations (Ali et al., 2019; Derlon et al.,

2016). Prior studies suggested that XB might have several di�erent e�ects on the be-

haviour and performance of AGS systems: (1) �oc formation and reduced settleability

(Derlon et al., 2016; Layer et al., 2019; Wagner et al., 2015b), (2) longer start-up dura-

tion (Layer et al., 2019; Wagner et al., 2015a), (3) reduced nutrient removal capability

(De Kreuk et al., 2010; Guimarães et al., 2018; Jabari et al., 2016), and (4) deteriora-

tion of e�uent quality due to an increased e�uent solids concentration (Rocktäschel et

al., 2015; van Dijk et al., 2018). However, the link between these observations and the

presence of XB in the in�uent wastewater (WW) is not well understood yet. Research

on the overall impact and utilisation pathways of XB on AGS systems is therefore nec-

essary.

XB represents a major fraction of the organic substrate present in municipal WW

(typically > 50%) (Metcalf and Eddy, 2014). Hydrolysis of XB is required prior to its

utilisation, which often is considered the rate limiting step in biological WW treat-

ment (Morgenroth et al., 2002). In AGS systems, an anaerobic feeding phase of 1-2

h duration - most of the time as plug-�ow - is typically applied (Pronk et al., 2015b).

However, such period of plug-�ow feeding is likely too short to allow for full hydrol-

ysis of XB (Jabari et al., 2016; Wagner et al., 2015b). Therefore, it is suspected that

some XB could �leak� into aerobic conditions in AGS operation. The presence of or-

ganic substrate in aerobic conditions favo urs the growth of �nger-type granules (De

Kreuk et al., 2010; Pronk et al., 2015a) or can even result in process breakdown due

to granule breakage (Sturm et al., 2004). However, �nger-type granules are rarely

observed in AGS systems treating municipal WW (Derlon et al., 2016; Pronk et al.,

2015b). Rather, a noticeable growth of �ocs is actually observed, so that �ocs repre-

sent a substantial fraction of 10-20% of the AGS formed during treatment of munic-

ipal WW (Derlon et al., 2016; Layer et al., 2019; Pronk et al., 2015b; Wagner et al.,

2015a). The presence of �ocs in AGS is now acknowledged in full-scale installations

(Van Dijk et al., 2018), despite their origin is not well understood. AGS is therefore

step-by-step seen as hybrid system, where bio�lm (granules) and suspended biomass

(�ocs) coexist (Layer et al., 2019). Understanding the connection between in�uent XB

and the presence and role of �ocs is therefore required.

XB degradation is a three step process: (1) physical contact to biomass (physical XB
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retention), (2) initiation of enzymatic hydrolysis after contact to biomass, and (3)

further utilisation of hydrolysis products as readily biodegradable substrate (SB ) in

anaerobic (fermentation, storage), anoxic (denitri�cation) or aerobic (direct oxidation,

storage) processes. The present study focuses speci�cally on physical retention of XB .

Several aspects might hamper physical retention of XB in AGS in comparison to con-

ventional activated sludge systems: (1) distinct hydraulic conditions during anaerobic

plug-�ow feeding followed by aerobic fully-mixed conditions in SBR operation and (2)

the presence of both bio�lms (granules) and suspended biomass (�ocs) in AGS sys-

tems treating municipal WW. Figure 2.1 illustrates the possible pathways of XB re-

tention during anaerobic plug-�ow feeding (Figure 2.1A) and aerobic fully mixed con-

ditions (Figure 2.1B). Plug-�ow feeding from the bottom of the reactor into the set-

tled AGS bed could limit attachment through restricted contact between in�uent X B

and biomass. If XB then re-suspends during fully mixed conditions, it is hypothesized

that �ocs would have a competitive advantage in capturing XB , due to their much in-

creased adsorption capacity (Andreadakis, 1993) (Figure 2.1B). Understanding when,

i.e., during plug-�ow or fully-mixed conditions, and where, i.e., by �ocs or at the gran-

ules surface, XB is retained therefore needs to be clari�ed. In addition, it should be

clari�ed what external factors (operational, in�uent WW) in�uence X B retention in

AGS-SBR operation.

The main objective of this study was to better understand the fate of XB during AGS-

SBR operation and ultimately to get insights about the presence and role of �ocs in

AGS systems. Therefore, the focus was on evaluating (1) to what extent XB is re-

tained during anaerobic plug-�ow feeding and then during aerobic fully mixed con-

ditions, (2) to what extent is the retention of X B a�ected by operational variables (up-

�ow feeding velocity v ww , mixing time) and in�uent composition on X B retention in

AGS-SBR operation, and ultimately (3) to provide insights about the presence and

role of �ocs in AGS systems. Therefore, several di�erent retention tests under plug-

�ow and fully-mixed conditions were conducted. Di�erent types of biomass or mimics

of biomass (AGS fed with acetate / propionate, glass beads, AGS fed with municipal

WW, activated sludge �ocs) and the e�ect of di�erent v ww during plug-�ow feeding

and mixing time during fully-mixed conditions were tested. Real municipal WW par-

ticles were used as XB source, and COD mass-balances were conducted to quantify the

extent of XB retention in the di�erent experiments. In addition, magnetic resonance

imaging (MRI) was used to identify the mechanisms of XB retention during plug-�ow

feeding.
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Figure 2.1.: Hypothesized fate of XB during (A) anaerobic plug-�ow and (B) aerobic fully mixed
conditions. Case (A) illustrates the hypothesised transport and retention pathways of X B

during anaerobic plug-�ow feeding (retention through sedimentation and surface �ltration
without much contact or attachment to biomass). Under fully mixed conditions (B) it is

hypothesized that X B preferentially attaches to �ocs rather than granules.
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2.3. Materials and Methods

2.3.1. Experimental approach

Both plug-�ow , MRI and fully-mixed tests were conducted to evaluate the fate of XB
in AGS-SBR operation (Table 2.1). Primary e�uent WW of the WW treatment plant

(WWTP) of Eawag (Dübendorf, Switzerland) was used as the source of XB during

all tests. Anaerobic or anoxic redox conditions were kept during all tests in order to

minimize degradation of XB .

Table 2.1.: Details of the experimental approach, questions addressed and experimental variables.

Hydraulic
condition

Speci�c question addressed Independent variables

Plug-�ow
test

Plug-�ow - Extent of X B retention dur-
ing anaerobic plug-�ow feed-
ing?

- Sludge-bed composition (ac-
tivated sludge �ocs, real AGS,
large granules, glass beads, or no
biomass)

- E�ect of sludge bed type,
vww and wastewater composi-
tion on X B retention?

- Up�ow velocity within the reac-
tor (v ww = 1.0 � 5.0 m h -1 )

- XB retention distribution
over bed height?

- Fixed (13 cm) or variable sludge
bed height (0-20 cm)

MRI Plug-�ow - X B retention during plug-
�ow feeding: attachment or
sedimentation in interstitial
void space?

-

Fully-
mixed
test

Fully-
mixed

- XB retention during aerobic
fully-mixed conditions?

- Biomass type (increasing frac-
tions of activated sludge �ocs (0-
100%) and large granules (100-0%)
in 25% increments)

- E�ect of mixing time on X B

retention?
- Mixing time (0.5 � 180 min)

- Does XB attach to �ocs,
granules or both?

2.3.2. Experimental set-up

Plug-�ow tests

Plug-�ow tests were conducted to quantify XB retention during anaerobic plug-�ow

feeding (Figure 2.2A). Tests with di�erent sludge beds of similar height (13 cm) were

�rst conducted: empty bed (no biomass), activated sludge �ocs, AGS fed with munic-

ipal WW (named �AGS Eawag�), and glass beads (2 mm) (see images of the di�er-

ent sludge in Supplementary Information Figure �g. A.1A,C). Di�erent v ww (1.0 - 5.0
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m h-1) and XB in�uent concentration (variable) were tested (Table 2.1). Tests with

variable bed height (0-20 cm) were then conducted to better understand the distribu-

tion of X B retention over the sludge bed height (Table 2.1). Low and medium vww (1,

2.5 m h-1) and �lter-bed composed of glass beads (d = 2 mm) were tested. In parallel

to the tests with real WW X B as in�uent, blank plug-�ow tests were conducted (tap

water injection instead of real WW) to account for X B loss from the �lter-bed dur-

ing feeding. Columns with 2.5 and 5 cm inner diameter (working volume of 393 and

1963 mL, height of 82 and 100 cm, respectively) were used. The volume-exchange ra-

tio (VER) was 1.3 during the plug-�ow tests and the sludge volume after 30 min of

settling (SV30) was 130 mL L-1. Very high VER > 1.0 was used to make sure that

some in�uent WW would exit the column through the e�uent. The procedure of the

plug-�ow tests was as follows:

Step 1: Addition of sludge to the column to a targeted bed height of 13 cm (�xed

sludge bed height tests) or variable from 0.5 to 20 cm (variable sludge bed

height tests) after 20 min of settling. A settling duration of 20 min was

su�cient to ensure a complete settling of the sludge during all tests. Su-

pernatant removal above settled sludge bed using drainage ports.

Step 2: 1st tap water injection from the bottom of the column using a peristaltic

pump to re�ll the column (Heidolph, Germany). Second settling phase (20

min). Tap water was injected to re�ll the reactor, in order to mimic simul-

taneous �ll-draw mode (constant volume operation), typically applied in

full-scale AGS systems during feeding.

Step 3: Injection of 500 or 2500 mL (for small and large column, respectively)

a) WW from the bottom of the reactor (normal plug-�ow tests) with di�er-

ent vww (1.0-5.0 m h-1), e�uent collection.

b) Tap water from the bottom of the reactor ( blank plug-�ow tests) with

di�erent v ww (1.0-5.0 m h-1), e�uent collection.

Step 4: 2nd tap water injection, drainage and collection of column supernatant.

Fully-mixed tests

Fully-mixed tests were conducted to analyse XB retention under fully-mixed condi-

tions, representative of the aerobic phase of AGS systems (schematic Figure 3.2B).
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Figure 2.2.: Schematic of procedure and sampling points during plug-�ow tests (A) and fully-mixed
tests (B). Underlined and bold measurement points indicate tests with WW addition,

green measurement points indicate blank-tests without WW addition.
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The approach was based on Modin et al., 2015 and Jimenez et al., 2005. The in�u-

ence of sludge composition, mixing time and in�uent XB concentration was evaluated

(Table 2.1). The sludge was composed of di�erent ratios of large granules (> 1 mm)

0-100% and �ocs 100-0% in increments of 25% (see images of the di�erent sludge in

Supplementary Information Figure �g. A.1B,D). Mixing times of 0.5, 5, 10, 60, 180

min and variable in�uent X B concentrations were evaluated. Allfully-mixed tests were

conducted for a de�ned sludge composition.Blank fully-mixed tests were in addition

conducted (tap water instead of real WW) to account for XB loss from biomass. The

procedure of thefully-mixed tests was as follow:

Step 1: Addition of 300 mL of biomass to 1 L glass beakers, with a target total

suspended solids (TSS) concentration of 4 gTSS L-1.

a) Addition of 700 mL of WW (normal fully-mixed tests)

b) Addition of 700 mL of tap water ( blank fully-mixed tests)

Step 2: Mixing for 0.5, 5, 10, 60 or 180 min. The mixing velocity gradient (G)

was set to 3.3 s-1 using an apparatus with propellers, similar to the G-

values maintained during aeration in the long-term lab-scale experiments

performed at Eawag (Layer et al., 2019; Supplementary Information ap-

pendix A.2).

Step 3: Settling for 30 min in order to separate biomass and supernatant.

Step 4: Collection of 50 mL of supernatant 9 cm underneath the water surface.

Analytical methods

TSS was quanti�ed using standard methods (APHA, 2005). Sludge was separated us-

ing sieves of 0.25 mm (to separate �ocs< 0.25 mm from granules> 0.25 mm) or 1

mm (to separate large granules> 1 mm from small granules, �ocs and debris). Siev-

ing of the di�erent sludge fractions was performed by gently pouring the sludge into

the sieve, and then washing the sieve with additional tap water. The particles retained

by the sieve were collected by back-washing the cake that formed on the sieve with

tap water. Size fractions were then quanti�ed using TSS measurements. Total and sol-

uble COD was measured using cuvette tests (LCK 114, 314, Hach-Lange, Germany,

Kits). X B was de�ned as the di�erence between total and soluble COD, measured af-

ter �ltration at 0.45 � m using membrane �lters (Macherey Nagel, Nanocolor Chro-

ma�l membrane�lter GF/PET 0.45 � m, Germany). Samples were collected in 50 mL
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vials and homogenized for 1 min at 10'000 rpm (Ultra-Turrax, Ika, Germany) prior to

total COD measurement. In our study, XB refers to all COD fractions larger than 0.45

� m, including biodegradable and unbiodegradable fractions of particulate COD and

possibly a fraction of the colloidal COD (Levine et al., 1985).

Calculations

COD mass-balances were performed to calculate XB retention (%) during plug-�ow

tests (Equation (2.1)) and fully-mixed tests (Equation (2.2)). The mass-balance of

plug-�ow tests takes into account mass of XB from in�uent, e�uent, supernatant and

is corrected for the mass of XB that is detached during the tests (from blank plug-�ow

tests), Equations (2.1) and (2.2), Figure 2.2A.

f X B;P F;retained =
M B;injected � M B;non � reatained + M B;detached

X B;injected
� 100[%] (2.1)

f X B;P F;retained

=
X B;in � Vin � X B;ef f � Vef f � X B;col � Vcol + X B;ef f;det � Vef f;det + X B;col;det � Vcol;det

X B;in � Vin
� 100[%]

(2.2)

where XB,in is the XB in�uent concentration and Vin is the injected volume into the

column, XB,e� is the XB e�uent concentration, V e� the e�uent volume, X B,col is the

XB concentration in the column supernatant, Vcol the volume of the column super-

natant, X B,e�,det is the detached XB concentration in the e�uent during blank plug-

�ow tests, Ve�,det the e�uent volume during blank plug-�ow tests, XB,col,det is the de-

tached XB concentration of the column supernatant during blank plug-�ow tests and

Vcol,det the volume of the column supernatant during blank plug-�ow tests.

The fully-mixed tests mass-balance takes into account the mass of XB which was added

via WW, supernatant after a certain mixing time and is corrected for detaching mass

of XB (from blank fully-mixed tests), Equations (2.3) and (2.4), Figure 2.2B.

f X B;mix;retained =
X B;injected � X B;non � retained � X B;detached

X B;injected
� 100[%] (2.3)

f X B;mix;retained =
X B;in � Vin � X B;sup � Vsup + X B;sup;det � Vsup;det

X B;in � Vin
� 100[%] (2.4)

where XB,in is the XB concentration of the primary e�uent WW added and V in is the

volume of the primary e�uent WW added to the beaker at t=0 min (0.7 L), X B,sup is

the XB concentration of the supernatant after mixing for a given time and additional
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30 min of settling, Vsup the total supernatant volume (1 L), X B,sup,det is the XB su-

pernatant concentration during blank fully-mixed tests, and Vsup,det the supernatant

volume during the blank fully-mixed tests(1 L).

The Reynolds number was calculated according to Equation (2.5)

Re =
v � d

�
(2.5)

where v is the up�ow feeding velocity (m s-1), d the characteristic length (granule or

glass-bead diameter during plug �ow and magnetic resonance imaging tests) and� the

kinematic viscosity of water (1.003E-06 m2 s-1 at 20� C).

Statistical analysis

Multivariate linear regression analysis was performed to identify the contribution of

variance of independent variables on the variance of XB retention (f XB,PF,retained and

fXB,mix,retained were the target variables) during �xed bed height plug-�ow tests and

fully-mixed tests. All data (independent and target variables) comprising plug-�ow

tests or fully-mixed tests were combined. The analysis was performed using ANOVA

(Kaufmann and Schering, 2014) implemented in R (Version 3.6.0, R-Core-Team, 2018).

2.3.3. Magnetic Resonance Imaging (MRI)

MRI was used to di�erentiate between particles, granules, and void space during plug-

�ow feeding of a settled granular bed. MRI characterisations were carried out on a

200 MHz nuclear magnetic resonance spectrometer (Bruker Avance 200 SWB, Bruker

BioSpin GmbH, Germany). The container (15.4 mL) was �lled with fresh granules

(d � 1 mm, sieved) cultivated in SBRs fed by acetate / propionate. Granules were

collected after approx. 1 year of steady operation (Layer et al., 2019), and granular

biomass was characterised by d> 1 mm resembling over 95% of biomass (TSS based).

A low vww of 0.39 m h-1 was set during MRI tests to avoid channel formation, which

is much lower than typically applied vww of 2 m h-1 in AGS operation (Derlon et al.,

2016). The XB source during MRI tests was sieved (dp = 28 - 100 � m) municipal raw

WW with TSS of 4.7 g L -1, collected at Eawag (Dübendorf, Switzerland), concen-

trated by centrifugation (3500 rpm, 10 min). A high concentration of TSS was nec-

essary to ensure good separation of particles and granules based on intensity by MRI.

A 1st and 2nd feeding were conducted in order to get an intermediary and �nal image

of XB retention during plug-�ow feeding. 24 and 9 mL of in�uent WW were fed during

the 1st and 2nd feeding, respectively.

33



Data analysis was performed using Matlab R2018b (MathWorks, USA) and Avizo 9.4

(Thermo Fisher Scienti�c, USA). The granular sludge bed was visualised with theT1-

weighted images (see Supplementary Information Figure �g. A.2, upper row). Accord-

ing to the signal intensity, particles appear the brightest, followed by granules and wa-

ter �lled void space. No signal (black) is obtained from exterior solid materials. For a

clear di�erentiation between granules and particles based on signal intensity, predom-

inantly T2-weighted images were conducted (see Supplementary Information Figure

�g. A.2, lower row), as the signal intensities of granules and particles were in a simi-

lar intensity range. A threshold value 6300 out of 215 intensity values was chosen for

predominantly T1-weighted images to separate granules and particles from void space

and exterior parts. For predominantly T2-weighted images a threshold value 5000 was

chosen to separate particles and exterior parts from granules and void space. The

combination of both binary images allowed for a clear determination and quanti�ca-

tion of the fractions. For a more detailed description of the applied method, please see

Ranzinger et al., 2020.

2.4. Results

2.4.1. Retention of X B during the anaerobic plug-�ow feeding of AGS

systems

How is X B retention in�uenced by in�uent WW composition, v ww and biomass type

in plug-�ow conditions?

XB retention was evaluated during plug-�ow tests (Figure 2.3). XB retention during

plug-�ow conditions varied between 10-90%. The concentration of XB in the in�uent

WW had major impact on X B retention. Biomass composition and applied vww in-

�uenced XB retention to a lesser extent. Increasing XB concentrations signi�cantly

increased XB retention (p = 2.48E-07), independent of biomass composition or ap-

plied vww . Speci�cally, high X B in�uent concentrations > 600 mg L-1 resulted in XB

retention > 60%. Biomass composition also a�ected XB retention during plug-�ow

conditions (p = 1.28E-03). In absence of a �lter bed (blank test) 10-52% of in�uent

XB were retained (Figure 2.3A). In presence of a �lter bed, overall XB retention is in-

creased to> 60% on average (Figure 2.3B-D). In addition, lower vww in general re-

sulted in higher XB retention (p = 0.022).
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Figure 2.3.: Retention of X B in percent COD during plug-�ow feeding for di�erent in�uent X B

concentrations and di�erent v ww (1.0 - 5.0 m h-1) with di�erent biomass compositions: A)
Blank (no sludge bed), B) Glass beads (diameter 2 mm), C) AGS Eawag and D) Flocs.
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How is X B distributed over the bed height during plug-�ow conditions?

A main question is where does the retention of XB occur within the settled bed of

AGS during plug-�ow feeding? Results from the plug-�ow tests with variable sludge-

bed heights indicated that a gradient of XB retention over the bed height existed (Fig-

ure 2.4). Hereby, large amounts of XB were retained at the bottom of the settled sludge

bed. The larger was the up�ow feeding velocity during the plug-�ow feeding, the deeper

was the penetration of XB and hence the lower was the gradient of XB retention within

the settled sludge bed. Low vww of 1 m h-1 led to increased XB retention at the bot-

tom of the sludge bed. Almost 70% of �nal X B retention occurred within the �rst 0.5

cm. On the other hand, higher vww of 2.5 m h-1 during feeding increased the pene-

tration depth of X B , thus resulting in a more homogeneous distribution of XB within

the bed. The �rst 0.5 cm of the settled sludge bed retained 30% of the �nal retention

in this case. Overall higher XB retention at v ww = 1 m h -1 were likely the result of a

higher in�uent X B concentration compared to the run at vww = 2.5 m h-1, which were

292 and 201 mg L-1 for vww = 1 and 2.5 m h-1, respectively. The Reynolds numbers

were 0.6 and 1.4 for vww of 1 and 2.5 m h-1, respectively.

Figure 2.4.: XB retention in percent COD during plug-�ow feeding at di�erent locations through a
sludge bed composed of glass bead (2 mm) at vww = 1 and 2.5 m h -1 . Primary e�uent
WW was composed of XB = 292 mg L -1 (vww = 1 m h -1 ) and X B = 201 mg L -1 (vww =

2.5 m h-1 ).
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Does XB attach to granules surface or accumulate within interstitial voids of the

sludge bed during plug-�ow conditions?

Our results from plug-�ow tests helped to quantify the extent of XB retention dur-

ing plug-�ow feeding and its spatial distribution over the height of the sludge bed. A

major aspect is however to better understand if XB is attached to the settled biomass

after feeding, or if it simply accumulated within the bed without much contact. MRI

tests were thus conducted to evaluate the spatial distribution of XB within the set-

tled granular sludge bed during anaerobic plug-�ow feeding. Results from MRI tests

demonstrated that XB accumulated within the interstitial voids in the �rst few cm of

the settled sludge bed, and that XB accumulation was actually a�ected by both sedi-

mentation and surface �ltration (Figures 2.5 and 2.6).

Most XB accumulated within the �rst 13 mm in vertical direction after the 1st feeding

(Figure 2.5A, white colour, Figure 2.6AB). Granules were pushed by the applied �ow,

creating channels and resulting in void space (Figure 2.5A). Moreover, XB hardly dis-

tributed horizontally within the granule bed. Instead, X B was located mostly in the

bottom of the chamber and additionally occupied the void space in vertical direction

extending the inlet (Figure 2.5A). Only minimal distribution of X B in the x- and y-

direction occurred despite the rather narrow chamber of the MRI, and no wall-e�ects

were visible. After the 2nd feeding XB occupied even more of the void space and was

distributed along the whole height of the chamber (Figure 2.5B). Occupation of the

void space by XB was indicated by large white-coloured areas / volumes surrounding

the preferential �ow channel, created by the inlet �ow in the centre of the column af-

ter the 1st and 2nd feeding (Figure 2.5, Figure 2.6A). The Reynolds number during

MRI tests was 0.1 assuming a granule diameter of d = 1.0 mm.

2.4.2. How is X B retained in fully-mixed conditions?

If large fractions of in�uent X B are retained within the settled sludge bed during anaer-

obic plug-�ow feeding but not binding to the granules, it is then likely that X B re-

suspends and becomes available for attachment in aerobic fully-mixed conditions for

both �ocs and granules in AGS systems.Fully-mixed tests were thus conducted to bet-

ter understand where XB does attach during mixed conditions,i.e., to granules or �ocs

(Figure 2.7). Results from the fully-mixed tests indicated that an increasing �oc frac-

tion in the AGS signi�cantly increased X B retention in fully-mixed conditions in AGS

systems (p< 1.0E-05), speci�cally in the �rst 60 min of mixing. Additionally, longer

mixing times as well as higher in�uent XB concentrations signi�cantly increased XB
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Figure 2.5.: Quanti�ed images after �rst (A) and second WW feeding (B). Quanti�ed images are 2D
sections out of the 3D measurements. XB particles (white), granules (grey), water �lled

void space (dark grey) and exterior parts (black) can be di�erentiated.

Figure 2.6.: (A) 3D image of X B particles inside the aerobic granular sludge bed. WW particles
(white), granules (grey), water �lled void space (dark grey) and exterior parts (black) can
be di�erentiated. (B) Relative volumetric distribution along the bed height after the 1 st

feeding, calculated from the 3D image.
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retention in AGS systems (all p < 1.0E-05).

Over 50% of the �nal X B removal was achieved during the �rst 30 secs of mixing if

�ocs were present in the biomass (Figure 2.7). Reduced XB retention was observed af-

ter 30 sec in absence of �ocs (> 20% less XB retention by 100% Granules, Figure 2.7A,

B). However, the longer the mixing time was, the smaller were the di�erences in over-

all X B retention between the di�erent biomass compositions. After 3 h of mixing XB

retention was 60-85% among all biomass compositions and high �oc fractions were less

important towards overall X B retention (p = 0.14) (Figure 2.7AB). It must be noted

that the total biomass concentration during fully-mixed tests was held constant, in-

dependent of di�erent granule-�ocs fractions, which further highlighted the impact of

�ocs on XB retention in mixes of granules and �ocs. In�uent X B concentration also

contributed to the overall level of XB retention. The increased XB in�uent concen-

tration of fully-mixed test B (196 mgCOD L-1, Figure 2.7B) led to overall higher XB

retention, independent of mixing time or biomass composition, when compared to the

lower XB in�uent concentration of fully-mixed test A (94 mgCOD L -1, Figure 2.7A).

2.5. Discussion

2.5.1. XB accumulates within the sludge bed during plug-�ow feeding but

does not attach to granules

Our �rst main result is that X B accumulated predominantly within the voids at the

bottom of the settled sludge bed, thus indicating that XB retention was governed by

sedimentation and surface �ltration during plug-�ow feeding (Figures 2.3 to 2.6). If

XB retention was governed by sedimentation and surface �ltration, it is then likely

that only a minor fraction of X B is actually in contact with the granules during anaer-

obic plug-�ow feeding (Figures 2.5 and 2.6; Ranzinger et al., 2020).

We propose that XB retention through sedimentation and surface �ltration during

plug-�ow feeding of AGS systems is a 3-step process, consisting of (1) channel forma-

tion, (2) settling of X B and (3) surface �ltration. Firstly, in�uent �ow causes slight

redistribution of granules, which locally enlarges void space and then forms channels

in upward direction within the settled sludge bed. Secondly, in�uent X B settles within

the channels. The channels are progressively �lled up by the settling of XB , ultimately

resulting in a �lter-cake. Thirdly, in�uent X B is then strained by the �lter-cake and

surface �ltration occurs (Maroudas and Eisenklam, 1965). With continuing in�uent

WW injection, the �lter-cake consisting of X B is being pushed upwards. Attachment
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Figure 2.7.: XB retention in percent COD in fully mixed conditions displaying e�ects of di�erent
granule / �ocs fractions for two di�erent runs (A and B). Mixing times varied from 0.5 to

180 min. Primary e�uent was used as X B source (XB concentration = 94 and 196
mgCOD L -1 for runs (A) and (B), respectively).
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of XB to the granules during plug-�ow feeding is thus limited. However, our results do

not allow us to conclude about actual contact between �lter-cake and the granule sur-

face, since the resolution of MRI is too coarse (Ranzinger et al., 2020). A minor frac-

tion of X B could thus be in contact to the granules during anaerobic plug-�ow feeding.

Our results also indicated that the in�uent X B concentration and up�ow velocity de-

termined the extent of XB retention during plug-�ow feeding. The up�ow feeding ve-

locities applied at pilot-scale but also in full-scale AGS system are ranging from 0.5 to

5 m h-1, with a typical value of 2 m h-1 when treating municipal WW (Derlon et al.,

2016; Pronk et al., 2015b; Wagner et al., 2015a). The settling velocity of in�uent XB

particles in the size range of 45-200� m in diameter is 0.8 - 16 m h-1 (speci�c gravity

1.2 kg L-1) or 4.0 - 75 m h-1 (speci�c gravity 2.0 kg L -1) (Johnson et al., 1996; Levine

et al., 1985; Stokes, 1851). The settling velocities of XB particles are in general larger

than the values of up�ow feeding velocities. However, the up�ow velocity of the in�u-

ent WW must be corrected for the porosity of the settled sludge bed, with a typical

value of 0.52 (Van Dijk et al., 2020). The actual up�ow velocity within the sludge bed

pores therefore increases by a factor of 1.9, to values of 1.0 - 9.6 m h-1. In general, the

actual up�ow velocities are in the same range as the settling velocities of in�uent XB

particles. However, large XB particles are strongly a�ected by sedimentation and could

therefore play an important role in the initial formation of a �lter-cake at the bottom

of the settled sludge bed. Smaller XB particles that are transported through advec-

tion could then be retained through surface �ltration by the �lter-cake (Maroudas and

Eisenklam, 1965). Higher XB concentrations usually coincide with larger particle di-

ameters (Sophonsiri and Morgenroth, 2004). In�uent WW composed of high XB con-

centrations will thus lead to increased settling of XB at the bottom of the sludge bed

and fast formation of a �lter-cake during the anaerobic plug-�ow feeding. The over-

all particle size distribution entering the AGS-SBR is determined by whether primary

treatment via primary clari�cation or a similar �ltration or sedimentation step is im-

plemented or not (Levine et al., 1991). Colloids (particles d< 1 � m) are prone to dif-

fusion, and can indeed di�use into the granules located at the bottom of the sludge

bed during plug-�ow feeding (Ranzinger et al., 2020). Retention of colloidal particles

is therefore governed by inherently di�erent mechanisms compared to retention of XB
particles, which cannot di�use into the bio�lm (Polson, 1950). It must be noted that

MRI tests were conducted using a very high XB loading, in order to increase the im-

age quality. Therefore results gained from MRI (Figures 5-6) likely overemphasised the

magnitude but not the occurrence of sedimentation and surface �ltration as XB reten-

tion mechanisms during plug-�ow feeding.
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We therefore propose that a large fraction of XB is retained at the bottom of the set-

tled sludge bed through sedimentation and surface �ltration and is thus not attached

to biomass. Combining limited attachment to biomass and slow hydrolysis in anaero-

bic plug-�ow feeding conditions suggests that large fractions of XB are not hydrolysed

during anaerobic plug-�ow feeding conditions (Henze and Mladenovski, 1991). Large

fractions of in�uent X B could therefore re-suspend once aerobic fully-mixed aerobic

conditions are applied (Ranzinger et al., 2020), in analogy to particle re-suspension

during backwash of granular media �lters (Amirtharajah, 1985).

2.5.2. Large fractions of X B are retained by �ocs during fully-mixed

conditions

Another main �nding of our study is that X B re-suspends during fully-mixed condi-

tions, e.g., once aeration starts, and is available for attachment onto both granules and

�ocs. A main question is whether XB will then attach preferentially to the �ocs or to

the granules.

During the �rst 60 min of mixing, the presence of �ocs increased XB retention by more

than 20%, in comparison to the �100% granules� case (Figure 2.7). We hypothesize

that X B retention is mostly achieved by �ocs through rapid attachment, due to the

very large speci�c surface area of �ocs (�ocs TSS fraction 20%, �ocs-to-granules sur-

face area ratio 939-to-1, Supplementary Information appendix A.4, Andreadakis, 1993;

Jimenez et al., 2005; Mihciokur and Oguz, 2016). Granules, on the other hand, have a

much smaller speci�c surface area and are much lower in number (Supplementary In-

formation appendix A.4). In addition, the surface of mature granules is often rather

smooth when �ocs are also present in the AGS, and granules do not o�er many lo-

cations for attachment in comparison to odd-shaped, rami�ed �ocs. Reduced XB re-

moval and decreased XB removal rates by bio�lm systems is linked to limited active

adsorption sites (Boltz and La Motta, 2007). We thus propose that �ocs have a com-

petitive advantage over granules to retain XB through attachment during fully-mixed

aerobic conditions, due to their physical structure despite their minor fraction in AGS

systems treating municipal WW (10-30% TSS-based; Layer et al., 2019). If XB is at-

taching rapidly and preferentially to the �ocs, only little X B is then left for attach-

ment onto the granules. Attachment of XB onto the granules was much slower com-

pared to XB attachment to mixtures of �ocs and granules, or solely �ocs (Figure 2.7).
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2.5.3. Practical implications

Attachment of X B was quite limited during anaerobic plug-�ow conditions, and full

retention of XB was then achieved in aerobic fully-mixed conditions. Retention of XB
during fully-mixed tests were performed using very high XB -to-biomass ratios (70/30

v/v), and �nal X B retention was > 80% in all tests. Thus, complete removal of XB

can be expected during the aerobic fully-mixed phase in full-scale AGS-SBR operation.

Flocs retained a large fraction of XB through rapid attachment after mixing was ap-

plied. Therefore, it is very likely that (1) X B will be fully hydrolysed within the SBR

cycle (Henze et al., 2000) and that (2) the majority of hydrolysis products are con-

sumed within the �oc micro-environment, too (Martins et al., 2011). Flocs will thus

always co-exist with granules in AGS systems as long as the WW contains organic

substrate in the form of XB . Aggressive wash-out of �ocs via short settling times still

is a common start-up and operational strategy in AGS-SBR operation (Adav et al.,

2008). We however propose that too aggressive wash-out of �ocs is neither desirable

nor expedient in AGS systems treating municipal WW, even at the cost of decreased

settling performance (Layer et al., 2019). It is likely that too high wash-out of �ocs

in AGS systems treating XB -rich municipal WW leads to increased XB attachment,

hydrolysis and utilisation by the granules. An increased aerobic utilisation of XB by

the granules would then result. Aerobic utilisation of organic substrate by the gran-

ules was linked to �lamentous outgrowth, loss of nutrient removal performance and /

or granule breakage and process failure, eventually (De Kreuk et al., 2010; Derlon et

al., 2016; Haaksman et al., 2020; Sturm et al., 2004). To date, it is still under debate

if �ocs have other important functions like, e.g., if their contribution towards nutrient

removal is signi�cant or negligible, and whether their presence is desirable or not (Ali

et al., 2019; Layer et al., 2019; Layer et al., 2020). Therefore, more research is required

on the speci�c function of �ocs in AGS systems treating municipal WW.

XB retention can be optimised bye.g. introducing an anaerobic-mixed phase after

plug-�ow feeding (Layer et al., 2019). An increased attachment of XB to �ocs and

granules during anaerobic conditions would be the result. However, prior research has

indicated that anaerobic hydrolysis of XB originating from municipal WW can be lim-

ited (Jabari et al., 2016). Thus, anaerobic XB degradation by introducing anaerobic-

mixing could be limited. Another option could aim at minimising X B in the in�uent

to the AGS stage through advanced pre-treatment such as micro-sieving or chemically

enhanced pre-treatment (Sancho et al., 2019). Pre-fermentation of captured XB in pri-

mary treatment could indeed enhance AGS performance in low-strength municipal
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WW conditions (Vollertsen et al., 2006; Yuan et al., 2020). However, more research

is required to identify feasible operational strategies and technologies to improve XB
retention and degradation in AGS-based WWTP.

Reynolds numbers calculated forplug-�ow tests indicated laminar �ow conditions dur-

ing plug-�ow feeding at lab-scale. It must be noted that turbulent �ow conditions

could occur during the feeding phase of a full-scale AGS-SBR, depending on the de-

sign of the in�uent WW distribution system, e.g., due to scarce injection nozzle distri-

bution. In such case, two distinct zones might exist, where the �rst zone (e.g., bottom

10-50 cm of the settled sludge bed) experiences turbulent �ow conditions and could

act as a �uidized bed. Within the �uidized bed attachment of X B to biomass could be

possible. The second zone above the �uidized bed would experience laminar �ow con-

ditions, where similar XB retention mechanisms as observed in our study likely occur.

However, to date no detailed information on full-scale AGS-SBR injection hydraulics

are available, and thus, considerations are highly speculative.

2.6. Conclusions

(1) During anaerobic plug-�ow feeding of AGS-SBR, XB is retained within the in-

terstitial voids of the settled sludge bed, but with minimal attachment. In the

subsequent fully-mixed phase XB then attaches preferentially to the �ocs.

(2) X B retention results from the combined mechanisms of sedimentation and sur-

face �ltration that occur at the bottom of the settled sludge bed during anaer-

obic plug-�ow feeding. Up to 70% of the �nal X B retention occurred within the

�rst 0.5 cm of the settled sludge bed. The attachment of XB onto the granules is

thus limited during anaerobic plug-�ow feeding.

(3) The extent of X B retention during plug-�ow feeding is determined by WW com-

position (in�uent X B concentration), vww and sludge bed composition. High in-

�uent X B concentrations and low vww increase XB retention.

(4) A large fraction of in�uent X B likely re-suspends during aerobic fully-mixed con-

ditions. Rapid X B retention after 0.5-60 min of mixing occurs if �ocs are present

in the biomass. Therefore, XB attaches preferentially to �ocs and only a small

fraction of X B attaches to granules.

(5) Flocs are an important biomass fraction in AGS systems treating municipal WW

rich in X B . Too high wash-out of �ocs is not desirable in those conditions.
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3.1. Abstract

Particulate organic substrate (XB ) represents a major fraction of organic substrate in

low-strength municipal wastewater (MWW). But hydrolysis, conversion and utilisa-

tion of X B in aerobic granular sludge (AGS) sequencing batch reactor (SBR) operation

is not well understood to date. Thus, we studied the fate of XB during AGS-SBR op-

eration, i.e., during which operational phases (anaerobic plug-�ow feeding or aerobic

fully-mixed conditions) and by which biomass fraction (granules or �ocs) microbial

turnover of X B occurs using a mathematical AGS model implemented in SUMO® .

The major fraction of in�uent X B (76%) leaked into the aerobic SBR phase, where

XB was then hydrolysed and oxidised aerobically by ordinary heterotrophic organ-

isms (OHO). A synergy between �ocs and granules concerning XB turnover was ob-

served. Flocs successfully competed for XB with granules, diverted aerobic XB hydrol-

ysis and utilisation from the granules and thus prevented excessive growth of OHO on

and within the granules, despite their minor biomass fraction (14% of total suspended

solids). Our simulations therefore suggested that �ocs are bene�cial for AGS systems

treating MWW. The mathematical model also indicated that the introduction of a

prolonged anaerobic mixing phase after plug-�ow feeding increased total nitrogen re-

moval as well as anaerobic hydrolysis and conversion of XB .

Keywords: Aerobic granular sludge; particulate substrate; hydrolysis; mathematical

modelling; �ocs
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3.2. Introduction

Municipal wastewater (MWW) is characterised by a complex mixture of organic sub-

strates, of which particulate organic substrate (XB ) represents the main fraction (typ-

ically > 50%) (Metcalf and Eddy, 2014). But despite interactions between aerobic

granular sludge (AGS) and XB are not fully understood yet (Layer et al., 2019; Layer

et al., 2020a), AGS is a well-established technology for the treatment of MWW today

(Ali et al., 2019). Readily biodegradable organic substrates (SB , and most importantly

volatile fatty acids (SVFA )) play a major role in the growth of slow-growing carbon-

storing organisms, which are proposed to play a key role in AGS formation, stabil-

ity and nutrient removal (de Kreuk and van Loosdrecht, 2004; Layer et al., 2019; Wei

et al., 2020). SB and SVFA needs to be available during anaerobic conditions to ben-

e�t the growth of slow-growing organisms in order to further favour formation and

stability of AGS. However, conversion of XB to SB through hydrolysis is limited in

anaerobic conditions (Henze and Mladenovski, 1991; Morgenroth et al., 2002). Addi-

tionally, binding of X B to biomass and hence hydrolysis of XB is quite limited during

anaerobic plug-�ow feeding (Layer et al., 2020a; Ranzinger et al., 2020), and thus hy-

drolysis and subsequent utilisation of XB in nutrient removal processes is expected to

be small (Jabari et al., 2016; Wagner et al., 2015). Low availability of organic sub-

strate during anaerobic plug-�ow feeding could thus limit the growth of slow-growing

organisms and result in low nutrient removal performance and decreased overall pro-

cess performance of AGS systems. Understanding how to promote the conversion of

XB into SB and SVFA to ultimately favour AGS formation is especially relevant for

low-strength MWW. Decreased anaerobic hydrolysis could also potentially result in

increased availability of organic substrate in aerobic conditions, which was previously

linked to �lamentous outgrowth on the granules surface (de Kreuk et al., 2010; Pronk

et al., 2015a), or even granule breakage, leading to process failure, eventually (Sturm

et al., 2004). Understanding the e�ect of low anaerobic availability and increased aero-

bic availability of organic substrate through the presence of XB in the in�uent WW on

AGS is limited and research is therefore required.

Also, AGS systems treating MWW are now recognized as �hybrid bio�lm - suspended

growth systems� (Layer et al., 2019; Wei et al., 2020). Flocs can however hamper the

settleability of AGS and thus partly diminish the bene�ts of AGS. The presence of

�ocs in AGS systems was previously observed in AGS systems treating wastewater

(WW) that contained a signi�cant fraction of X B (Derlon et al., 2016; Layer et al.,

2019; Wagner et al., 2015). XB cannot di�use into bio�lms like granules. In addi-
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tion, �ocs have a major role in XB hydrolysis in bio�lm systems or in removing X B

through attachment during fully-mixed conditions in AGS systems (Janning et al.,

1998; Larsen and Harremoës, 1994a; Layer et al., 2020a). However, it remains un-

clear what the speci�c role of �ocs is in XB hydrolysis, conversion and utilisation, and

whether �ocs might bene�t the overall AGS system if X B is present in the in�uent

WW.

The main goals of this study were therefore to (1) determine how much in�uent XB is

hydrolysed in anaerobic vs. aerobic conditions, (2) understand what the role of �ocs

is in XB conversion, (3) to elaborate the main XB conversion pathways and (4) to un-

derstand how anaerobic XB conversion and utilisation can be enhanced in AGS-SBR

operation. Therefore, a mathematical AGS model was used to obtain those goals. The

model consisted of a biokinetic model including competition between phosphorus and

glycogen accumulating organisms (PAO and GAO, respectively), a bio�lm model that

determines mass-transfer between bulk and granular bio�lm as well as within the gran-

ular bio�lm, and a reactor model that allows modelling of di�erent hydraulic condi-

tions (plug-�ow, fully-mixed), as well as settling of �ocs and granules. Sensitivity anal-

ysis on parameters a�ecting mass-transfer of XB was performed, too.

3.3. Materials and Methods

3.3.1. Mathematical modelling

Model description

The Eawag AGS model and implemented in SUMO® software (Version 19, Dynamita,

France). The model consisted of (1) a bio�lm model, (2) a biokinetic model (Varga et

al., 2018) and (3) a reactor model. Here, only a brief overview of the biokinetic and

bio�lm models and a detailed description of the reactor model is provided.

Bio�lm model:

The SUMO® bio�lm model (SumoBioFilm) considers the bio�lm thickness as �xed

(input variable). The granule (bio�lm) compartment is modelled as a sphere subdi-

vided into 6 layers. To increase the resolution of mass-transfer processes at the granule

surface, the thickness of the 4 outer layers was �xed to 25� m, while the remaining 2

inner layers were 325� m in thickness (Layer et al., 2020b). The mass-transfer mech-

anisms included in the bio�lm model are (1) di�usion of soluble and colloidal com-

pounds (Si , Ci) between all compartments (bulk and granule layers 1 to 6), (2) dis-

placement of particulate compounds (Xi), (3) attachment of X i from the bulk to the
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granule surface layer and (4) internal transfer of Xi between the granule layers. Trans-

port of X B is therefore determined by exchange between the bulk and granule surface

layer through attachment (X B transport from the bulk onto granule surface) and dis-

placement (XB transport from granule surface to the bulk). In addition, mass transfer

between bulk and granule surface by attachment and displacement are a function of

the granule size (or granule surface area) (Supplementary Information D.2 and Ta-

ble D.12). In addition, mass transfer between bulk and granule surface by attachment

and displacement are a function of the granule size (or granule surface area) (Layer et

al., 2020b).

Biokinetic model:

The biokinetic model used in this study (Sumo1, Varga et al., 2018, Supplementary

information Table B.1) considers the processes (1) chemical oxidation demand (COD)

removal, (2) 1-step nitri�cation and denitri�cation, (3) fermentation and (4) enhanced

biological phosphorus removal (EBPR) based on PAO - GAO competition. The EBPR

model includes competition for storable substrate (as SVFA ), which can be stored as

XSTO,PAO and XSTO,GAO by PAO and GAO, respectively. Additionally, fermentation is

performed by PAO and OHO. Growth of PAO and GAO on X STO,PAO and XSTO,GAO

does occur in aerobic or anoxic conditions on O2 or NOx-N, respectively. The bioki-

netic model was adapted to distinguish between in�uent XB and internally produced

XB (from endogenous decay of biomass), and in order to follow the further utilisation

of in�uent X B products after hydrolysis (SB ) and fermentation (SVFA ). Therefore, a

separation of variables was introduced (Figure 3.1). Three new state variables were

added (Equations (3.1) to (3.3)).

X B = X B;in + X B;rest (3.1)

SB = SB;XB;in + SB;rest (3.2)

SV F A = SV F A;XB;in + SV F A;rest (3.3)

Also, the stoichiometric coe�cients ( � i) of the separated state variables were adjusted

so that their sum is equal to the original stoichiometric coe�cient (Equation (3.4)).

� i;X B = � i;XB;in + � i;XB;rest (3.4)
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Figure 3.1.: General fate of biodegradable COD fractions SVFA , SB , CB (colloidal biodegradable
substrate) and X B after separation of variables in the biokinetic model used in this study.
Fractions of in�uent total COD were taken from standard in�uent fractionation provided

by SUMO ® (see Table 3.3).
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Reactor model:

The reactor model consisted of an assembly of 4 sub-reactor AGS process units. Each

sub-reactor was modelled as a completely stirred tank reactor (CSTR). The in-series

organisation of those 4 sub-reactors created a 2-D model of bulk-liquid hydrodynam-

ics approaching plug-�ow (Boltz et al., 2017). An individual particle settling model

was implemented for the granules and for the �ocs a settling model consisting of �oc-

culated, hindered and compressed settling was implemented. The model allowed for

operation at constant volume during plug-�ow feeding in simultaneous �ll-draw mode,

and variable volume during excess sludge removal. Excess sludge was removed selec-

tively, i.e., only from the bulk compartment from the second sub-reactor from the bot-

tom. In the following, the key features of the reactor model are listed and explained in

detail.

(1) Solid retention time (SRT) control:

The target SRT was calculated based on Equation (3.5).

SRTtarget =
T SSr � Vr

T SSbulk � Qex + T SSef f � Qef f
(3.5)

TSSr is the TSS concentration in the reactor (gTSS L-1), V r is the reactor volume (L),

TSSbulk and TSSe� are the TSS concentration in the bulk and e�uent, respectively

(gTSS L-1) and Qex and Qe� are the excess sludge and e�uent withdrawal �ow rate

(L d -1). Qex was adjusted by the model based on SRTtarget = 20 d. Excess sludge was

withdrawn only from the bulk compartment from the bottom-up sub-reactor.

(2) Settling model:

Additionally, a settling model was included. The settling of granules was calculated

according to stokes law for spherical particles (Stokes, 1851, Equation (3.6)).

vsett;gran = min
�

vbnd;gran ;
g � (� G � � H 2 O ) � (2 � zF )2

18 � � H 2 O

�
(3.6)

where vbnd,gran is the boundary settling velocity of granules (300 m d-1), g is the grav-

itational acceleration (9.81 m s-2), � G and � H2O are the mass density of the granules

and water (1020 and 998 kg m-3, respectively), zF is the granule's radius (0.75 mm)

and � H2O the dynamic viscosity (0.0001 kg m-2 d-1).
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The settling of �ocs was calculated using an extended Vesilind model with �occu-

lated and hindered settling (Takács et al., 1991) and additionally compression (Equa-

tion (3.7)).

vsett;f locs = min (vmax ; comprcorr � vbnd � exp(� r hin � X T SS; 0) � exp(� r f loc � X T SS; 0)) (3.7)

where vmax is the maximum Vesilind settling velocity (220 m d-1), vbnd the bound-

ary settling velocity (220 m d-1), X TSS,0 = X TSS,bulk - XTSS,non-settleable the e�ective

solid concentrations (g m-3), X TSS,bulk the actual bulk solids concentration (g m-3),

XTSS,non-settleable the non-settleable solids concentration (20 g m-3), rhin and r�oc are

coe�cients for hindered and �occulent settling (0.0005 and 0.015 m3 g-1, respectively).

The model accounted for the e�ect of compression with addition of a boundary com-

pression concentration comprcorr (g m-3) (Equation (3.8)).

comprcorr = min (1; exp(r compr � (� X T SS;bulk + compron ))) (3.8)

Where rcompr is the coe�cient of compression (0.0006 m3 g-1), X TSS,bulk the actual

bulk solids concentration (g m-3) and compron the boundary compression concentra-

tion (8000 g m-3).

(3) Washout conditions:

Settling can occur during simultaneous �ll-draw operation, thus allowing for washout

of bulk biomass during plug-�ow feeding with the e�uent. If v sett,�ocs � vfeeding, �ocs

will be washed out of the reactor. The total volume of granules is constant and thus,

granules cannot be washed out of the system. Similarly, the distribution of �ocs /

granules during settling / feeding is altered within the di�erent sub-reactors. Flocs

/ granules will settle towards the bottom of the reactor assembly, but can be trans-

ported to upper sub-reactors if the vfeeding exceeds vsett,�ocs / v sett,gran , respectively.

vfeeding is calculated from the reactor geometry and the in�uent �ow rate set by the

user.

(4) Sludge bed strati�cation:

In order to correctly predict the sludge bed strati�cation during settling and during

the plug-�ow feeding (granules at the bottom, �ocs above granules) the size of the bot-

tom sub-reactor was decreased to 750 m3 (15% of total reactor volume) in order to

maximise the content of granules in the bottom sub-reactor. Once the bottom sub-
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reactor is full of granules, �ocs cannot settle anymore into the bottom sub-reactor.

Standard model parameters

The key parameters of the standard model are listed in Tables 3.1 to 3.3.

Table 3.1.: Standard SBR cycle parameters
Parameter Value [unit]
Total cycle duration 6 h
Anaerobic Feeding Phase Plug-�ow, 1.5 h, v ww = 1.67 m

h-1 , settling granules/�ocs ON
Aerobic Phase Fully mixed, 4 h, constant dis-

solved oxygen (DO) concentra-
tion = 2.0 mg L -1 , settling gran-
ules/�ocs OFF

Settling Phase Settling granules/�ocs ON, 0.5 h
Wasting Phase 0.1 h, as part of the settling phase

and selectively from middle-down
sub-reactor to achieve a SRTtarget

= 20 d, settling granules/�ocs ON
Volume-exchange-ratio
(VER)

50%

Volumetric-loading-rate
(VLR)

2 m3 m-3
reactor d-1

Hydraulic retention time
(HRT)

12 h

Table 3.2.: Standard bio�lm model parameters (only key parameters)
Parameter name Value [unit]
Bio�lm layers 6
Granule radius 750 � m
Thickness of 4 outer granule
layers

0.25 � m (Layer et al., 2020b)

Initial net volume occupied
by the granules (determines
steady-state fraction of �ocs)

0.06 m3
granules m-3

reactor
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Table 3.3.: Standard in�uent WW composition
Total in�uent concentrations Unit
Total COD 420 mgCOD L -1

Total Kjeldahl Nitrogen (TKN) 34.4 mgN L -1

Total phosphorus (TP) 4.3 mgP L -1

In�uent fractions
Filtered COD fraction (incl. colloids, VFA) 40.5 %
Filtered �occulated COD fraction (incl. VFA) 20.2 %
VFA fraction of �ltered COD 11.8 %
Unbiodegradable �ltered COD fraction 11.8 %
In�uent particulate inert COD fraction 14.0 %
In�uent heterotrophic fraction of COD 5.0 %
In�uent endogenous products fraction of OHOs 20.0 %
Unbiodegradable fraction of in�uent colloids 20.0 %
Ammonia fraction of TKN 69.8 %
Phosphate fraction of TP 58.1 %
N fraction of �ltered biodegradable COD 4.0 %
N fraction of unbiodegradable COD 1.0 %
P fraction of �ltered biodegradable COD 1.0 %
P fraction of unbiodegradable COD 0.1 %
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Modelling scenarios

Di�erent simulations were performed to answer the overall research questions and un-

derstand the system behaviour and sensitivity of key parameters in�uencing XB con-

version (Table 3.4).

Table 3.4.: Modelling scenarios
Scenario Name Speci�c question addressed Parameter Parameter range (STD

indicates default scenario
value)

Fraction of �ocs How does the fraction of
�ocs in�uence X B conver-
sion?

Initial frac-
tion of granules
(fV,granules,0 )

0.01, 0.02, 0.03, 0.04,
0.05, 0.06 (STD), 0.07,
0.08, 0.09, 0.10, m3

granules

m-3
reactor

Optimisation
scenarios

To what extent can the
anaerobic XB utilisation be
enhanced?

Introduction of
an anaerobic
mixing (AM)
period

PF 60 min + AM 30 min
PF 60 min + AM 60 min

3.3.2. Calculations

The hydrolysis rate of Sumo1 was calculated according to Equation (3.9).

r HY D = qHY D;T �
X B

X BIO
X B

X BIO
+ K HY D

�
�

SO 2

K O 2;OHO + SO 2

+ � anox �
SNOx

K NOx;OHO + SNOx
�

K O 2;OHO

K O 2;OHO + SO 2

+ � anae �
K NOx;OHO

K NOx;OHO + SNOx
�

K O 2;OHO

K O 2;OHO + SO 2

�
� X BIO (3.9)

Where qHYD,T is the hydrolysis rate constant (2 d-1), X BIO the total biomass con-

centration (mg L -1), K HYD the hydrolysis half-saturation coe�cient (0.05 mg mg -1),

KO2,OHO the oxygen half-saturation coe�cient for OHO (0.05 mg L -1), K NOx,OHO the

nitrate+nitrite half half-saturation coe�cient of OHO (0.03 mg L -1), SNOx the nitrate

+ nitrite concentration (mg L -1), SO2 the dissolved oxygen concentration (mg L-1),

� anox and � anae the anoxic and anaerobic reduction factors, respectively (both 0.5).

The thickness of the granule surface layer (L1) and the hydrolysis rate of the granules

are closely related. The mass of microorganisms in L1 de�nes the extent of hydrolysis

by the entire granule, since XB can only be transported from the bulk to the granule
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surface layer via attachment, but not further into the granule (Layer et al., 2020b). In

addition, � anae is a crucial parameter determining anaerobic hydrolysis (Henze et al.,

2000; Henze and Mladenovski, 1991) and hence production of biodegradable organic

substrate from XB during anaerobic plug-�ow feeding, which is especially relevant in

EBPR (Jabari et al., 2016).

The aerobic, anoxic and anaerobic conversion processes linked to in�uent XB were ex-

tracted directly from SUMO ® for each compartment (bulk and all granule layers).

Those conversion processes were: XB hydrolysis, SB fermentation by OHO, SB fermen-

tation by PAO, aerobic growth on SB by OHO, anoxic growth on SB by OHO, aerobic

growth on SVFA by OHO, anoxic growth on SVFA by OHO, storage of SVFA by PAO as

XSTO,PAO and storage of SVFA by GAO as XSTO,GAO .

3.3.3. Sensitivity analysis

A sensitivity analysis was performed on parts of the bio�lm model in�uencing X B

mass-transfer and conversion. The total aerobic XB hydrolysis and aerobic XB hydrol-

ysis performed by �ocs or granules were chosen as observed variables. The goal of the

sensitivity analysis was to understand to what extent default parameter values lead to

strong conclusions, or if the conclusions are highly sensitive to the default parameter

values that were used.

Attachment of X B to the granules can be quite limited, and contribution of �ocs and

granules to overall XB removal has been studied qualitatively, but precise rate expres-

sions or parameter values are not available to date (Layer et al., 2020a; Ranzinger et

al., 2020). Within the model, attachment of X B to the granule and distribution of X B

between bulk and granules is dictated by the attachment and displacement rates re-

spectively. Thus, sensitivity analysis was conducted on the rate coe�cients rattach and

rdisplace of the attachment and displacement rate, respectively, in order to understand

their in�uence on X B hydrolysis and conversion. In addition, previous work indicated

that modelling outcomes and the resolution of results of di�usion-limited processes like

simultaneous nitri�cation-denitri�cation were sensitive to the thickness of the �rst few

bio�lm layers (Layer et al., 2020b). Thus, sensitivity analysis on the thickness of the

�rst 4 granule layers (L 1-4) was performed to better understand if and to what extent

XB hydrolysis and conversion was in�uenced by L1-4.
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3.4. Results

3.4.1. How much X B is hydrolysed in anaerobic vs. aerobic conditions and

what is the contribution of �ocs?

Full hydrolysis and removal of XB was achieved during the SBR cycle (Figure 3.2A).

In�uent X B was continuously fed to the AGS-SBR during plug-�ow feeding, and dur-

ing this period only 24% of XB were hydrolysed by the total biomass,i.e., by the �ocs

and granules together. The contribution of �ocs and granules towards anaerobic hy-

drolysis was quite similar, namely, 12 and 12%, respectively. A major fraction of in�u-

ent XB thus leaked into the aerobic mixed phase (76%), and the contribution of �ocs

and granules towards aerobic hydrolysis was 41 and 35%, respectively. In anaerobic

plug-�ow conditions, X B was located in the bottom and second sub-reactor from the

bottom (Supplementary information Figure B.1). Thus, both �ocs and granules had

access to in�uent XB during plug-�ow feeding conditions, since granules were located

mostly in the bottom and �ocs mostly in the second sub-reactor from the bottom dur-

ing plug-�ow feeding (Supplementary information Figure B.1).

Figure 3.2.: (A) default plug-�ow 90 min, (B) plug-�ow 60 min + anaerobic mixing 30 min and (C)
plug-�ow 60 min + anaerobic mixing 60 min. The granule/�oc fractions were 86/14 %(A)

and 90/10% (B and C).

3.4.2. What is the role of �ocs in X B hydrolysis?

Overall anaerobic and aerobic XB hydrolysis by the total biomass was almost inde-

pendent among the �oc fractions (2-70%) tested, whereby ca. 20% of anaerobic and

80% aerobic XB hydrolysis occurred (Figure 3.3). However, the fraction of �ocs main-

tained in the AGS system strongly governed where XB hydrolysis occurred, i.e., in the
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bulk or at the granule surface. The larger the �oc fractions were, the larger was the

�ocs contribution towards X B hydrolysis in both anaerobic and aerobic conditions.

Once the fraction of �ocs exceeded 15%, the �ocs contribution to overall hydrolysis

exceeded the granules contribution. At �oc fractions of 30-50%, the contribution of

�ocs towards overall hydrolysis was already 70-90%. At low �oc fractions below 10 %

however, hydrolysis was mainly performed by the granules in anaerobic and aerobic

conditions, respectively.

Figure 3.3.: Contribution of total biomass, �ocs and granules to total X B hydrolysis in (A) anaerobic
plug-�ow and (B) aerobic fully-mixed conditions of the default scenario.

3.4.3. What are the main microbial conversion pathways of X B?

The major microbial conversion pathways of in�uent X B were investigated during

anaerobic plug-�ow and aerobic fully-mixed conditions for the default scenario. In ad-

dition, we distinguished where XB conversion occurred,i.e., in the �ocs, at the gran-

ule surface or in the deeper granule layers (Figures 3.4 to 3.6). Only 24% of in�u-

ent XB were hydrolysed during anaerobic plug-�ow conditions by granules and �ocs

combined. Fermentation of the hydrolysis product SB was performed mainly by the

granules (19% of in�uent X B ). Of the 12% that were produced through XB hydroly-

sis be the �ocs, 7% (normalised to in�uent X B ) di�used into the granules, where SB

was then fermented. The fermentation product SVFA was then mostly utilised by GAO
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in storage of XSTO,GAO and to lesser extent by PAO in storage of XSTO,PAO within

the deeper layers of the granules after being transported by di�usion. GAO were more

competitive in storing SVFA as XSTO,GAO over SVFA storage as XSTO,PAO by PAO (see

the full biokinetic model in Supplementary Information table B.1, and rate equations

of XSTO,PAO and XSTO,GAO storage by PAO and GAO, respectively in Supplementary

Information eqs. (B.1) and (B.2)). The competitive advantage of GAO for SVFA stor-

age results in increased carbon-storage of GAO in comparison to PAO.

Under aerobic conditions, the major fraction (76%) of in�uent X B was hydrolysed by

both �ocs (41%) and granules (35%). A total of 75 % of in�uent X B was utilised in

aerobic growth of OHO, mainly at the granule surface (38%), but also by the �ocs

(28%), indicating that a fraction of X B was hydrolysed by the �ocs and then utilized

by the biomass located on the surface and inside the granules.

We also analysed the e�ect of di�erent �oc fractions on aerobic utilisation of in�uent

XB in aerobic oxidation by OHO (Figure 3.7). The �oc fraction did not have an im-

pact on XB utilisation by the total biomass via aerobic oxidation by OHO in AGS-

SBR operation, indicated by 75-81% of in�uent X B being utilised via aerobic oxidation

by OHO by the total biomass. But the contribution of �ocs and granules towards aer-

obic oxidation by OHO was signi�cantly in�uenced by the �oc fraction. An increasing

�oc fraction diverted aerobic growth of OHO on in�uent X B away from the granules.

The �ocs exceeded the granule contribution towards aerobic growth of OHO at �oc

fractions of > 25% of TSS (Figure 3.7).

65



F
ig

ur
e

3.
4.

:
O

ve
ra

ll
sy

st
em

m
ic

ro
bi

al
co

nv
er

si
on

pa
th

w
ay

s
of

in
�u

en
t

X
B

in
A

G
S

-S
B

R
op

er
at

io
n

in
p

er
ce

nt
ag

e
of

to
ta

li
n�

ue
nt

X
B

fo
r

(A
)

an
ae

ro
bi

c
an

d
(B

)
ae

ro
bi

c
co

nd
iti

on
s,

re
sp

ec
tiv

el
y,

fr
om

th
e

de
fa

ul
t

sc
en

ar
io

.
D

ur
in

g
an

ae
ro

bi
c

co
nd

iti
on

s,
ca

.
5

%
of

fe
rm

en
te

d
S B

,X
B

in
ar

e
co

nv
er

te
d

to
S H

2
(h

yd
ro

ge
n)

(p
ro

ce
ss

no
t

sh
ow

n)
.

66



F
ig

ur
e

3.
5.

:
M

ic
ro

bi
al

co
nv

er
si

on
pa

th
w

ay
s

of
in

�u
en

t
X

B
ex

pr
es

se
d

as
p

er
ce

nt
ag

e
of

in
�u

en
t

X B
du

rin
g

an
ae

ro
bi

c
pl

ug
-�

ow
fe

ed
in

g
of

th
e

de
fa

ul
t

sc
en

ar
io

of
(A

)
bu

lk
,

(B
)

gr
an

ul
e

su
rf

ac
e

la
ye

r
(la

ye
r

1)
an

d
(C

)
gr

an
ul

e
la

ye
rs

2-
6.

A
to

ta
lo

f
25

%
of

X
B

hy
dr

ol
ys

is
o

cc
ur

re
d

in
an

ae
ro

bi
c

co
nd

iti
on

s
in

th
e

de
fa

ul
t

sc
en

ar
io

.

67



F
ig

ur
e

3.
6.

:
M

ic
ro

bi
al

co
nv

er
si

on
pa

th
w

ay
s

of
in

�u
en

t
X

B
ex

pr
es

se
d

as
p

er
ce

nt
ag

e
of

in
�u

en
t

X B
du

rin
g

ae
ro

bi
c

fu
lly

-m
ix

ed
co

nd
iti

on
s

of
th

e
de

fa
ul

t
sc

en
ar

io
of

(A
)

bu
lk

,
(B

)
gr

an
ul

e
su

rf
ac

e
la

ye
r

(la
ye

r
1)

an
d

(C
)

gr
an

ul
e

la
ye

rs
2-

6.

68



Figure 3.7.: Percentage Fraction of in�uent X B utilised in aerobic oxidation by OHO for di�erent �oc
fractions (2-70%) and for total biomass, as well as for biomass located in the �ocs,

granules, and individually for granule surface layer (layer 1) and granules layers 2-6.

3.4.4. To what extent can operating conditions be optimised to enhance

anaerobic X B utilisation in AGS-SBR operation?

If only small fractions of in�uent X B were utilised during anaerobic conditions for

carbon-storage processes, a main question is then how those utilisation pathways can

be enhanced. The introduction of an anaerobic mixing phase after a shortened plug-

�ow feeding (PF 60 min + AM 30 min scenarios) did not increase anaerobic XB hy-

drolysis and decreased utilisation via carbon-storage compared to the default scenario

(Figure 3.2B, Table 3.5). PF 60 min + AM 30 min led to increased denitri�cation dur-

ing anaerobic mixing and decreased e�uent TN concentration due to mixing remain-

ing NOx-N from the previous SBR cycle with electron-donor from the in�uent WW.

However, increased electron-donor (SB and SVFA ) utilization in denitri�cation also led

to decreased SVFA storage in XSTO,PAO and XSTO,GAO by PAO and GAO, respectively.

Hence e�uent TP concentration slightly increased due to decreased EBPR (Table 3.5).

The optimisation scenario PF 60 min + AM 60 min however indicated a signi�cant in-
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crease of in�uent XB hydrolysis and fermentation by over 30% (Figure 3.2C,Table 3.5).

Storage of SVFA based on conversion products of in�uent XB was increased by 25%

compared to the default scenario, too. As a result of contact between in�uent WW

and NOx-N due to anaerobic mixing and prolonged anaerobic (and anoxic) time, a de-

crease in e�uent TN by 4 mg L -1 and 15% less XB leakage to aerobic conditions were

observed, too. The �ocs contribution to the di�erent conversion pathways of in�uent

XB did not change signi�cantly between the di�erent scenarios. A prolonged 120 min

plug-�ow feeding did not lead to increased XB hydrolysis and conversion (results not

shown).

Table 3.5.: E�uent quality and in�uent X B conversion pathways in anaerobic conditions for the
default case (plug-�ow 90 min) and the scenarios plug-�ow 60 min + anaerobic mixing

30/60 min.

Scenario Default
PF 60 min
+ AM 30 min

PF 60 min
+ AM 60 min

E�uent quality
Total nitrogen mgN L -1 15.1 11.9 11.2
Total phosphorus mgP L -1 1.1 1.6 1.0
Anaerobic utilisation
pathway
XB hydrolysis
(�ocs contrib.) [%]

24.1 (12.0) 25.2 (11.0) 37.1 (16.2)

SB fermentation to S VFA

(�ocs contrib.) [%]
19.0 (3.2) 14.2 (1.3) 27.3 (3.7)

SVFA storage
(�ocs contrib.) [%]

14.4 (0.9) 10.2 (0.2) 20.5 (0.9)

Anoxic OHO growth on S B

and SVFA (�ocs contrib.) [%] 4.1 (3.7) 10.0 (4.3) 9.5 (4.3)
Aerobic utilisation
pathway
Aerobic OHO growth on S B

(�ocs contrib.) [%]
74.6 (27.8) 73.3 (20.0) 61.8 (16.6)

3.4.5. Sensitivity analysis

Sensitivity analysis was performed on the mass-transfer parameters attachment rate

coe�cient (r attach ) and displacement rate coe�cient (r displace), as well as granule layer

1-4 thickness (L1-4) on aerobic XB hydrolysis (Figure 3.8).

Only L 1-4 (thickness of the �rst 4 granule layers) indicated high sensitivity towards

aerobic XB hydrolysis (Figure 3.8A). The contribution of �ocs towards aerobic X B hy-

drolysis decreased for increasing L1-4 thickness, while the contribution of granules in-

creased for increasing L1-4 thickness. The mass-transfer parameters rattach and rdisplace

indicated negligible sensitivity towards aerobic XB hydrolysis, and the relative contri-
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bution of �ocs towards aerobic XB hydrolysis did not change signi�cantly for di�erent

rattach or rdisplace (Figure 3.8BC).

Figure 3.8.: Sensitivity analysis on aerobic X B hydrolysis by �ocs and granules of (A) granule layer 1-4
thickness (L1-4 ) 10, 15, 20, 25, 50, 100 and 125� m, (B) attachment rate (r attach ) -75, -25,
0, +25, +75 % deviation from default and (C) displacement rate (r displace ) -75, -25, 0, +25,

+75% deviation from default.

3.5. Discussion

3.5.1. XB is a disadvantageous organic substrate in AGS systems

Our results indicated that X B is a disadvantageous organic substrate for AGS-SBR

operation. Only a small fraction of in�uent X B was hydrolysed and even less in�uent

XB was then utilised in EBPR or denitri�cation processes during anaerobic plug-�ow

feeding of AGS systems (Jabari et al., 2016; Layer et al., 2020a; Figures 3.2 to 3.7). A

major fraction of in�uent X B therefore entered the aerobic SBR phase (Drewnowski

and Makinia, 2011; Jabari et al., 2016; Wagner et al., 2015), and was then hydrolysed

and utilised mostly through aerobic oxidation processes by OHO (Figure 3.4). Despite

XB being the major organic substrate fraction in MWW, only a small fraction of it

contributed towards carbon-storage processes, harmed anaerobic-feast aerobic-famine

operation, promoted the aerobic growth of OHO in the bulk and at the granule surface

and is thus disadvantageous in AGS-SBR operation (de Kreuk et al., 2010; Layer et

al., 2019; Wagner et al., 2015).

Availability of organic substrate in aerobic conditions in AGS-SBR operation was pre-

viously linked to poor process and nutrient removal performance (Derlon et al., 2016;

Guimarães et al., 2018; Layer et al., 2019), process failure through granule breakage
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(Sturm et al., 2004), �lamentous outgrowth on granule surface and hence reduced set-

tleability (de Kreuk et al., 2010), or reduced granule size (Layer et al., 2019; Ni et al.,

2009). Similarly, in activated sludge operation, aerobic availability of XB was previ-

ously reported to support the growth of �lamentous organisms (Wanner and Novák,

1990).

We suggest that most if not all of those prior observations can be linked to the com-

petitive growth of OHO on X B at the granule surface or in the �ocs. Hereby, espe-

cially the proliferation of OHO on the surface of granules is detrimental to the gran-

ules and can lead to �lamentous outgrowth, breakage and process failure, eventually

(de Kreuk et al., 2010).

On the contrary, very bene�cial WW conditions composed of high fractions of SB and

low fractions of XB were reported to unintentionally led to growth of granules in con-

tinuous �ow systems (Wei et al., 2020). Avoiding and diverting the negative e�ects

induced by XB on AGS formation, process stability and nutrient removal is thus seen

as a major challenge for AGS technology.

3.5.2. Flocs play a major role in X B conversion and utilisation in AGS

systems

Modelling of AGS-SBR operation indicated that most of XB conversion and utilisa-

tion was actually performed by the �ocs, despite their minor fraction in biomass (14%

of TSS in the default scenario). The contribution of �ocs exceeded the contribution

of granules towards anaerobic and aerobic XB hydrolysis if �ocs comprised more than

10-15% of biomass (TSS based) (Figure 3.3). Thus, our results suggested the impor-

tant role of �ocs in AGS system for the conversion and utilisation of XB . The presence

of �ocs thus diverted hydrolysis and conversion of XB from the granules (Larsen and

Harremoës, 1994a, 1994b; Figures 3.2, 3.5 and 3.6). Since most XB hydrolysis occurred

during the aerobic SBR phase, the compartments associated with XB hydrolysis and

utilisation (�ocs and the granule surface) were dominated by OHO (Supplementary

information Figure B.1). The negative e�ects associated with leakageof XB into aero-

bic conditions is thus partially resolved if �ocs exceed 10-15% of biomass in AGS-SBR

systems.

In the past, many studies reported on the presence of �ocs in AGS systems treating

MWW. Flocs typically represent 10-30% of total suspended biomass (TSS) during

treatment of MWW (Cetin et al., 2018; Derlon et al., 2016; Guimarães et al., 2017;

Layer et al., 2019; Pronk et al., 2015b; Rollemberg et al., 2020). Only few studies have
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actually linked X B to the presence of �ocs in AGS systems (Derlon et al., 2016; Layer

et al., 2019; Layer et al., 2020a; Wagner et al., 2015). Our modelling results support

and extend the link between XB in the in�uent and the permanent presence �ocs in

AGS systems. Flocs occupy an environmental niche that is created by the presence of

XB in the in�uent WW. Mathematical modelling allowed us to understand that �ocs

serve the overall process in AGS-SBR operation speci�cally by diverting potentially

harmful e�ects of aerobic XB utilisation away from the granules.

3.5.3. How can anaerobic X B utilisation be enhanced in AGS-SBR operation?

AGS-SBR operation can be optimised in order to make better use of XB in EBPR and

denitri�cation processes and to decrease XB leakage into the aerobic SBR phase. How-

ever, adding anaerobic mixing after PF feeding without prolongation of total anaerobic

time has little e�ect on anaerobic X B conversion and utilisation (Figure 3.2B and Ta-

ble 3.5). But increasing anaerobic mixing time from 30 to 60 min and total anaerobic

time from 90 to 120 min substantially improved anaerobic availability and utilisation

of SB through increased XB hydrolysis, resulted in decreased aerobic availability of XB ,

and in addition improved TN removal (Figure 3.2C and Table 3.5), in comparison to

the default scenario and prolonged PF feeding scenario.

60 min PF feeding followed by 60 min anaerobic mixing increased anaerobic hydrolysis

of in�uent X B through increased contact between XB and biomass (both granules and

�ocs) through mixing and prolonged anaerobic conditions. Thus, in�uent X B hydrol-

ysis, conversion and utilisation via fermentation and storage of organic substrate was

facilitated through anaerobic mixing in combination with prolonged anaerobic condi-

tions. About 21% of in�uent X B was utilised in storage of XSTO,GAO and XSTO,PAO ,

respectively, and 13% less XB leaked into the aerobic SBR phase compared to the de-

fault scenario. If anaerobic mixing was applied, leftover NOx from the previous SBR

cycle was brought in contact with biomass and organic substrate - in opposition to

solely anaerobic plug-�ow feeding conditions. As a result, less NOx-N accumulated

within one SBR cycle, resulting in signi�cantly lower NO x-N e�uent concentrations

compared to the default scenario. The utilisation of in�uent X B as electron-donor for

denitri�cation also resulted in a reduction of aerobic utilisation of organic substrate,

which in addition reduces aeration requirements. Thus, anaerobic-feast aerobic-famine

regime was enhanced through application of PF 60 min + AM 60 min operation. Pos-

sibly, alternating redox conditions (anaerobic - anoxic - anaerobic) induced by plug-

�ow feeding followed by anaerobic mixing could result in a specialised microbial com-
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munity, or worse, unfavourable conditions for the proliferation of PAO / GAO (Nielsen

et al., 2019; Nielsen et al., 2010). In both cases, complex interactions and strong com-

petition between PAO / GAO and denitrifying OHO for organic substrate during al-

ternating redox conditions could be the result. An in-depth experimental evaluation

of anaerobic mixing after anaerobic PF feeding is therefore required, but initial results

are promising (Layer et al., 2019). However, despite slightly improved XB utilisation in

carbon-storage or denitri�cation, it remains a major issue that most XB is still utilised

by OHO, either through aerobic or anoxic growth.

3.5.4. Modelling limitations and outlook

Our prior experimental work indicated that during anaerobic plug-�ow feeding large

fractions of in�uent X B settled at the bottom of the granule bed and over time formed

a �lter-cake resulting in surface �ltration of X B (Layer et al., 2020a). Two major as-

pects could therefore be implemented as part of the mathematical model used in this

study to mimic the �ndings from Layer et al., 2020a.

Firstly, contact between granules and in�uent X B was quite limited during anaerobic

plug-�ow feeding (Layer et al., 2020a). Theoretically, the mass-transfer mechanism at-

tachment as part of the bio�lm model could be reduced or set to 0 through reduction

of the rate coe�cient r attach only during plug-�ow feeding in order to mimic limited

contact of XB and granules. Currently however it is unclear by how much the attach-

ment rate coe�cient should be reduced during plug-�ow conditions to best match the

experimental �ndings.

Secondly, distinct distribution of �ocs and in�uent X B was observed during anaerobic

plug-�ow feeding. During feeding of lab-scale AGS systems in�uent XB settled mostly

at the bottom of the sludge bed within the granule bed, while �ocs were located on

top of the granules due to the much decreased settling velocity of �ocs compared to

granules (van Dijk et al., 2020). However, the default model structure does not allow

to distinguish between di�erent fractions of particulate compounds, i.e., XB is treated

similarly to biomass (e.g., XOHO , XPAO ) and both X B and biomass are associated with

the bulk phase. Within the default model structure it is thus not possible to correctly

predict both the distribution of in�uent X B (ideally located in the bottom sub-reactor,

i.e., where the granules are located) and the �ocs (ideally located on top of the settled

granule bed, i.e., in the bottom-up sub-reactor). Rule-based programming to speci�-

cally apply di�erent settling behaviour to in�uent X B and biomass (and all other par-

ticulate compounds) could therefore be implemented in the future to better match the
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experimental observations.

Sensitivity analysis indicated that the bio�lm used as part of the Eawag AGS model

was quite robust (Figure 3.8). Despite the large uncertainties on the choice of cer-

tain input parameters of the model, our conclusions are actually valid as the model

output is not sensitive to the mass-transfer mechanisms. Of the analysed parameters

only L1-4 (thickness of the four outer granule layers) indicated high sensitivity on over-

all X B conversion. In addition, the contribution of �ocs or granules towards XB con-

version was in�uenced by a change in L1-4, too. The larger the thickness of L1-4, the

more competitive the granules became in hydrolysis and utilisation of XB . This phe-

nomenon is linked to the volume of the bio�lm surface compartment: the larger the

volume, the larger the mass of microorganisms within the compartment and hence, the

higher the hydrolysis rate (see Equation (3.9)). Until today, the thickness of individual

layers of multi-layer 1D bio�lm models received little attention, and was mostly dis-

cussed in the context of attachment and detachment (Morgenroth, 2020; Rittmann et

al., 2018). But our results indicated that model users should pay close attention to the

e�ect of bio�lm layer discretisation on bulk-bio�lm interactions like X B hydrolysis by

the bio�lm (this study) or di�usion -limited processes, like simultaneous nitri�cation-

denitri�cation (Layer et al., 2020b).

3.6. Conclusions

The main conclusions from a systematic evaluation of competition of organisms in

�ocs and granules using a dynamic mathematical model were:

(1) Flocs successfully competed for XB conversion and utilisation with the granules

within AGS systems treating MWW. Thus, the presence of �ocs in an AGS sys-

tem can be linked to in�uent X B .

(2) Most of the in�uent X B became available to the bacteria only under aerobic

conditions (76%). Hereby, aerobic oxidation by OHO was the major utilisation

pathway of hydrolysed XB . Almost half of the in�uent X B available in aerobic

conditions was oxidised by the �ocs, which represented only 14% of the total

biomass.

(3) The contribution of in�uent X B towards P and N removal processes was quite

limited. Only 15% of in�uent X B was utilised in carbon-storage by PAO and

GAO, respectively.
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(4) Synergies existed between �ocs and granules regarding the microbial turnover

of XB . In aerobic conditions, �ocs diverted a major fraction of XB hydrolysis

and utilisation from the granules, which prevents �lamentous outgrowth and im-

proves AGS system stability.

(5) Anaerobic plug-�ow followed by prolonged anaerobic mixing is a promising op-

erational strategy for improved anaerobic XB utilisation and increased P and N

removal performances.
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4.1. Abstract

Basic understanding of formation of aerobic granular sludge (AGS) has mainly been

derived from lab-scale systems with simple in�uents containing only highly di�usible

volatile fatty acids (VFA) as organic substrate. This study compares start-up of AGS

systems fed by di�erent synthetic and municipal wastewaters (WW), characterised by

increasing complexity in terms of non-di�usible organic substrate. Four AGS reactors

were started with the same inoculum activated sludge and operated for one year. The

development of AGS, settling characteristics, nutrient and substrate removal perfor-

mance as well as microbial community composition were monitored. Our results indi-

cate that the higher the content of di�usible organic substrate in the WW, the faster

the formation of AGS. The presence of non-di�usible organic substrate in the in�u-

ent WW led to the formation of small granules and to the presence of 20-40% (% of

total suspended solids) of �ocs in the AGS. When AGS was fed with complex in�u-

ent WW, the classical phosphorus and glycogen accumulating organisms (PAO, GAO)

were outcompeted by their fermentative equivalents. Substrate and nutrient removal

was observed in all reactors, despite the di�erence in physical and settling properties

of the AGS, but the levels of P and N removal depended on the in�uent carbon com-

position. Mechanistically, our results indicate that increased levels of non-di�usible or-

ganic substrate in the in�uent lower the potential for microbial growth deep inside the

granules. Additionally, non-di�usible organic substrates give a competitive advantage

to the main opponents of AGS formation � ordinary heterotrophic organisms (OHO).

Both of these mechanisms are suspected to limit AGS formation. The presented study

has relevant implications for both practice and research. Start-up duration of AGS

systems treating high complexity WW were one order of magnitude higher than a typ-

ical lab-scale system treating VFA-rich synthetic WW, and biomass as �ocs persisted

as a signi�cant fraction. Finally, the complex synthetic in�uent WW � composed of

VFA, soluble fermentable and particulate substrate - tested here seems to be a more

adequate surrogate of real municipal WW for laboratory studies than 100%-VFA WW.

Keywords: Aerobic granular sludge; in�uent composition; low-strength municipal

wastewater; microbial community; particulate substrate
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4.2. Introduction

Aerobic granular sludge (AGS) systems have been developed over the past 20 years

and now o�er a relevant alternative over conventional activated sludge systems (Mor-

genroth et al., 1997). Advantages of AGS include enhanced settling properties, a high

suspended solid concentration and the co-existence of di�erent redox conditions across

the granules, which result in signi�cant energy, footprint and chemical savings (Khan

et al., 2015). Worldwide, more than 40 full-scale plants are now in operation, treating

a wide range of municipal and industrial wastewaters (Pronk et al., 2017). However,

the performance and / or granulation process of AGS systems are often hampered by

the wastewater composition (de Kreuk and van Loosdrecht, 2006; Guimarães et al.,

2017; Guimarães et al., 2018). To optimise the performances of such systems, it is

therefore required to understand the link between the in�uent composition and the

granule formation.

Lab-scale sequencing batch reactors (SBR) have been extensively used to develop our

fundamental understanding of AGS systems (de Kreuk and van Loosdrecht, 2004; He

et al., 2016b; Weissbrodt et al., 2013). Those studies were mainly conducted using

high concentrations of volatile fatty acids (VFA) ( e.g., acetate and / or propionate)

and phosphorus. The key role of anaerobic feast and aerobic famine conditions on the

granule formation was identi�ed (de Kreuk and van Loosdrecht, 2004). These con-

ditions favour the growth of slow-growing organisms like polyphosphate- (PAO) and

glycogen-accumulating organisms (GAO), which have been identi�ed as key players in

granulation (de Kreuk and van Loosdrecht, 2004). The growth of PAO and GAO, and

ultimately the granulation, is improved by the presence of soluble organic carbon (fer-

mented or not) in the in�uent. The selective uptake of soluble organic carbon by PAO

and GAO outcompete ordinary heterotrophic organisms (OHO). OHO growth ham-

pers the formation of granular biomass or the nutrient-removal performances, while

it also promotes the formation of �ocs (de Kreuk et al., 2010; Novák et al., 1993; van

Haandel and van der Lubbe, 2012; Weissbrodt et al., 2014). If the growth of PAO and

GAO is crucial for the formation of aerobic granules during treatment of VFA-rich in-

�uent, it is then intuitive that granulation might be hampered during treatment of

municipal WW containing high particulate organic substrate (X B ) and low VFA frac-

tions.

A key aspect in understanding AGS systems is in characterising the microbial com-

munity composition and understanding how it in�uences the granulation process. The

microbial communities of AGS systems fed with 100%-VFA WW are well described in
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literature, and dominated by Gammaproteobacteria, in particular, the PAO Candida-

tus (Ca.) Accumulibacter and the GAO from the Competibacteraceae family (He et

al., 2016a; Henriet et al., 2016; Weissbrodt et al., 2013). Most of these bacteria have a

metabolism adapted to VFA uptake under anaerobic conditions. It is also likely that

those bacteria are not able to ferment most sugars and amino acids or to hydrolyse

polymers (Kong et al., 2006; Marques et al., 2017). So far, only few studies have char-

acterised the microbial communities of AGS treating WW containing XB . Hence, the

core microbial community of these AGS has not been identi�ed yet (Kang et al., 2018;

‘wi¡tczak and Cydzik-Kwiatkowska, 2018; Szabó et al., 2017b; Wang et al., 2018).

Fermentative and hydrolysing bacteria are expected to be abundant in such systems,

similarly to enhanced biological phosphorus removal (EBPR) systems treating mu-

nicipal WW (Kong et al., 2008). The fermentative PAO Tetrasphaera does not store

VFA in the form of polyhydroxyalkanoate (PHA) and is usually more abundant than

Ca. Accumulibacter in Danish EBPR WW treatment plants (Mielczarek et al., 2013).

Tetrasphaera can take up orthophosphate aerobically after anaerobic storage of di�er-

ent carbon sources like amino acids and glucose (Nguyen et al., 2011).Micropruina

is also commonly found in EBPR activated sludge (Saunders et al., 2016; Stokholm-

Bjerregaard et al., 2017). Micropruina is a fermentative GAO able to take up and

ferment various carbon sources anaerobically to constitute glycogen reserves (McIl-

roy et al., 2018). It is however unclear to what extent Tetrasphaera and Micropruina

play a role in the formation of AGS during treatment of complex WW with a high X B

content. A key aspect of this study will be to characterise the microbial communities

found in AGS systems fed with WW containing di�erent fractions (and types) of X B .

Another objective will be to identify correlations between these communities and the

sludge settling properties and nutrient removal performance.

If the WW composition in�uences the microbial community, it is reasonable to expect

that the granulation process of AGS systems is also impacted (e.g., physical prop-

erties of biomass and start-up kinetics). A harsh selection of fast settling biomass

in lab-scale reactors fed with 100%-VFA synthetic WW resulted in rapid granula-

tion within two weeks (Mosquera-Corral et al., 2011; Weissbrodt et al., 2013). But

nutrient-removal was impaired for weeks to months. Lochmatter and Holliger (2014)

successfully started up an AGS system within 28 days without loss of nutrient re-

moval, by applying a more gentle washout of slow settling biomass and by adapting

the organic loading during the early stages of start-up. Start-up of AGS systems with

municipal WW can be signi�cantly longer. Harsh selection pressure on slow-settling

biomass can lead to fast granulation (e.g., 20 days, de Kreuk and van Loosdrecht,
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2006) but the time reported to transform activated sludge into AGS while maintain-

ing the nutrient-removal performance have normally been much longer (40-400 days)

(Derlon et al., 2016; Giesen et al., 2013; Liu et al., 2010). Therefore, this study aims

to clarify the link between start-up kinetics and in�uent WW composition, while simi-

lar operating conditions are applied and the same inoculum activated sludge is used.

The di�usibility and uptake rate of organic carbon directly in�uences the microbial

competition for substrate, and in turn the granulation (Figure 4.1). A slow anaero-

bic conversion of non-di�usible XB combined with a decreased substrate availability

within the granule can result in carbon leakage (i.e., carbon available in aerobic con-

ditions). Carbon leakage favours OHO growth to the detriment of PAO, GAO and fer-

menters, and ultimately results in �oc formation (Jabari et al., 2016; Larsen and Har-

remoës, 1994; Morgenroth et al., 2002; Suresh et al., 2018; Wagner et al., 2015). For

municipal WW, non-di�usible X B usually represents 50% of the total in�uent chemical

oxygen demand (COD) (Metcalf and Eddy, 2014). Based on the current knowledge,

the formation of AGS during treatment of X B rich WW might thus be hampered. In

addition, it remains unclear whether �ocs are detrimental to AGS systems, when non-

di�usible X B represents a high proportion of the in�uent COD.

Figure 4.1.: Conceptual model of carbon utilization and proposed desired / undesired pathways in
AGS systems, given plug-�ow anaerobic feeding and subsequent aerobic fully mixed

conditions.
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The main goal of this study was to understand the link between in�uent WW compo-

sition, microbial community, physical AGS parameters and nutrient removal perfor-

mance. The speci�c research questions were to better understand how the WW com-

position, in terms of di�usible and non-di�usible organic substrates, (i) in�uences the

overall microbial community development, (ii) divides the microbial community be-

tween �ocs and granules, (iii) governs nutrient removal, (iv) de�nes physical character-

istics such as settling properties, sludge morphology, and (v) in�uences the success and

duration of start-up of AGS systems when similar operating conditions are applied.

Four lab-scale SBR were inoculated with the same activated sludge and operated for

over 400 days in parallel. Four distinct WWs were used: 100%-VFA synthetic, complex

synthetic, municipal primary e�uent, and municipal raw WW. The sludge properties

(morphology, concentration, SVI, and size distribution), reactor performances (C, N, P

and total suspended solids (TSS) removal), and microbial community composition of

the �ocs and granules were monitored by 16S rRNA amplicon sequencing.

4.3. Materials and methods

4.3.1. Experimental approach

Four SBR were operated in parallel for 400 days and fed with four di�erent WWs:

100%-VFA (acetate, propionate) synthetic WW (R1), complex synthetic WW (R2),

primary e�uent municipal WW (R3), and raw municipal WW (R4). Those four WWs

mainly di�ered with regards of the carbon source, i.e., concentrations in volatile fatty

acids, soluble and particulate organic substrates (Table 4.1). After approximatively

three months of operation, R4 was restarted due to complete sludge loss. Data of

R4 (fed with raw WW) are thus shown for the �rst run (run # 1) and the second run

(run# 2).

4.3.2. Experimental set-up

The four SBR comprised a mixed liquor volume of 12.9 L (height-to-diameter ratio

8.4), and were operated in simultaneous �ll-draw mode. The SBR cycles consisted of

the following phases: (i) anaerobic phase (90 min), (ii) aerobic phase (240 min), (iii)

settling (duration see description below) and (iv) selective excess sludge withdrawal

(60 s), with a total cycle length of 5.6 hours (4.3 cycles per day). The anaerobic phase

comprised an anaerobic plug-�ow feeding (PF) and an anaerobic idle. The latter was

changed to anaerobic mixing on day 357 and 289 for reactors R3 and R4 run# 2, re-
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spectively. The WW up�ow velocity during PF feeding (v ww ) was set to 0.25 m h-1

(anaerobic PF + idle) and 0.38 m h-1 (anaerobic PF + mixing). The volume exchange

ratio (VER) was set to 0.3. The oxygen concentration during the aerobic phase was

controlled with a setpoint of 2.00 mgO2 L-1. Mixing was provided by a mechanical

stirrer during anaerobic PF+mixing, and by aeration during aerobic conditions. All

SBR were equipped with oxygen sensors (Optical LDO, Endress& Hauser, Switzer-

land). Both sensors were connected to a programmable logic controller (PLC), which

was controlled and monitored by a supervisory control and data acquisition (SCADA)

system. All reactors were inoculated with activated sludge from the WW treatment

plant (WWTP) Thunersee, Switzerland, which performs biological carbon, nitrogen

and phosphorus removal.

4.3.3. Start-up approach

The start-up approach was based on the strategy developed by Lochmatter and Hol-

liger (2014). The selective pressure on slow settling biomass was �rst maintained at a

low level, in order to prevent too high washout stress. This was achieved by slowly in-

creasing the critical settling velocity (vcrit ) from 1.7 to 5.1 m h-1. An increase in vcrit

was iteratively reassured by SRT calculations (Equ. 4.1).

SRT =
V r � TSSr

Qex � TSSex + Qe� � TSSe�
(4.1)

V r is the reactor volume (L), TSSr is the TSS concentration in the reactor (g TSS

L-1), Qex is the �ow rate of excess sludge (L d-1), TSSex is the TSS concentration of

the excess sludge (g TSS L-1), Qe� is the �ow rate of e�uent (L d -1), and TSSe� is the

TSS concentration in the e�uent (gTSS L -1). If SRT was < 20 d, vcrit was decreased

again. The procedure was repeated on a weekly basis. Also, long anaerobic and aer-

obic phases were applied (total cycle duration 5.6 h), in order to improve anaerobic

COD uptake and aerobic nutrient removal. Finally, v ww was kept low (0.25 � 0.38 m

h-1), in order to provide a high substrate gradient during anaerobic plug-�ow feeding

and improve anaerobic COD uptake.

4.3.4. Start-up de�nition

We here de�ne successful start-up of AGS on both physical properties and substrate /

nutrient removal. Speci�cally, the settling parameters SVI 30 < 90 mL g-1 and SVI30/10 -

ratio > 0.8, the size fraction d> 0.25 mm constituting at least 50% of TSS, granule
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appearance based on microscopic images, and stable substrate and nutrient removal.

Parameters and values were selected based on previous experience on the start-up of

AGS systems for the treatment of low strength municipal WW at Eawag (Derlon et

al., 2016; Wagner et al., 2015) and by other researchers / practitioners (e.g., Coma et

al., 2012; de Kreuk and van Loosdrecht, 2006; Giesen et al., 2013; Liu et al., 2011; Ni

et al., 2009; Pronk et al., 2015b; van der Roest et al., 2011). The de�nition is in line

with the original de�nition of AGS (de Kreuk et al., 2007).

4.3.5. Wastewater composition and sludge inoculum

The detailed in�uent composition of R1, R2, R3 and R4 are shown in Table 4.1. All

WW were in the range typical of low to medium strength WW (Metcalf and Eddy,

2014). Synthetic substrates comprised a total carbon:nitrogen:phosphorus ratio of

approx. 100:7:1. Acetate (Ac) and propionate (Pr) were used as sole carbon source

for the 100%-VFA synthetic WW (50 % of COD each). Complex synthetic WW was

composed of 1/3 VFAs (1/6 acetate + 1/6 propionate), 1/3 soluble fermentable sub-

strates (1/6 glucose, 1/6 amino acids) and 1/3 particulate substrates (1/6 peptone,

1/6 starch). Particulate substrates were peptone from gelatin, enzymatic digest (Fluka

Analytical, Switzerland), and starch made from wheat (Merck KGaA, Germany). Amino

acids were composed of L-alanine, L-arginine, L-aspartic acid, L-glutamic acid, L-

leucine, L-proline and glycine in equal COD-equivalents. These individual amino acids

were chosen according to the most abundant amino acids present in the peptone used.

Added nitrogen was composed of soluble NH4-N for the system with 100%-VFA syn-

thetic WW but included nitrogen from peptone and amino acids for complex synthetic

WW. Phosphorus was composed of soluble PO4-P species for both synthetic WWs. In

order to prevent bacterial growth in the synthetic substrate storage bottles, the phos-

phorus species and diluent water were stored separately from the nitrogen and car-

bonaceous species and mixed automatically before each cycle (Ebrahimi et al., 2010).

The nitrogen and carbonaceous species were prepared in 20-fold concentration in por-

tions of 5 L and, after addition of 50 mL of a trace-element solution (Supplementary

information Table C.1). Municipal WW from the city of Dübendorf, Switzerland, was

used. E�uents of grit and fat removal (raw WW) and additional primary clari�cation

(primary e�uent WW) from the pilot-scale WWTP at Eawag were used for this study.
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Table 4.1.: Measured in�uent composition of the four SBR fed by 100%-VFA synthetic WW, complex
synthetic WW, primary e�uent WW and raw WW, speci�c substrate recipe of R1 and R2

in�uent are given in supplementary information Table C.2 A .
100%-VFA
synthetic WW

complex
synthetic WW

primary
e�uent WW

raw WW raw WW

Reactor R1 R2 R3 R4 run# 1 R4 run# 2
Total COD
[mgCOD L -1 ] 582� 65 503� 61 331� 97 808� 42 469� 151
Soluble COD
[mgCOD L -1 ] 582� 65 457� 73 188� 76 271� 109 247� 121
Particulate COD
[mgCOD L -1 ] 0� 92 46� 95 143� 123 537� 441 222� 194
VFA
[mgCOD L -1 ] 582� 65B 170� 26B 26� 17C -D 40� 28E

Ac + Pr
[mgCOD L -1 ] 582� 65 170� 26 15� 9 - 17� 11
Ac+Pr /
total COD-ratio 1.00 0.33 0.05 - 0.06
Total nitrogen (TN)
[mgN L -1 ] 43� 10 44� 33� 9 30� 7 41� 19
NH4-N
[mgN L -1 ] 40� 8 20� 5 24� 6 25� 4 29� 10
Total phosphorus (TP)
[mgP L -1 ] 5.4� 0.9 5.4� 1.7 3.3� 0.9 3.2� 0.5 4.4� 1.9
PO4-P
[mgP L -1 ] 5.0� 1.1 4.7� 0.8 2.3� 0.5 2.6� 0.4 2.7� 0.8
A Average and standard deviation (SD) were calculated from 24-38 measurements for
R1, R2, R3, 13-15 for R4 run# 1 and 13-22 for R4 run# 2, respectively.
B VFA composition of synthetic WW: 50% Acetate, 50% Propionate (COD based)
C VFA composition of municipal primary e�uent WW: 16% Acetate, 41% Propionate,
43% longer-chained VFAs (COD based)
D VFA composition of municipal raw WW run # 1 was not measured.
E VFA composition of municipal raw WW run # 2: 13% Acetate, 52% Propionate,
35% longer-chained VFAs (COD based)
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4.3.6. Physical sludge parameters

TSS, VSS and SVI5, SVI10, SVI30 were quanti�ed using standard methods (APHA,

2005). Additionally, the SVI 30/10 and SVI30/5 ratios were calculated. The sludge size

fractions were separated by sieving the sludge at 1, 0.63 and 0.25 mm, respectively.

Granules were associated with fractions d> 0.25 mm, �ocs d < 0.25 mm. Size frac-

tions were then quanti�ed based on TSS measurements. Sludge morphology was ob-

served by stereomicroscopy (Olympus, SZX10, Japan) on weekly � bi-weekly basis.

4.3.7. Analytical methods

Samples of in�uent and e�uent were analysed for COD, total nitrogen (TN) and to-

tal phosphorus (TP) using photochemical tests (Hach Lange, Germany, LCK 114, 314,

338, 238, 348, 349). Soluble COD (sCOD) was measured after �ltration at 0.45µm

(Macherey Nagel, Nanocolor Chroma�l membrane�lter GF/PET 0.45 µm, Germany).

Cations (NH4-N) and anions (NO3-N, NO2-N, PO4-P) were measured using �ow in-

jection analysis (Foss, FIAstar �ow injection 5000 analyzer, Denmark) and anion chro-

matography (Methrom, 881 compact IC, Switzerland), respectively. VFAs were mea-

sured using headspace solid-phase microextraction (HS-SPME) followed by gas chro-

matography coupled to �ame ionization detection (GC-FID) (Trace 1300 GC, Thermo

Scienti�c, USA) (Feng et al., 2008).

4.3.8. Microbial community analysis

Biomass sampling

Both granules and �ocs were collected for analysis of the microbial community com-

position after sieving at 250µm. Biomass samples of around 1 mL were centrifuged (5

min., 4500 rpm) (Nuaire Awel CF-48R centrifuge, U.S.A) then washed twice by addi-

tion of 5 mL of ice-cold phosphate bu�er saline (PBS) solution and then centrifuged

again (5 min., 4500 rpm). Pellets were then re-suspended in 3 mL of PBS solution,

homogenized with a glass homogenizer, distributed in cryotubes and stored at -80� C

until DNA extraction. 200 � L of homogenized biomass were mixed with 400� L of elu-

tion bu�er (T10E0.1) and 100 � L of lysozyme solution (25 mg mL-1). After one hour

at 37� C, DNA was extracted using an automatic robot 16 DNA Puri�cation System

(Maxwell, Promega Corporation, Switzerland). The DNA concentration of each DNA

extraction was measured with a spectrophotometer NanoDrop ND1000 (Witec AG,

Switzerland). The bacterial 16S rRNA gene hypervariable regions V1-V2 were ampli-
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�ed by polymerase chain reaction (PCR) in a T3000 Thermocycler (Biometra GmbH,

Germany) using the universal primers 27F and 338R and the High-Fidelity Q5 poly-

merase (High-�delity 2x Master Mix, Biolabs Inc., USA), according to the protocol in

supplementary information C.3. The ampli�ed DNA was quanti�ed using the DNF-

473 standard sensitivity NGS fragment analysis kit (Advanced Analytical Technologies

Inc., U.S.A). The Lausanne Genomic Technologies Facility (University of Lausanne,

Switzerland) performed secondary indexing PCR and multiplex sequencing by groups

of 96 samples per run on an Illumina MiSeq platform in paired-end mode (2x250).

The sequences were deposited at the European Nucleotide Archive (ENA) under the

study accession number ERP111727.

Taxonomic af�liation of 16S rRNA gene sequences

The amplicon sequences were demultiplexed and primers removed. The trimming and

quality �ltering of the sequences was performed using trimmomatic v.0.36 (Bolger

et al., 2014) with a sliding window of 4 base pairs (bp), a quality score threshold of

15 and a minimal length of 100 bp. The paired-end reads were merged with Pear v

0.9.11 (Zhang et al., 2014). The sequences were then grouped with a minimum sim-

ilarity threshold of 97% using the clustering software cd-hit v.4.6.1 (Fu et al., 2012).

Clusters with less than 5 sequences per sample on average were discarded. The clus-

ter heads of the remaining clusters were compared with the 16S rRNA gene database

MiDAS v.S123_2.1.3 (McIlroy et al., 2015) using the blast software (Altschul et al.,

1990). For each cluster, the taxonomy of the best match with the cluster head was at-

tributed to all the sequences of the cluster. The level of precision of the taxonomy was

adjusted according to the percentage of similarity with the threshold sequence iden-

tity values given by (Yarza et al., 2014), 94.5% for genus, 86.5% for family, 82.0% for

order, 78.5% for class and 75.0% for phylum. For example, if a sequence had 90% of

similarity with its best match, the taxonomy attributed to its cluster was precise only

up to the family level.

Statistical analysis

All the statistical analyses and the related plots were performed with R program v.3.5.0

(R-Core-Team, 2018) using the packages reshape2, gplots and ggplot2 (Warnes et al.,

2016; Wickham, 2007, 2016). Bray-Curtis distance matrices, the associated principal

coordinates analysis (PCoA) and Mantel-tests were done with the package vegan v.2.5-

2 (Oksanen et al., 2018). A multifactorial analysis was performed with the R-package
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FactoMineR (Lê et al., 2008).

Determination of the stable state and the discriminant taxa

After visual inspection of the PCoA plots on the Bray-Curtis distance matrix of the

bacterial operational taxonomic units (OTU, 97%) relative abundance, the biomass

communities of the di�erent samples were separated in two states; a �transition state�

and a �stable state�. For each reactor, a bacterial community was considered in the

stable state if the maximum Bray-Curtis pairwise distance with the communities of all

the following sample points was below 0.6 (the maximal distance between all the sam-

ples was 0.88). Five stable state datasets corresponding to the stable states of the 4

reactors and of the inoculum were analysed further. In order to extract the taxa that

are discriminant between these �ve stable states, the mean relative abundances of the

genera were compared two by two. After Hellinger transformations, the means were

compared by using t-tests. The taxa are considered �divergent� if their mean in the

stable dataset is signi�cantly di�erent (p-value 0.01 corrected for multiple testing us-

ing Bonferoni correction, p-value = 0.01/422 =2.37E-05) between at least two stable

states. Taxa are considered �abundant� if their average abundance during stable state

is higher than 1% in at least one stable dataset. The taxa being divergent and abun-

dant are considered as �discriminant taxa� in the following analysis. There were 56

abundant, 273 divergent and 38 discriminant taxa on a total of 422 (at genus level).

Comparison of the bacterial communities in �ocs and granules

The average proportions of the most abundant genera were compared in each reactor

with t-tests, in order to evaluate potential di�erences in the microbial communities

in �ocs and granules. The results with a p-value lower than the Bonferoni corrected

p-value of 0.01 (p-value = 0.01/20 = 0.0005) were considered as signi�cant.

4.4. Results

4.4.1. Settling properties

A higher amount of di�usible organic substrate (VFA or fermentable) in the WW re-

sulted in better settling properties (Figure 4.2). Low SVI30 and SVI-ratios close to

1 were measured for the AGS of R1 and R2 (high content in di�usible organic sub-

strate). Larger SVI30 and SVI-ratios close to 0.8 were on the other hand measured for

the AGS of R3 and R4 (high content in non-di�usible organic substrate).
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The SVI30 of the sludge of R1 and R2 decreased rapidly during the �rst 30 days of op-

eration, and then stabilised at 30-50 mL g-1. Simultaneously, SVI-ratios > 0.9 were

measured. Only 1-2 weeks were thus required to achieve granulation in these two reac-

tors based on their SVI30 values. Over long term, the SVI30 and SVI ratios of AGS of

R2 remained more variable in comparison with the ones of R1.

Achieving good settling properties for the systems fed by municipal WW required a

much longer period (several months to over 1 year). The SVI30 values of the AGS of

R4 steadily decreased within the �rst 100 days of operation to 50 mL g-1 for both runs

and stabilised at SVI30 < 70 mL g-1 after 170 d for R4 run# 2. AGS of R3 responded

sensitively to changing operating conditions, which resulted in variable and high SVI30

values from day 0 to 200. SVI30 < 80 mL g-1 and SVI30/10 -ratio > 0.8 were �nally

achieved quickly after introduction of anaerobic PF+mixing (from day 357) for R3.

Successful start-up based on settling parameters (SVI30 < 90 mL g-1 and SVI30/10

ratio > 0.8) was achieved within the �rst two weeks for R1 and R2. A much longer

start-up time was required for AGS of R4 and R3. Around 34 and 163 days were re-

quired to achieve successful start-up based on settling parameters for AGS of R4 run# 1

and R4 run# 2, respectively. R3 was successfully started-up only after 400 days.

4.4.2. Sludge size fractions

The e�ect of the in�uent composition on the granulation process was con�rmed by

monitoring the di�erent biomass size fractions (Figure 4.3). The size of the granules

greatly varied as a result of the presence of non-di�usible XB in the in�uent. High

fractions of large granules (d> 1 mm) were observed in R1 only, while smaller gran-

ules mixed with �ocs were observed in R2, R3 and R4 (both runs). Overall, successful

granulation based on size fractions (d> 0.25 mm of at least 50% of TSS) was achieved

after 1-1.5 month of operation in all systems.

AGS of R1 was dominated by medium and large diameter granules (d> 0.63 mm),

while �ocs (d < 0.25 mm) represented only a minor fraction. The fraction of granules

steadily increased in R1, while �ocs simultaneously decreased to about 5% after 50

days of operation. Large granules gradually replaced small granules and dominated

the sludge composition after 100 days of operation. The total fraction of granules (d

> 0.25 mm) in R1 remained steady throughout the entire reactor operation, despite

some �uctuations in the individual fractions. A major loss of large granules was ob-

served after 300 days of operation in R1. Incomplete uptake of carbon during anaer-

obic conditions, possibly caused by by-pass of the settled sludge bed during plug-�ow
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Figure 4.2.: Evolution of (A) the sludge volume index SVI 30 (measured after 30 minutes) and (B) the
SVI ratios (30/5 and 30/10) of the aerobic granular sludge of the four SBR. All SVI-values

are provided in supplementary information Figure C.1.
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feeding, resulted in �lamentous outgrowth of the granules (Supplementary information

Figure C.2d). Filamentous outgrowth �rst resulted in an increase of sheared-o� debris

(indicated by an increase in d< 0.63 mm size fractions), followed by breakage of large

granules. After 390 days of operation though, large granules started to develop again.

AGS fed with complex in�uent WW were mainly composed of small granules (50-70%)

and �ocs (20-40%). The AGS size fractions measured in the reactors fed with com-

plex synthetic and municipal WW were very similar. Small granules represented the

predominant size fraction, with 60-80%. Almost no large granules developed in these

systems (rarely above 10% of total biomass). Also, the fractions of �ocs decreased

from 80 % to less than 40% within the �rst 40 days. After day 40, 20-40 % of �ocs

remained in the systems until the end of the experiment. Large �uctuations of size

fractions � mainly of �ocs - were only observed in R2 and R3.

4.4.3. Evolution of the bacterial community composition from inoculation to

stable state

The microbial communities were monitored over 426 days for the four reactors (267

samples, 12 millions of reads) (Figure 4.4). The microbial communities developed dif-

ferently in R1 (100%-VFA) than in R2, R3 and R4, with the latter two being very

similar to each other. The microbial community in R2 (complex synthetic WW) was

rather similar to the ones of R3 and R4, although some di�erences could be observed.

In R1, an initial increase of the Gammaproteobacteria with successive changes within

this class was observed.Dechloromonaswas progressively replaced by other Betapro-

teobacteriales such asAzoarcus or Zoogloeawhose relative abundance �uctuated greatly

during the experiment. The proportion of Actinobacteria, here comprising mainly pu-

tative fermenting bacteria, gradually decreased to below 2% after day 119. Tetras-

phaera and Ca. Accumulibacter represented 8% and 3% of the inocula communities,

respectively. In R1, the abundance ofTetrasphaera decreased progressively and was<

0.5% after 100 days whereas the abundance ofCa. Accumulibacter �uctuated between

0.1% and 8%. In R2, R3, and R4, Actinobacteria became abundant (30-50%) during

the two �rst weeks of operation and stabilised at around 10% after 200 days of opera-

tion. The abundance ofTetrasphaera remained quite stable during the �rst 130 days

in these reactors and then decreased to 1-3% whereas abundance ofCa. Accumulibac-

ter was always< 3%.

The evolution of the microbial communities according to the di�erent WWs are rep-

resented in the PCoA of the Bray-Curtis distance matrix of the bacterial OTUs (97%)
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Figure 4.3.: Evolution of the sludge size fractions (TSS based) for the aerobic granular sludge fed with
di�erent in�uent composition: 100 %-VFA synthetic (R1), complex synthetic (R2), primary

e�uent (R3) and raw in�uent WW (R4) run # 1 and run# 2. Aggregates with d < 0.25
mm are considered as �ocs, aggregates with d> 0.25 mm and < 0.63 mm as small

granules, aggregates with d > 0.63 mm and d < 1 mm as medium granules and aggregates
with d > 1.0 mm as large granules.
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Figure 4.4.: Composition of bacterial communities from inoculation to stable state in the four AGS
reactors treating di�erent types of WW. The most abundant taxa are shown in colors

depending on the class they belong to. One exception is the order Betaproteobacteriales
(colored in red) that has recently been included in the class Gammaproteobacteria (Parks
et al., 2018). The other taxa of the latter class are colored in green. The evolution of the
bacterial community of the reactor treating raw WW (R4) is shown for both run # 1 and

run# 2. 99



relative abundance (Figure 4.5). In all reactors, the bacterial community quickly changed

�rst after inoculation (`transition phase') and then stabilised (`stable state'). The bac-

terial communities of R3 and R4 (municipal WW) evolved towards a similar stable

state. The bacterial community of R1 evolved very di�erently from R3 and R4. The

evolution of the bacterial community of R2 was di�erent from the one of R1 and quite

close to the ones in reactors R3 and R4. The time to reach stable state signi�cantly

varied from one reactor to another. In R1 and R3 the bacterial community stabilised

after 231 days, while 178 and 120 days were required for R2 and R4, respectively. The

evolution of bacterial communities of R4 was similar during run# 1 and run# 2. The

Shannon diversity index decreased during the transition phase, in particular for the

reactors treating synthetic WW (Supplementary information Figure C.5). The index

was higher in the samples of the stable states, in comparison to the samples of the

transition phases, which supports the pertinence of the criterion applied to determine

the stable state.

Figure 4.5.: Principal coordinate (PCoA) plot based on the Bray-Curtis distance matrix of the
bacterial OTUs relative abundance in the sludge samples collected in the four reactors.

The samples are linked with dashed lines during the transition state and with solid lines
during the stable state. Plots of PCo3 (explains 12.87% variance) vs PCo1 and PCo2 are

provided in supplementary information Table C.4.
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A comparison of the proportions of each genus was performed in order to identify

the taxa responsible for the di�erences between the di�erent microbial communities

of the four AGS systems and the inocula (Supplementary information Figure C.6).

Out of the total 422 taxa, 38 were identi�ed as discriminant. Some of the discriminant

taxa were characteristic for AGS fed with the simple WW (R1), such asMeganemaor

members of the Rhodobacteraceae family (Supplementary information Figure C.6).

Other taxa were mainly abundant in the AGS fed with real WW (inocula, R3 and

R4), such asPropioniciclava, Iamia, Acidovorax, Kouleothrix, Ca. Epi�obacter and

Sulfuritalea. Several taxa were more abundant in AGS treating complex WW, whether

synthetic or municipal: Microlunatus, the fermentative GAO Micropruina or the fer-

mentative PAO Tetrasphaera. The following genera were abundant and present in the

`core community' of the systems but not discriminant: the PAO Ca. Accumulibacter,

the GAO CPB_C22 &F32, Ca. Microthrix, Saprospiraceae (f), Rhodobacter, Thauera,

and Thiotrix . Finally, the proportions of the bacterial taxa of R1 and R2 were com-

pared separately, with those of R3 and R4 combined. This comparison was performed

to assess the e�ect of synthetic vs. real WW on the microbial communities of AGS.

Among the 29 abundant taxa in R3 or R4, 23 were found in signi�cantly lower propor-

tions in R1. In R2, the number of underrepresented taxa dropped to only 15 (Supple-

mentary information Table C.4).

4.5. Bacterial communities of granules and �ocs

The presence of non-di�usible organic substrate in the WW resulted in 20-40% of �ocs

in the AGS. It is thus relevant to understand to what extent the microbial communi-

ties in �ocs and granules are similar. The relative abundances of the main genera in

�ocs and granules were compared to detect potential enrichment of some genera be-

tween those two types of microbial aggregate (Figure 4.6). At stable state,Zoogloea,

Flavobacterium, CYCU-0281, Thauera and Trichococcus were enriched in �ocs, whereas

Nitrospira , Ca. Competibacter, Rhodobacter, Terrimonas and CPB_CS1 were en-

riched in granules. However, only few of these di�erences were signi�cant (Supple-

mentary information Table C.5) when considered separately,e.g. Nitrospira in R1 and

R4 and Thauera in R4. Hence, in term of microbial community composition, �ocs are

quite similar to granules.
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Figure 4.6.: Average relative abundance of the main genera in the �ocs and granules fractions collected
in the four reactors during the stable state. Purple indicates a higher proportion in �ocs
while green indicates a higher proportion in granules. A pseudo-count of 0.5% was added
to each abundance to lower the possible e�ect of the noise in very low abundant genera.
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4.5.1. Nutrient removal performance
Overall, good substrate / nutrient removal and e�uent quality was observed for all

systems, despite signi�cant di�erences in the sludge properties and granulation process

(Table 4.2). Very low TSS concentrations were measured in the e�uent of R1 and R2

(< 20 mgTSS L-1), as well as in the e�uent of R4 run # 1 (15 mgTSS L-1). The high-

est TSS concentration was measured in the e�uent of R3 (45 mg TSS L-1). During

run# 2 of R4, TSS e�uent concentrations (34 mgTSS L-1) were lower than in R3, but

still higher in comparison to R4 run# 1 as well as R1 and R2.

Excellent COD- and NH4-N-removal e�ciencies were observed in all reactors, except

R3. For R1, R2, and R4, the COD- and NH4-N-removal e�ciencies were consistently

larger than 90% and 95%, respectively. The sludge loss in the e�uent of R3 (43 � 21

mgTSS L-1) increased the average COD concentration in its e�uent. E�uent concen-

trations of NH 4-N and NO2-N were consistently low in all reactors. High TN-removal

(77%) via simultaneous nitri�cation-denitri�cation (SND) was observed in R1 only,

which was indicated by the lowest NO3-N e�uent concentrations. Larger NO 3-N ef-

�uent concentrations measured in the e�uent of R2, R3 and R4 resulted from a larger

accumulation of NO3-N during the aerobic phase, compared to R1. Since full nitri�ca-

tion was observed in all systems, it can be concluded that the higher NO3-N e�uent

concentrations result from a lower (simultaneous) denitri�cation rate during aerobic

bulk conditions.

PO4-P-removal was constant and high (> 90 %) for AGS of R1 and R2 only. AGS of

R4 run# 1 and run# 2 showed lower PO4-P-removal of 61 and 78% on average, re-

spectively. The lowest PO4-P-removal was observed for AGS of R3. However, PO4-

P-removal of R3 and R4 run# 2 improved up to > 95% after introducing anaerobic

PF+mixing at day 357 and 289, respectively.

Overall, successful start-up of the reactors in terms of substrate / nutrient removal

was achieved long before achieving good settling properties. Full COD and NH4-N re-

moval were observed right after inoculation of the systems. High P-removal was ob-

served without delay for R1 and R2 while stable and high biological phosphorus re-

moval was reached after 77 and 93 days for R3 and R4 run# 2, respectively. R4 run# 1

was not able to recover high P-removal performance before the restart.

4.5.2. Correlations between settling properties, nutrient-removal

performances and microbial community composition

Multiple factor analysis (MFA) indicates a correlation between the proportion of solu-

ble COD in the in�uent, a high proportion of medium to big granules and a SVI 30/10
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Table 4.2.: E�uent concentrations and nutrient removal performances of the four AGS reactors fed
with 100%-VFA synthetic (R1), complex synthetic (R2), primary e�uent (R3) and raw

in�uent (R4) WW run # 1 and run# 2 A .
100%-VFA
synthetic WW

Complex
synthetic WW

primary
e�uent WW

raw WW raw WW

R1 R2 R3 R4 run# 1 R4 run# 2
TSS e�uent
[mgTSS L-1 ]B 13� 15 17� 22 43� 43 15� 15 34� 34
COD removal
[%] 91� 7 93� 5 83� 11 92� 3 88� 8
TN removal
[%]

77� 14 60� 16 45� 20 47� 12 63� 16

NH4-N removal
[%] 95� 7 97� 6 96� 4 94� 7 97� 5
NH4-N e�uent
[mgN L -1 ] 0.2� 0.4 0.1� 0.1 0.3� 0.5 0.2� 0.2 0.2� 0.3
NO3-N e�uent
[mgN L -1C ] 4� 4 13� 5 13� 6 12� 4 11� 5
TP removal
[%] 89� 10 89� 14 49� 44 64� 20 73� 17
PO4-P removal
[%] 92� 11 96� 7 64� 28 63� 24 79� 18
PO4-P e�uent
[mgP L -1 ]

0.4� 0.6 0.2� 0.3 1.2� 1.1 1.0� 0.7 0.7� 0.9

A Average and SD were calculated from 29-39 measurements for R1, R2, R3, 12-15 for R4 run#1 ,
and 16-24 for R4 run#2 , respectively.
B Calculated from measurements of samples taken during stable operation (no sludge washout events).
C NO2-N in the e�uent was in the range of 0.1-0.3 mgN L -1 for all reactors.
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ratio close to 1, suggesting good granulation and settleability (Figure 4.7). The pro-

portion of soluble in�uent COD also correlated with good nutrient-removal perfor-

mances, such as nitrogen, total phosphorus or phosphate removal e�ciencies (TN,

TP and PO4-P-removal). The projection of the samples in the two-dimensional MFA

space provides information about the global similarity between samples (Figure 4.7B).

Overall, samples of R2 are close to the ones of R1 and closer to samples of R4 than

R3. At stable state, the bacterial communities, settling properties, size distribution of

the sludge, and the nutrient removal performances show di�erent individual distribu-

tions in the two-dimensional space (Supplementary information Figure C.9). Bacterial

communities of AGS of R3 and R4 are very similar at stable state, and close to the

communities of the inoculum (Supplementary information Figure C.9A). Microbial

communities of R3 and R4 are clearly distinct from the ones of the reactors treating

synthetic WW, however closer to the ones of R2 than to those of R1. The projection

of the samples forms a gradient from R1 to R3, with R2 and R4 in between, based

on settling properties and size distribution of the sludge (Supplementary information

Figure C.9B). The links between the microbial communities and the size and density

of the biomass is con�rmed by the correlation of 0.65 between the two corresponding

Bray-Curtis distance matrices (Supplementary information Table C.6 and Table C.5).

Based on the nutrient-removal performance data, a majority of samples mainly from

R1, R2 and R4 grouped together. Outliers, mainly from R3, surrounded this group

(Supplementary information Figure C.9C). This re�ects the fact that, AGS of R3 had

lower nutrient-removal performances than AGS of the other three reactors, even at

stable state. Weak correlation (0.05) between the Bray-Curtis distance matrices of the

bacterial communities and the nutrient-removal performances (Supplementary infor-

mation Figure C.9) is observed at stable state.

4.5.3. Identi�cation of correlations between the discriminant taxa and the

sludge size distributions, the settling properties, and the

nutrient-removal performances.

Three di�erent clusters were identi�ed by correlating the discriminant taxa with the

di�erent properties of the sludge (Figure 4.8). Cluster I correlated with a high pro-

portion of big and medium size granules, good settling properties and good nutrient-

removal. It includes the PAO Ca. Accumulibacter and its GAO competitors from the

family Competibacteraceae (Ca. Competibacter, Ca. Contendobacter, CPB_CS1 ).

Aerobic �lamentous ( Meganema, Zoogloea), potentially �lamentous ( Flavobacterium)
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Figure 4.7.: Multiple factor analysis (MFA) performed on the data at bacterial stable state in the four
reactors with three groups of variables: settling characteristics, nutrient-removal and
composition of the bacterial communities. These graphs show the contribution of the

settling characteristics the nutrient-removal and the bacterial community compositions to
the two �rst axis (A), and the projection of the corresponding sample points in this

two-dimensional space (B).

bacteria and the nitrifying Nitrospira also belong to this cluster. Numerous putative

denitri�ers are also part of cluster I ( Zoogloea, Ca. Competibacter, Ca. Contendobac-

ter, Ca. Accumulibacter).

Cluster II correlates with high proportions of small granules and �ocs, relatively good

settling properties, good P-removal and partial TN-removal. It is composed of the aer-

obic bacteria Terrimonas, which has the ability to hydrolyse various substrates, and

Amaricoccus, which can store carbon in the form of PHA. It also comprises fermenta-

tive or putatively fermentative bacteria such as Microlunatus and Mesorhizobium for

which in situ physiology is not well described yet. The bacteria belonging to this clus-

ter were relatively abundant in the reactor treating complex synthetic WW (R2).

Cluster III contains taxa correlated with high proportions of small granules and �ocs,

poorer settling properties, and lower nutrient-removal. This cluster contains one third

of novel or poorly characterised genera such asP58 or Dokdonella. It also includes fer-

mentative bacteria including Tetrasphaera, Micropruina , Propioniciclava Kouleotrix ,

and Trichococcus. As cluster I, it contains various potential denitri�ers such as Iamia,

Sulfuritalea, Microthrix or Acidovorax. Cluster III also comprises bacteria likely able

to degrade macromolecules,e.g. Ca. Epi�obacter, CYCU-0281 and members of the

family Chitinophagaceae. These bacteria are more abundant in the systems treating
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municipal WW (inocula, R3, R4). Members of the generaCa. Microthrix and Tri-

chococcus, and the family Caldilineaceaepresent in cluster III can be �lamentous and

thus impair the settleability of the sludge and be at least in part responsible for the

poorer settleability associated with this cluster.

Figure 4.8.: Correlation heatmap between the discriminant taxa and Ca. Accumulibacter and the
sludge size distribution, the settling properties and the nutrient-removal e�ciencies of the
samples collected during the stable state, in the four reactors (A). The correlations having

p-values lower than 0.01 are indicated with a yellow star. The di�erent taxa were
clustered together according to the similarity in terms of correlations with the di�erent
parameters of the sludge. The inverse values of SVI5 and settling time were used for the

construction of the correlation heatmap. The average relative abundance of the taxa
(Supplementary information Table C.5) after Hellinger transformation, in the four reactors

during the stable state is indicated in green (B).
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4.6. Discussion

4.6.1. Diffusibility of organic substrates has signi�cant in�uence on

formation of AGS

Wastewater composition in terms of di�usible / non-di�usible organic substrate signif-

icantly in�uences the formation of AGS. A comparison between the four reactors fed

with di�erent amounts of di�usible / non-di�usible organic substrate helped validat-

ing the conceptual model presented above (Figure 4.1). Fast granulation was observed

with WWs containing high amounts of di�usible organic substrate (R1 and R2), thus

resulting in excellent settling properties and stable nutrient-removal performances. On

the other hand, a low amount of di�usible organic substrate resulted in slow granula-

tion, poorer settling properties, and often partial nutrient removal.

Granulation results from the selection of slower growing carbon-storing microorgan-

isms over OHO (de Kreuk and van Loosdrecht, 2004; Vjayan and Vadivelu, 2017). The

high proportions of di�usible organic substrate in R1 and R2 promoted the growth

of organisms that can store or use carbon under anaerobic conditions. Storing mi-

croorganisms such asCa. Accumulibacter (classical PAO) and Ca. Competibacter or

CPB_C22 (classical GAO) represented an important part of the microbial community

of R1 (Figure 4.4). In R2, the fermentative PAO Tetrasphaera and the fermentative

GAO Micropruina were abundant, in particular during granulation. The in�uent com-

position speci�cally favoured the growth of these organisms, which coincided with the

rapid development of well-settling AGS. However, the size of the granules which de-

veloped in R1 and R2 was very di�erent, with large granules dominating AGS of R1

while smaller granules were observed in R2. If di�usibility of substrate is very high,

bacterial growth in the deep layers is then promoted, ultimately leading to the forma-

tion of dense / large granules as in R1. Granule size is in theory linked to deep sub-

strate penetration into the granule, which is in�uenced by the substrate concentration

gradient, uptake rate, and di�usibility of substrate (Morgenroth, 2008; Rittman and

McCarty, 1981). The nature and content of extracellular polymeric substances (EPS)

� associated with granule densi�cation - is in�uenced by substrate type and loading,

and has strong implications on the granule size and settling (Rusanowska et al., 2019).

Deep substrate di�usion and conversion occurred in R1 as indicated by the high SND

measured for this system. During the aeration phase, denitri�cation occurred in the

anoxic zones of the granules due to previous anaerobic storage of di�usible organic

substrate. Classical PAO and GAO enriched in the AGS of R1 were able to grow un-

der both anoxic and aerobic conditions thus favouring the densi�cation of the granules.
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The lower fractions of di�usible organic substrate in R2 in�uent resulted in a limited

growth in the core of the granules and ultimately in the formation of smaller gran-

ules. The di�erent properties of the granules of R1 and R2 (settling, granule size and

biomass fractionation, etc.) can thus be explained by the amount and nature of the

di�usible and non-di�usible substrates (VFA, fermentable soluble and particulate or-

ganic substrate). Granulation can therefore be linked to two aspects: (1) the di�usibil-

ity of the substrate governs its availability within the granules and (2) the nature of

the substrates determines the microbial community composition and the aggregates

densi�cation.

On the contrary, the high proportions of non-di�usible X B in the in�uent of R3 and

R4 hampered the granulation process. Several phenomena lead to the conclusion that

hydrolysis is only partial during anaerobic plug-�ow feeding: (1) WW particles are of-

ten large, from severalµm up to 1-2 mm (Dimock and Morgenroth, 2006; Levine et

al., 1985), (2) hydrolysis is a very slow process (Benneouala et al., 2017; Jabari et al.,

2016; Morgenroth et al., 2002), and (3) the anaerobic feeding duration of 1-2 h typ-

ically applied in AGS systems is insu�cient to provide full hydrolysis of X B (Jabari

et al., 2016; Wagner et al., 2015). Therefore partial anaerobic conversion of XB is un-

avoidable and results in a high availability of substrate during the subsequent aerobic

phase, which in turn supports the growth of OHO (Wagner et al., 2015). OHO growth

leads to poorer settling properties due to �lamentous outgrowth, �oc formation or a

decrease of P-removal (de Kreuk et al., 2010; Novák et al., 1993; Pronk et al., 2015a;

Suresh et al., 2018; Weissbrodt et al., 2014). Extensive OHO growth outcompeting

slower growing storing organisms is the most likely reason for the slow development of

granules, bad settling properties and overall lower nutrient removal performance ob-

served for AGS of R3 and R4, in comparison to R1 and R2. Classical PAO and GAO

were outcompeted by fermentative PAO and GAO in R3 and R4, and similarly in R2.

The enrichment of fermentative PAO and GAO in those systems is the result of lower

in�uent VFA concentrations combined with large amounts of fermentable substrates,

stemming from both in�uent WWs and produced via hydrolysis of non-di�usible com-

pounds.

4.6.2. Start-up

High concentrations of di�usible organic substrate, as found in the synthetic WW of

R1 and R2, led to faster granulation (1 month) compared to granulation in R3 (> 1

year) or R4 (5 months). A main �nding of our study is that di�erent characteristic
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times were required to establish stable microbial communities, stable physical proper-

ties of the AGS, or steady substrate / nutrient removal. Characteristic time to estab-

lish full substrate / nutrient removal was the quickest (around few days / weeks) while

characteristic time to establish a stable microbial community was the slowest (several

months).

Complete substrate and nutrient removal was observed without any delay right af-

ter inoculation with activated sludge for all reactors. Maintaining high conversion

rates after inoculation required an appropriate start-up strategy. Our selected start-

up strategy relied on applying a low washout stress to avoid a too harsh washout of

slow growing organisms. Full nitri�cation without NO 2-N accumulation was observed

after start-up, while no or a very short loss of biological P-removal was noticed. Sus-

tained nutrient removal after inoculation was also observed by Lochmatter and Hol-

liger (2014), who applied a similar start-up strategy of low washout stress on slow-

settling biomass. Low amounts of di�usible organic substrate in the WW must thus be

balanced by a less harsh washout of �ocs during start-up.

Aggressive washout of slow settling biomass as strategy to start-up AGS systems us-

ing either 100%-VFA or municipal WW as in�uent can result in very short start-up

times down to 1 and 3 weeks, respectively, with settleability of SVI10 < 40 mL g-1 (de

Kreuk and van Loosdrecht, 2004; de Kreuk and van Loosdrecht, 2006). The current

study did not apply aggressive washout of slow settling biomass (�ocs) during start-

up resulting in signi�cantly slower granule formation. Since granulation was achieved

in all reactors, the start-up strategy in the current study is viable and relevant even

in unfavourable in�uent WW conditions, such as low strength municipal WW. Main-

taining high substrate / nutrient conversion rates over long-term ultimately resulted in

the formation of granules. The di�erent kinetics of AGS formation con�rm the general

trend observed in previous studies. Start-up is typically shorter with di�usible-only in-

�uent WW, consisting of 100%-VFA (1-4 weeks) (de Kreuk and van Loosdrecht, 2004;

Lochmatter and Holliger, 2014; Weissbrodt et al., 2014), than with WW containing

non-di�usible polymeric compounds, such as municipal or industrial WW (3 weeks �

more than 1 year) (de Kreuk and van Loosdrecht, 2006; Giesen et al., 2013; Liu et al.,

2010). The faster granulation of AGS in R4 compared to AGS of R3 con�rms that

higher organic loads facilitate the granulation process (Li et al., 2008; Nancharaiah

and Kiran Kumar Reddy, 2017; Rusanowska et al., 2019).

Establishing a stable microbial community required between 4 and 8 months for all

systems. During this period, di�erent transient bacterial communities were observed.

The transient bacterial community was dominated by Zoogloeain R1, fed with 100%-
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VFA WW. We propose that the presence ofZoogloeain R1 is an indirect consequence

of the excellent settling properties of the AGS, which led to preferential �ow and by-

pass of soluble COD into the aerobic phase (Supplementary information Figure C.7).

The growth of Zoogloeaduring the early stage of granulation in R1 likely resulted

from the presence of VFA in the aerobic phase (Weissbrodt et al., 2013). Similar to

the study of Weissbrodt et al. (2013), the high abundance ofZoogloeaobserved in R1

was associated with a high proportion of granules and a thin settled bed during feed-

ing. Several studies however suggested thatZoogloeaplays a positive role in the for-

mation of granules in VFA-rich in�uent WW by producing speci�c EPS (Kang et al.,

2018; Larsen et al., 2008; Li et al., 2008). Therefore, the availability of di�usible sub-

strates under aerobic conditions might not automatically be detrimental to granula-

tion. In the reactors fed with complex WW (R2, R3 and R4), Actinobacteria domi-

nated the transitional bacterial community. In particular, Micropruina was very abun-

dant in these three reactors and was concomitant to the formation of granules. Its role

in granulation in complex WW fed AGS systems is yet to be determined.

4.6.3. Steady-state

The list of potential organisms that play a functional role in AGS systems can be ex-

tended based on this study considering their e�ect on nutrient removal, and taking

into account the role of di�erent in�uent compositions. However, a core microbial

community of AGS systems cannot be established yet. During stable state operation,

dominant species in R1 were reported as abundant in other 100% VFA-fed AGS sys-

tems, such asZoogloea, Thauera, Rhodobacter, Meganemaand Nitrospira . In systems

fed with VFAs only, the PAO guild mainly consisted of Ca. Accumulibacter while the

GAO guild was mostly composed of members of the Competibacteraceae family (e.g.,

Ca. Competibacter, CPB_C22 &F32) (He et al., 2016a; Henriet et al., 2016; Weiss-

brodt et al., 2013). Such �simple� microbial community greatly di�ers from the ones of

R2, R3 and R4. Abundant taxa detected in R2, R3 and R4 were previously detected

in AGS fed with complex WW, like, e.g., CYCU-0281, Dokdonella. Flavobacterium,

Haliangium, Nitrospira , Rhodobacter, Thauera, Thrichococcus, unclassi�ed genera re-

lated to Xanthomonadaceae, and Zoogloea(Kang et al., 2018; ‘wi¡tczak and Cydzik-

Kwiatkowska, 2018; Szabó et al., 2017b). Fermentative bacteria were present in both

R2 and R3 = R4, in particular the PAO Tetrasphaera and the GAO Micropruina . The

sole presence of both di�usible and non-di�usible organic substrate � independent of

their nature - resulted in relatively similar microbial communities. Yet, the remain-
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ing di�erences between those systems could stem from continuous inoculation of the

sludge by bacteria present in the in�uent WW. Indeed, the similarity of the bacterial

communities of R3 and R4 is stronger within AGS sampled during the same date than

after the same number of days of reactor operation. Parts of the microbial commu-

nities thus stem from immigration of bacteria via the in�uent WW (Saunders et al.,

2016). Filamentous OHO detected in high proportions in R3 and R4 (e.g., Trichococ-

cus and the family Caldilineaceae) can have a negative impact on the settling prop-

erties of the sludge. Those �lamentous OHO are characterised by a high a�nity for

aerobic carbon degradation, which is consistent with the presence of slowly biodegrad-

able substrates in the in�uent of those reactors. Yet, many genera known to have hy-

drolysing capabilities, such asCa. Epi�obacter, CYCU-0281 and Kouleothrix, corre-

lated with low settling properties because they are linked to the presence of XB , but

not necessarily because they are �lamentous.

During stable state, the bacterial communities selected in the di�erent AGS systems

had multiple taxa in common with the core communities of EBPR activated sludge

(e.g., Ca. Accumulibacter, Micropruina , Tetrasphaera, Zoogloea) (Saunders et al.,

2016; Stokholm-Bjerregaard et al., 2017). But many taxa that are not yet charac-

terised at the genus level were identi�ed. They belong to the family of Xanthomon-

adaceae, Caldilineaceae, Cytophagaceae or to the phylum of Saccharibacteria. How-

ever, their function in AGS systems is yet to be determined.

The grouping of R1 vs. R2 / R3 / R4 based on microbial community also re�ected dif-

ferences in TN-removal, which was lower in the reactors fed with complex WW. TN-

removal in the systems can occur either via (1) pre-denitri�cation of remaining NO3-N

from the previous cycle during the feeding and subsequent anoxic / anaerobic mixing

phase, or (2) SND during aerobic bulk conditions. The latter process requires deni-

trifying bacteria, available COD and the presence of substantial anoxic zones within

the granules. Numerous putative denitrifying bacteria were detected in AGS of all re-

actors, but only R1 gathered all the conditions to perform SND resulting in low ef-

�uent NO 3-N; large granule size, and a high proportion of di�usible organic substrate

in the in�uent. Further research is required to identify the in�uence of each of these

factors on SND, and to improve SND in AGS systems fed by complex in�uent WW.

Decreased P-removal was observed in AGS systems treating municipal WW (R3, R4),

possibly due to low in�uent di�usible organic substrate (especially VFA) in combina-

tion with carbon leakage, and low in�uent PO 4-P concentrations (Guimarães et al.,

2018). Short-term loss of P-removal was also observed in R1 concomitantly to bypass-

ing of substrate during PF feeding. In addition, low (ortho-) P concentrations of the
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municipal WW received by R3 / R4 did not promote the growth of PAOs (de Kreuk

et al., 2010). Indeed, the proportion of PAOs was above 5% in the four reactors at

stable state. These proportions are much lower than the average proportion reported

in Danish EBPR WWTP (13 %) and may have made the four systems less robust in

terms of P-removal (Nielsen et al., 2010). Yet, the anaerobic carbon uptake, and there-

with P-removal, were enhanced by the introduction of an anoxic / anaerobic mixed

phase after PF feeding.

4.6.4. The role of �ocs in AGS systems

Our results indicate that the presence of �ocs (20-40%) is representative of AGS sys-

tems fed with WWs that contain non-di�usible X B (Figure 5.3). Flocs were observed

several months after the establishment of good / stable settling properties and sub-

strate / nutrient removal. Flocs fractions ranging from 16 to 40% of TSS were also

reported in literature for pilot- and full-scale AGS plants (Derlon et al., 2016; Pronk et

al., 2015b; van Dijk et al., 2018). Our results thus indicate that AGS systems are hy-

brid systems, composed of both �ocs and granules, rather than bio�lm (only) systems.

The presence of �ocs in AGS systems results from both short-term and long-term

mechanisms. Short-term exposure of the granules to non-di�usible XB triggers �la-

mentous outgrowth (de Kreuk et al., 2010). XB attaches to the granule surface and

is then partially hydrolysed during the anaerobic phase (de Kreuk et al., 2010). The

fraction of X B that is not converted anaerobically is then degraded under aerobic con-

ditions, thus promoting the growth of OHO and �lamentous outgrowth (�nger-type)

(Pronk et al., 2015a). Such short-term mechanism might however not be relevant for

real AGS systems, in which the sludge is exposed to XB over long-term (several months

/ years). Over long-term, the presence of XB in the in�uent favours the presence of

�ocs. Filamentous structures in turn do not develop on the surface of granules as XB
is likely captured / degraded by �ocs (Derlon et al., 2016; Wagner et al., 2015). XB

attachment onto the granules surface is likely limited during anaerobic PF-feeding,

while the hydrolysis rate is in addition very low, especially under anaerobic conditions

(Jabari et al., 2016). For these reasons, it is expected that signi�cant amount of XB

remain available during the mixed aerobic phase. We hypothesized that under mixed

conditions, �ocs would have a competitive advantage over granules for capturing and

then degrading XB (Derlon et al., 2016; Wagner et al., 2015). The surface-to-volume

ratio of the �ocs is much larger than the one of the regular and round shaped granules

(Andreadakis, 1993; Mihciokur and Oguz, 2016). We propose that the availability of
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XB during the mixed aerobic phase combined with its selective capture by �ocs is the

main reason for their presence in AGS systems treating municipal WW. We ultimately

suggest that �ocs might in fact be bene�cial during treatment of complex WW with

elevated levels of non-di�usible XB using AGS technology.

The microbial communities in the �ocs and granules di�ered only for some particular

genera at stable state. Thus the microbial community structures evolved in a similar

manner in both fractions, probably due to a constant exchange of biomass between

the two fractions (Liu et al., 2010; Zhou et al., 2014). For the four reactors, our re-

sults indicate a higher fraction of Zoogloeain �ocs than in granules. The enrichment

of Zoogloeain �ocs was particularly pronounced in the AGS of R1, where the propor-

tion of �ocs was the lowest (5%) and where �lamentous outgrowth was often observed.

The presence ofZoogloeain �ocs likely resulted from erosion of the granules' surface

(Szabó et al., 2017a). Erosion of the granule's surfaces might have been favoured by

the low cohesion of �lamentous structures resulting from the growth ofZoogloea. On

the contrary, the higher abundance of slow growing organisms in granules,e.g., Ni-

trospira, likely resulted from favourable growth conditions in the core of the granule.

The SRT gradually increases over the granule's depth, thus providing suitable growth

conditions for slow growing organisms such as nitri�ers. High cohesion within granules

also reduces the detachment rate and thus the exchange of bacteria from the granules

to the �ocs. In this case, the di�erences between the bacterial communities of gran-

ules and �ocs can become signi�cant, because both fractions o�er di�erent niches and

have di�erent retention times (Winkler et al., 2012). It is therefore expected that slow

growing bacteria are progressively enriched in the granules. The mechanism is con-

�rmed by our measurements of relative abundance ofNitrospira , Ca. Competibacter

or CPB_CS1. Moreover, the lowest di�erences between the microbial communities of

�ocs and granules in R3 can be explained by granulation being more recent compared

to the other systems.

4.6.5. Implications for research and practice

Our �ndings have relevant implications for both research and engineering practice.

The complex synthetic WW resulted in the development of AGS that was more sim-

ilar to AGS fed by municipal WW rather than AGS fed by 100 %-VFA. We therefore

advise the use of complex synthetic WW (VFA, di�usible fermentable substrate and

high non-di�usible X B contents) as surrogate of municipal WW. The proportion and

composition of XB can be tuned and modi�ed to address speci�c research questions.
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In terms of implications for engineering practice, our study provides relevant infor-

mation for the start-up of AGS systems. The superior performance of AGS in R4

over AGS in R3 indicates that an increased loading was bene�cial for granulation

and nutrient-removal, despite the increased fraction of XB in the in�uent. However,

a balance must be found between applying a su�cient loading while limiting operat-

ing costs (e.g., aeration). Start-up time was likely extended due to the chosen start-up

strategy (low washout stress and low vww during PF feeding) in comparison to other

studies (de Kreuk and van Loosdrecht, 2006; Derlon et al., 2016). But operating the

system at low vww also helped maintaining high substrate and nutrient removal rates

during the entire experimental phase, as observed in the present study and reported

in literature (Derlon et al., 2016; Lochmatter and Holliger, 2014). Applying a higher

selective pressure by gradually increasing the vww during PF feeding would acceler-

ate the formation of granules. But based on our experience, increasing the selective

pressure applied via vcrit is coupled with an increased risk of biomass loss. Due to the

sensitivity of AGS systems fed by low-strength municipal WW, a �ne balance between

maintaining high SRT conditions for forming granules and applying a selective sludge

removal of slow settling biomass must be found.

In terms of nutrient removal, partial denitri�cation due to poor SND proved to be rep-

resentative of AGS systems fed with non-di�usible XB . An increased TN-removal in

those systems was achieved by implementing an additional mixed phase following the

PF feeding. Denitri�cation during this phase likely bene�ted PO 4-P removal, as ob-

served for R3 and R4.

4.7. Conclusions

The main conclusions of this study were:

(1) The wastewater composition in terms of di�usible and non-di�usible organic sub-

strates governs both the microbial community composition, granulation kinet-

ics, settling properties, and nutrient removal of AGS. High fractions of di�usible

organic substrates result in fast granulation and excellent settleability of AGS,

whereas presence of non-di�usible XB in the in�uent hampers granulation, re-

duces settleability, and results in the presence of substantial fractions (20-40%)

of �ocs. The bacterial communities of �ocs and granules were globally very sim-

ilar within the same reactor, but several taxa were enriched in �ocs or granules,

respectively.
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(2) AGS fed by VFA based synthetic WW resulted � as expected - in a specialized

bacterial community containing classical PAO and GAO (e.g., Ca. Accumulibac-

ter, Ca. Competibacter or CPB_C22 ) that led to fast granulation, excellent set-

tling performance, stable nutrient removal, large granules, and a quasi-absence of

�ocs.

(3) AGS fed by complex substrates, containing non-di�usible XB , revealed bacterial

communities characterised by a high abundance of fermenting bacteria, including

fermentative PAO and GAO. High amounts of di�usible organic substrate and

total organic load were key factors to enhance the settleability and granulation

kinetics of the sludge as well as the stability of nutrient-removal performances.

(4) An increased �oc fraction was constitutive in AGS reactors fed with complex

WW and was attributed to the presence of non-di�usible XB in the in�uent. It

is neither possible nor desirable to wash out all �ocs in AGS systems fed with

complex WW.

(5) Complex synthetic WW led to AGS with characteristics resembling those treat-

ing raw municipal WW. Hence, the often applied 100%-VFA synthetic WW

should be replaced by complex synthetic WW as a surrogate of municipal WW

in future lab-scale experiments studying AGS.
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5.1. Abstract

Simultaneous Nitri�cation-Denitri�cation (SND) is, in theory, a key advantage of aer-

obic granular sludge systems over conventional activated sludge systems. But practi-

cal experience and literature suggests that SND and thus total nitrogen removal are

limited during treatment of municipal wastewater using AGS systems. This study

thus aims at quantifying the extent and understanding the mechanisms of SND dur-

ing treatment of municipal wastewater with aerobic granular sludge (AGS) systems.

Experiments (long-term and batch-tests) as well as mathematical modelling were per-

formed. Our experimental results demonstrate that SND is signi�cantly limited during

treatment of low-strength municipal wastewater with AGS systems (14-39%), while al-

most full SND is observed when treating synthetic in�uent containing only di�usible

substrate (90%). Our simulations demonstrate that the main mechanisms behind lim-

ited SND are (1) the dynamics of anoxic zone formation inside the granule, (2) the dif-

fusibility and availability of electron-donors in those zones and (3) the aeration mode.

The development of anoxic zones is driven by the utilisation of oxygen in the upper

layers of the granule leading to transport limitations of oxygen inside the granule; this

e�ect is closely linked to granule size and wastewater composition. Development of

anoxic zones during the aerobic phase is limited for small granules at constant aeration

at bulk dissolved oxygen (DO) concentration of 2 mgO2 L-1, and anoxic zones only de-

velop during a brief period of the aerated phase for large granules. Modelling results

further indicate that a large fraction of electron-donors are actually utilised in aerobic

rather than anoxic redox zones � in the bulk or at the granule surface. Thus, full SND

cannot be achieved with AGS treating low strength municipal wastewater if a constant

DO is maintained during the aeration phase. Optimised aeration strategies are there-

fore required. 2-step and alternating aeration are tested successfully using mathemati-

cal modelling and increase TN removal to 40-79%, without compromising nitri�cation,

and by shifting electron-donor utilisation towards anoxic redox conditions.

Keywords: Aerobic granular sludge; municipal wastewater; simultaneous nitri�cation

denitri�cation; total nitrogen removal; aeration strategy
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5.2. Introduction

In AGS systems, mass transfer is limited by di�usion, which leads to concentration

gradients of electron-donors / �nal acceptors within the granules (Van Loosdrecht and

Brdjanovic, 2014). During the aerated phase, an oxygen gradient develops within the

granules whereby the outer layers are aerobic and the inner core is anoxic or anaerobic

(de Kreuk et al., 2007a). Those di�erent redox conditions within the granules allow

nitrifying, denitrifying and facultative anaerobic organisms to coexist (Winkler et al.,

2013). As a result, it is usually well accepted that simultaneous nitri�cation and den-

itri�cation (SND) is a key feature of AGS and that SND is the main nitrogen removal

pathway in AGS systems (Adav et al., 2008; de Kreuk et al., 2005; Pronk et al., 2015).

In theory, complete total nitrogen (TN) removal via SND could be achieved in one

single reactor and within a single aerobic phase of the SBR cycle. However, when

analysing data from literature, it is less evident that high TN removal via SND oc-

curs in AGS systems treating municipal wastewater (MWW) (Figure 5.1). SND e�-

ciencies reported for lab-scale AGS systems fed with synthetic in�uent (mostly volatile

fatty acids, VFA) are highly variable. Values ranging from 10 to 100% are reported

for di�erent dissolved oxygen (DO) concentrations in the bulk liquid (de Kreuk et al.,

2005; Kocaturk and Erguder, 2016; Lochmatter et al., 2013). But for those systems,

high SND e�ciencies of more than 75% are typically observed for DO values below 4

mgO2 L-1 (Figure 5.1). In AGS systems fed with MWW, SND e�ciencies smaller than

50% on average are on the contrary reported (Figure 5.1) (de Kreuk and van Loos-

drecht, 2006; Lashkarizadeh et al., 2015; Liu et al., 2010; Ni et al., 2009; Pronk et al.,

2015; ‘wi¡tczak and Cydzik-Kwiatkowska, 2018; Wagner et al., 2015). High variability

of SND and / or low e�ciencies lead to high TN and NO 3-N e�uent concentrations

in the case of AGS-SBR operation without explicit anoxic phases. Low SND and TN

removal of AGS is problematic in areas with stringent treatment requirements. It is

therefore crucial to understand the extent and mechanisms of SND in order to further

optimise TN removal of AGS systems.

SND requires (1) simultaneous occurrence of aerobic (for nitri�cation) and anoxic (for

denitri�cation) redox conditions, and (2) electron-donor availability in anoxic redox

conditions (for denitri�cation). Figure 5.1 illustrates both e�ects. Lower DO concen-

trations generally tend to increase SND performances in both activated sludge and

AGS systems (He et al., 2019; He et al., 2017; Pochana and Keller, 1999; Third et al.,

2003; Zeng et al., 2003). In activated sludge �ocs, anoxic micro-zones form due to high

oxygen utilisation rates at the surface of the �ocs (Li and Bishop, 2004), or by main-
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taining a bulk dissolved oxygen (DO) concentrations below the oxygen half-saturation

constant (KO2 ) of denitrifying organisms (Daigger et al., 2007). Operation of activated

sludge system at a DO set-point below KO2 thus results in SND without strict anoxic

conditions. In comparison to activated sludge, larger SND e�ciencies are observed for

AGS systems across all DO concentrations (Figure 5.1, green and orange dots). Higher

SND in AGS systems results from the formation of anoxic zones inside the granules,

which is driven by the limited di�usion of oxygen and simultaneous di�usion / produc-

tion of NO3-N. Another important observation is the distinct SND e�ciency of AGS

fed by synthetic WW � mostly composed of readily available VFA - vs. real MWW

(Figure 5.1). Indeed, the type of electron-donor and its availability partially deter-

mines SND e�ciency (Pochana and Keller, 1999). Therefore, the distinct e�ects of the

electron-donor availability, type and anoxic zone formation on SND in AGS systems

need to be clari�ed.

AGS systems treating low strength MWW are typically characterized by: slower start-

up, more heterogeneous granule sizes, lower granule fractions, and an increased �oc

fraction in comparison to VFA-only WW fed AGS (Layer et al., 2019). The size of

granules vary from d = 0.5 mm (or smaller) after few months (Layer et al., 2019; Liu

et al., 2010; Ni et al., 2009; Wagner et al., 2015) up to d> 2 mm after few years of

operation (Pronk et al., 2015). The granule size, together with the penetration depth

of O2 in theory determines the extent of anoxic zone formation inside the deeper lay-

ers of the granule (Li et al., 2008). If the granule diameter impacts the penetration of

O2, it is then key to evaluate the mechanisms of SND for both small (several hundred

� m) and large (several mm) granules, representative of young and mature granules, re-

spectively. The extent of anoxic zones in smaller granules might thus limit SND com-

pared to larger granules. Another determinant of the extent of SND is the availabil-

ity of (di�usible) electron-donors in the anoxic zones. Municipal WW contains a large

fraction of electron-donors in the non-di�usible particulate form (X B ), typically repre-

senting 50% of the total chemical oxygen demand (COD) (Metcalf and Eddy, 2014). If

most of the electron-donors contained in MWW are not di�usible, it is then hypoth-

esized that denitri�cation might also be limited during treatment of MWW. Under-

standing the distinct e�ects of the WW compositions and granule sizes on anoxic zone

formation and electron-donor availability, and in turn on the SND and TN removal in

AGS systems is therefore crucial.

The objectives of this study were therefore (1) to experimentally assess that SND and

thus TN-removal is limited during treatment of low-strength MWW in comparison

to 100%-VFA synthetic WW and (2) to then identify which mechanisms limit the ex-
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Figure 5.1.: SND e�ciencies for di�erent DO bulk concentrations reported in literature for activated
sludge systems and aerobic granular sludge fed with synthetic acetate / propionate based
in�uent (AGS synthetic) or MWW (AGS municipal WW) (de Kreuk and van Loosdrecht,

2006; Derlon et al., 2016; He et al., 2019; He et al., 2017; He et al., 2018; Isanta et al.,
2012; Kishida et al., 2006; Kocaturk and Erguder, 2016; Lashkarizadeh et al., 2015; Liu
et al., 2011; Liu et al., 2010; Lo et al., 2010; Lochmatter et al., 2013; Marin et al., 2019;

Mosquera-Corral et al., 2005; Ni et al., 2009; Pochana and Keller, 1999; Pronk et al., 2015;
Rollemberg et al., 2019; Semerci and Has�lc�, 2016; ‘wi¡tczak and Cydzik-Kwiatkowska,
2018; Third et al., 2003; Wagner et al., 2015; Wang et al., 2009; Wang et al., 2015; Zeng
et al., 2003). Data on SND were collected directly from literature (whenever given), or

calculated from batch-test data or in-cycle concentration pro�les of N-species
(Supplementary Information D.1).
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tent of SND, e.g., the dynamic of anoxic zone formation, the availability of di�erent

electron-donors inside the granules, and (3) to identify how to improve SND and TN

removal by optimising the aeration strategies in AGS systems (2-step aeration, al-

ternating aeration). Both experiments and mathematical modelling were conducted.

SND and TN removal were quanti�ed during long-term and batch experiments for dif-

ferent AGS systems fed with di�erent WW to better understand the in�uence of DO,

in�uent WW and sludge composition on the SND e�ciency. An AGS model was then

used to identify the e�ect of (1) electron-donor availability and contribution to SND

and (2) anoxic zone formation inside the granules. The AGS model was then used to

evaluate di�erent aeration strategies in order to maximize TN removal.

5.3. Materials and Methods

5.3.1. Experimental approach and reactor con�guration

AGS were cultivated in 13L column SBR fed with 100%-VFA synthetic (R1), complex

synthetic (R2), primary e�uent (R3) and raw WW (R4), respectively (Layer et al.,

2019). In�uent composition in terms of electron-donor was either very simple (only

soluble and highly di�usible organic acids) (R1), or increasingly complex in terms of

electron-donor composition (R2, R3 and R4) (Table 5.1). All systems were operated at

constant volume and SBR cycles were as follows: anaerobic plug-�ow feeding (1.5 h),

aerobic phase (4h), settling (variable time), and excess sludge removal after settling.

The total cycle length was 5.6 h. The DO concentration during the aerobic phase

was controlled at a set-point of 2 mg O2 L-1 (constant DO). The settling and biomass

properties of the di�erent AGS grown with di�erent in�uent compositions were char-

acterised (Table 5.1). SND was assessed based on both long-term performances at con-

stant DO concentrations and ex-situ batch tests at various DO concentrations. Long-

term nitri�cation and denitri�cation performances and e�uent quality (TN, NH 4-N,

etc.) were monitored for 300-400 days. Batch-tests were performed on days 173 and

174 (R1), 195 and 196 (R2), 174 and 183 (R3), and 85 and 86 (R4) of operation, after

establishment of granulation. For those batch tests, AGS was fed anaerobically dur-

ing a regular SBR cycle, followed by aeration at di�erent DO concentrations in fully

mixed conditions (0.5 � 6.0 mgO2 L-1). Mixing was provided by a stirrer and aeration.
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Table 5.1.: Detailed in�uent composition, settleability (based on sludge volume index) and granule
content of the four SBR fed by 100%-VFA synthetic WW, complex synthetic WW, primary

e�uent WW and raw WW (Layer et al., 2019).
Reactor R1 R2 R3 R4

In�uent composition A

Synthetic
in�uent
(50% acetate,
50% propionate)

Synthetic
in�uent
(33% VFA,
33% ferment-
able substrate,
33% particulate
substrate)

Low-strength
municipal WW
after primary
sedimentation

Raw
low-strength
municipal
WW

Total COD
[mgCOD L -1 ]

582 503 331 469

Soluble COD
[mgCOD L -1 ]

582 457 188 247

Soluble COD /
particulate COD-ratio [-]

- 9.9 1.3 1.1

TN [mgN L -1 ] 43 44 33 41
NH4-N [mgN L -1 ] 40 20 24 29
Total COD /
TN-ratio
[mgCOD mgN -1 ]

13.5 11.4 10 11.4

TP [mgP L -1 ] 5.4 5.4 3.3 4.4
PO4-P [mgP L -1 ] 5 4.7 2.3 2.7
Sludge loading
rate [kg totalCOD
kgVSS-1 d-1 ]

0.26 0.21 0.26 0.26

Sludge volume
index after
30 min (SVI30)
[mL gTSS-1 ]B

43 51 84 65

Granule fraction
d >0.25 mm B 93% 63% 61% 74%

Typical granule
diameter after 1
yearC

1 � 3 mm 0.25 - 0.63 mm 0.25 - 0.63 mm 0.25 - 0.63 mm

A Detailed WW characterization can be found in Layer et al., 2019
B Long-term average, not considering the start-up phase
C Based on biomass size-fractions (Layer et al., 2019)
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5.3.2. Modelling

Model description

A mathematical model was used to identify (1) the mechanisms governing SND in

AGS systems, and (2) test aeration strategies that optimise TN removal in AGS sys-

tems. The AGS model consists of (1) a bio�lm model, (2) a biokinetic model, and (3)

a reactor model (Figure 5.2).

Bio�lm model: The bio�lm model is based on the 1-dimensional Wanner-Reichert

mixed-culture bio�lm model (Wanner and Reichert, 1996) implemented in SUMO®

software (Version 16, Dynamita, 2019). The main di�erence between the Wanner-

Reichert and the SUMO® bio�lm models are that bio�lm thickness is �xed (as an

input) in the SUMO ® bio�lm model, while it is predicted in the Wanner-Reichert

model. In SUMO® , the granule compartments are modelled as a sphere subdivided

into n = 10 layers, and the individual layer area is calculated as a function of depth

within the granule (Figure 5.2). The total volume of granules is considered constant

in the model. The bio�lm model predicts mass-transfer processes between and within

the fully mixed bulk phase and the di�erent bio�lm compartments (granule layers 1 to

10). The mass-transfer mechanisms implemented in the bio�lm model are (1) di�usion

of soluble and colloidal compounds (Si, Ci ) between all compartments (bulk and gran-

ule layers 1 to 10), (2) displacement of particulate compounds (Xi) , (3) attachment of

X i from the bulk to the granule surface layer and (4) internal transfer of Xi between

the granule layers. Supplementary Information D.2 provides detailed information on

the bio�lm model.

Biokinetic model: The biokinetic model used in this study (SUMO1, Varga et al.,

2018) considers the following key microbial populations: ordinary heterotrophic or-

ganisms (OHO), glycogen accumulating organisms (GAO), phosphorus accumulating

organisms (PAO) and nitrifying organisms (NITO). Nitri�cation and denitri�cation

are modelled as 1-step processes. The decision is based on experimental evidences

that both AOB and NOB are present in granules (Ali et al., 2019; Layer et al., 2019;

‘wi¡tczak and Cydzik-Kwiatkowska, 2018; Winkler et al., 2012) so that short-cut

nitri�cation-denitri�cation (nitrate shunt) is unlikely to occur (Figdore et al., 2018).

Denitri�cation is performed by OHO, GAO and PAO. Denitri�cation by OHO is per-

formed by using VFA or SB (non-fermented readily biodegradable soluble substrate) as

electron-donors. GAO can perform denitri�cation by using internally stored X STO,GAO

while PAO perform denitri�cation using X STO,GAO
1. OHO and PAO are additionally

1 In the original manuscript X STO,GAO was named GLY, while X STO,PAO was named PHA
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able to perform anaerobic fermentation of SB to VFA. Supplementary Information Ta-

ble D.11 provides the complete biokinetic matrix and parameters.

Reactor model: The reactor model used in this study is an SBR. The SBR sequence

set in the model was similar to the experimental one. All process steps were mod-

elled in fully-mixed conditions. E�uent total suspended solids (TSS) were set to 20

mg L-1, in the range of the values measured experimentally (Layer et al., 2019). A

solid retention time (SRT) of 20 d was maintained, in accordance to other AGS studies

(de Kreuk et al., 2007b; Layer et al., 2019; Ni and Yu, 2010). SRT (d) was calculated

based on Eq. 5.1.

SRT =
V r � TSSr

Qex � TSSex + Qe� � TSSe�
(5.1)

TSSr is the TSS concentration in the reactor (gTSS L-1), V r is the reactor volume (L),

TSSe� is the TSS concentration in the e�uent (gTSS L -1), Qe� is the e�uent �ow rate

(L d -1), TSSbulk is the TSS concentration in the bulk compartment (gTSS L-1) and

Qex is the excess sludge �ow rate (L d-1). Qex was automatically calculated based on

SRTtarget = 20 d. Excess sludge is only withdrawn from the bulk compartment. Sup-

plementary Information D.2 provides detailed information on the reactor model.

Speci�c model adaptations: Granules of diameters of 0.5 mm (young MWW granules)

and 2.0 mm (mature VFA granules) were considered , in accordance with our experi-

mental results collected over 1 year of operation (Table 5.1, Layer et al., 2019). Gran-

ule size of d = 2.0 mm for MWW (mature granules) was also selected in accordance

with literature (Pronk et al., 2015). The individual layer thickness of the granule were

set to 25 � m for all layers (d = 0.5 mm) or 25 � m for the 4 outer layers and 150� m

for the residual 6 inner granule layers (d = 2.0 mm). Decreasing the thickness of the

4 outer layers of the large granules increases the resolution in those layers, which is

required to best predict the concentration gradients and redox conditions within the

granules. For data plotting and interpretation, the distinction between aerobic, anoxic

and anaerobic redox conditions is based on the half-saturation constants of growth on

O2 and NOx-N of OHO of the biokinetic model (Table 5.2).

Table 5.2.: Conditions of DO and NO x -N that were de�ned as aerobic, anoxic and anaerobic
conditions during modeling.

Redox condition
DO
[mgO2 L -1 ]

NOx -N
[mgNOx -N L -1 ]

Aerobic � 0.05 -
Anoxic <0.05 � 0.03
Anaerobic <0.05 <0.03
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Figure 5.2.: Conceptual model of the bio�lm and biokinetic model used in this study. The
compartments are composed of bulk and bio�lm (granule) layers 1 to 10. The bio�lm

models mass balances based on the mass-transfer mechanisms (1) di�usion of soluble and
colloidal compounds (Si and Ci ), (2) displacement of Xi, (3) attachment of X i and (4)

internal transfer of X i . The biokinetic model is active in all compartments.
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Modelling scenarios

Di�erent modelling scenario were performed to (1) validate the overall performance

of the model by comparing them to the batch test experiments (batch test scenarios),

(2) understand the mechanisms of SND in AGS systems (mechanism scenarios), and

(3) evaluate di�erent optimised aeration strategies to maximize TN removal (optimi-

sation scenarios) (Table 5.3). The in�uent composition of the MWW cases was based

on the �standard� fractionation provided by SUMO ® . The in�uent composition of the

VFA cases were comprised of VFA as sole source of organic substrate, NH4-N as sole

N source and PO4-P as sole P source. See Supplementary Information Table D.14 for

detailed in�uent WW fractionation of MWW and VFA in�uent. All scenarios were

comprised of a TSS of 5.9 � 6.6 gTSS L-1, and �ocs represented 1-2% (VFA cases) to

7-9% of TSS (MWW cases), respectively. An overview of the relevant simulation pa-

rameters is given in Table 5.3 for the di�erent scenario.

Table 5.3.: Overview of simulation scenarios and their corresponding granule diameters, biomass
composition, aeration strategy and in�uent composition.

Batch test scenarios Mechanism scenarios Optimisation scenarios

WW Type MWW VFA MWW VFA MWW MWW
Granule diameter
[mm]A 0.5 2 0.5 / 2.0 2 0.5 / 2.0 0.5 / 2.0

Aeration
strategy

Constant DO Constant DO Constant DO Constant DO Alternating 2-step

COD [mg L -1 ] 469B 600 (as VFA) 500B 403 (as VFA) 500B 500B

TN [mg L -1 ] 41B 42 (as NH4-N) 41B 40 (as NH4-N) 41B 41B

TP [mg L -1 ] 4.4B 6 (as PO4-P) 5.1B 5.0 (as PO4-P) 5.1B 5.1B

Objective
validate the overall performance
of the model by comparing them
to the batch test experiments

better understand the mechanisms
of SND in AGS systems

evaluate di�erent optimised
aeration strategies to maximize
TN removal

A as experimentally observed
B with SUMO ® standard WW fractionation, Supplementary Information Table D.14

The �batch test� modelling-scenarios were performed to assess the ability of the model

to correctly predict the experimental observations. The �mechanism� scenarios were

performed to better understand the mechanisms in�uencing SND for di�erent in�uent

WW (MWW and VFA) and granule diameters (young and mature granules, d = 0.5

and 2.0 mm). In�uent concentrations of 500 mgCOD L-1, 41 mgN L-1 and 5.1 mgP

L-1 were selected as the basis of MWW. The VFA WW consisted of the biodegradable

fractions of COD, TN and TP of MWW and comprised 403 mgCOD L-1, 40 mgN L-1

and 5.0 mgP L-1, respectively. For the di�erent conditions, simulations were �rst run

for 150 d at DO = 2.0 mgO2 L-1. DO was then changed, over two SBR cycles only, to
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di�erent values of 0.5 - 6.0 mgO2 L-1. Data of the second cycle were then extracted.

Matlab (Version R2018a, MathWorks, USA) was used for further data analysis, and

SigmaPlot (Version 12.0, Systat, USA) was used for visualization of the data.

Finally, two di�erent aeration strategies were tested to evaluate how to optimise the

SND and TN removal during treatment of municipal WW with AGS (optimisation

scenarios): alternating aeration (scenario#1 ) and 2-step aeration (scenario# 2) (Ta-

ble 5.3). For the �alternating aeration� scenario, the DO was switched on (DO = 2.0

mgO2 L-1) and o� (DO = 0.0 mgO 2 L-1) every 15 min during the aerobic SBR phase.

For the �2-step aeration� scenario, the DO set-point was set at 2.0 mgO2 L-1 for 15

min, followed by 0.5 mgO2 L-1 for the residual 270 min of the aerobic SBR phase.

5.3.3. Calculations

The speci�c rate of ammonium removal (mgN gVSS-1 h-1) was calculated using Eq.

5.2.

rNH 4� N =
cNH 4 � N;start _ aerobic � cNH 4 � N;end _ nitrif ication

time nitrif ication � V SSreactor
(5.2)

The speci�c rate of NOx-N accumulation (mgN gVSS-1 h-1) is calculated using Equa-

tion (5.3). Eq. 5.3 includes only the rate of NOx produced simultaneously during nitri-

�cation.

rNOx � N =
cNO x � N;end _ nitrif ication � cNO x � N;start _ aerobic

time nitrif ication � V SSreactor
(5.3)

The SND e�ciency ( %) was calculated by dividing the amount of NOx denitri�ed by

the amount of NH4-N removed, according to Eqs. 5.4 - 5.7. These calculations neglect

the contribution of N-assimilation to NH 4-N or NOx-N removal.

SND =
NOx � Ndenitrif ied

NH 4 � N removed
(5.4)

NH 4 � N removed = cNH 4 � N;start _ aerobic � cNH 4 � N;end _ nitrif ication (5.5)

NOx � Naccumulated = cNO x � N;end _ nitrif ication � cNO x � N;inf luent (5.6)

NOx � Ndenitrif ied = NH 4 � N removed � NOx � Naccumulated (5.7)

The aerobic, anoxic and anaerobic electron-donor utilisation rates (�substrate utili-
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sation rates�) were extracted separately for each electron-donor (SB , VFA, X STO,GAO

and XSTO,PAO ) directly from SUMO ® for each compartment (bulk and all granule lay-

ers). Supplementary Information Table D.15 provides a detailed list of electron-donors

utilisation by OHO, PAO and GAO in di�erent redox conditions. The di�erent vol-

umes of individual granule layers were accounted for by normalization with the total

reactor volume.

5.3.4. Analytical methods

Samples of in�uent and e�uent during long-term experiments were analysed for total

nitrogen (TN) using photochemical tests (Hach Lange, Germany, LCK 238 and 338).

Cations (NH4
+ -N) and anions (NO2

--N, NO3
--N) were analysed using �ow injection

analysis (Foss, FIAstar �ow injection 5000 analyzer, Denmark) and anion chromatog-

raphy (Methrom 881 compact IC, Switzerland), respectively.

5.4. Results

5.4.1. How is SND in�uenced by WW composition during long-term

operation? (experimental results)

The nitrogen in�uent and e�uent concentrations were monitored over the course of

300-400 days for the 4 reactors (Figure 5.3). TN in�uent concentrations were similar

for all reactors, ranging from 30 to 50 mgN L-1 on average. Also, low ammonium e�u-

ent concentrations < 2 mgNH4-N L -1 were measured, indicating that full nitri�cation

occurred in all reactors. In addition, NO2-N e�uent concentrations were negligible in

all reactors. The e�uent NO 3-N concentrations and thus the SND e�ciencies were

however signi�cantly in�uenced by the in�uent composition. Average e�uent NO 3-N

concentrations below 4 mgNO3-N L -1 were measured for AGS system fed by 100%-

VFA synthetic WW only, while values of 1 - 15 mgNO3-N L -1 were measured in the

e�uents of the complex synthetic, primary e�uent and raw WW AGS systems, re-

spectively.

5.4.2. How does DO concentration affect SND performance? (experimental

and modelling results)

Batch tests and model simulations were performed at di�erent bulk DO concentra-

tions to con�rm the e�ect of the in�uent composition in terms of simple vs. com-

plex electron-donor composition on SND (Figure 5.4). Results from batch-tests con-
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Figure 5.3.: Long-term e�uent NH 4-N and NO 3-N and in�uent TN concentrations for 100 %-VFA
synthetic, complex synthetic, primary e�uent and raw WW fed AGS systems.

�rmed observations made over long-term operation of the 4 reactors,i.e., that SND

is strongly in�uenced by the in�uent composition in terms of organic substrate. Low

SND, characterized by high NOx-N accumulation rates, was observed for AGS systems

treating complex WW (complex synthetic + real municipal WW). On the contrary,

high SND was observed for AGS fed with 100%-VFA synthetic WW, independent from

the DO concentration maintained in bulk (Figure 5.4). NH 4-N removal rates increase

with an increasing bulk DO concentrations for all tested WW conditions. Maximum

NH4-N removal rates of 2 mgNH4-N gVSS-1 h-1 were measured for bulk DO concentra-

tions larger than 2 mgO2 L-1. The NOx-N accumulation rates almost match the NH4-

N removal rates for AGS systems fed with complex WW (complex synthetic, primary

e�uent and raw WW, Figure 5.4), indicative of the absence of SND in these systems.

High SND only occurred in the AGS systems treating 100%-VFA synthetic WW, as

indicated by the (very) low NO x-N accumulation rates, i.e., high denitri�cation rate.

Modelling results (batch test scenarios) correctly matched experimental observations

of NH4-N removal- and NOx accumulation rates � and thus SND performance - with

changing DO (Figure 5.4, plain line). Low NOx-N accumulation rates (high SND)

were predicted by the model for AGS fed with VFA WW, while high NO x-N accumu-

lation rates (low SND) were predicted for AGS fed by MWW. NH4-N removal rates

increased for increasing DO bulk concentrations, and overall higher NH4 removal rates

were observed for young AGS (d = 0.5 mm) fed with MWW, in comparison to AGS

fed with VFA WW (d = 2.0 mm).
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Figure 5.4.: Change in the rates of NH4-N removal and NO x -N accumulation for AGS systems fed with
di�erent types of WW: 100 %-VFA synthetic, complex synthetic, primary e�uent and raw
WW fed AGS systems during batch tests (rate NH 4-N, NO x -N exp, indicated by dots),

and model simulations of VFA and MWW (batch test scenarios, rate NH 4-N, NO x -N sim,
indicated by lines).

5.4.3. Dynamics of redox zone formation (modelling results)

The formation of the di�erent redox zones was predicted during the aerobic phase for

di�erent DO concentration in the bulk (mechanism scenarios) (Figure 5.5). Those sim-

ulations indicate that (1) the formation of anoxic zones inside the granules depends

on in�uent composition, granule size and bulk DO concentration and that (2) the for-

mation of these anoxic zones is particularly dynamic, and thus signi�cantly changes

during the aerobic phase.

The composition of the in�uent WW governs the formation of the redox zones. Pene-

tration depth of oxygen signi�cantly reduces towards the deeper layers of the granule

in case of VFA in�uent, compared to the MWW case with the same granule diameter

(d = 2.0 mm) at the same DO concentration. In addition, the granule diameter gov-

erns how fast and deep oxygen penetrates the granule. Oxygen penetration is limited

to 50-100� m from the surface for AGS fed with VFA and DO = 2 mgO 2 L-1 during

the entire aerobic phase, while oxygen penetrates the entire granule immediately after

aeration starts (d = 0.5 mm) or 2 h of aeration (d = 2.0 mm) for AGS fed by MWW.

The third in�uencing factor a�ecting anoxic zone formation and dynamic is the DO

concentration in the bulk. Increasing DO concentrations generally result in faster and

deeper penetration of oxygen towards the deeper granule layers, independent of in�u-

ent WW composition or granule size.
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5.4.4. Which electron donors are actually used for NO x-N removal?

(modelling results)

The NOx-N removal2 rates were predicted for each electron-donor and in each layer of

the granule during constant aeration at DO = 2.0 mgO2 L-1 (Figure 5.6A). The con-

centration of each electron-donor available at the end of the anaerobic phase in each

granule layer is also provided (Figure 5.6B). The model predictions suggest that the

higher the availability of electron-donor at the end of the anaerobic phase, the higher

the NOx-N removal by SND. The availability and utilisation of electron-donors by

NOx-N removal is highly in�uenced by the in�uent WW composition and granule di-

ameter.

The NOx-N removal rates predicted for AGS fed with VFA WW are 5-6 fold larger

than those predicted for MWW in�uent with young granules (d = 0.5 mm) and 2-

4 fold over the MWW in�uent with mature granules (d = 2.0 mm). For AGS sys-

tems fed with VFA WW, the main electron-donor for NO x-N removal is XSTO,GAO .

A minor fraction of NO x-N is removed via assimilation or readily biodegradable SB .

For small granules (d = 0.5 mm) fed with MWW, NO x-N removal does not occur via

XSTO,GAO but rather through assimilation. Assimilation is the dominant pathway for

NOx-N removal for small granules fed with MWW. For large granules (d = 2.0 mm),

the majority of NO x-N removal is achieved utilising XSTO,GAO as electron-donor, and

to a smaller extent XSTO,PAO and SB . Concentrations of internally stored electron-

donors XSTO,GAO and XSTO,PAO after anaerobic conditions are a good proxy for their

contribution to NO x-N removal. Electron-donors are however only utilised in NOx-N

removal, if anoxic conditions also occur in those granule layers (cf. Figure 5.5, Fig-

ure 5.6AB).

5.4.5. Is there potential for electron-donor shift towards anoxic utilisation

pathways? (modelling results)

Aerobic, anoxic and anaerobic utilisation pathways of the di�erent electron donors

(readily biodegradable (SB ), VFA, X STO,GAO and XSTO,PAO ) were analysed during the

aerobic phase with constant aeration at DO = 2.0 mgO2 L-1 (Figure 5.7). A main ob-

servation is that a major fraction of the electron-donors is utilised aerobically. Also,

almost no electron-donors are utilised in anoxic conditions in AGS fed with MWW,

while there is some anoxic utilisation in AGS fed with VFA.

2 In the original manuscript, the term NO x -N removal was named denitri�cation, referring to Fig-
ure 5.6A and Figure 5.9.
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Figure 5.6.: A) Contribution of the electron-donors S B , VFA, Assimilation of NO x -N (Assim),
XSTO,PAO and XSTO,GAO to the NO x -N removal rate for VFA in�uent, granule diameter
2.0 mm (VFA d = 2.0 mm) and MWW in�uent, granule diameter 0.5 mm and 2.0 mm

(MWW d = 0.5 mm and d = 2.0 mm) during the aerobic phase at constant aeration at 2
mgO2 L -1 displayed over the depth of the granule. B) Concentration of substrate

(electron-donors) SB , VFA, X STO,PAO and XSTO,GAO at the end of the anaerobic phase
normalized to the reactor volume.
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Only VFA fed AGS gathered the prerequisites needed for signi�cant anoxic utilisa-

tion of X STO,GAO in multiple granule layers, while readily biodegradable SB is mostly

utilised aerobically. No XSTO,PAO utilisation � neither aerobic nor anoxic � is observed

in VFA fed AGS, which is probably linked to competition with X STO,GAO . In MWW

fed AGS on the other hand, aerobic growth is the main utilisation pathway for SB ,

VFA, X STO,GAO and XSTO,PAO . Anoxic electron-donor utilisation is almost absent in

MWW conditions for young granules (d = 0.5 mm) and only occurs to a minor extent

in the inner granule layers via anoxic utilisation of XSTO,GAO for mature granules (d =

2.0 mm). The model predictions indicate a large potential for shifting the utilisation

of SB , XSTO,PAO and XSTO,GAO from aerobic to anoxic conditions and thus to increase

SND and overall TN removal performances.
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5.4.6. Can SND and TN removal be improved by optimising the aeration

strategy? (modelling results)

If most of SB , XSTO,PAO and XSTO,GAO is utilised via aerobic utilisation pathways,

a main question is to what extent can the aeration strategy be optimised to increase

SND and ultimately TN removal? The performance of alternating aeration and 2-step

aeration were thus compared to the constant DO base case scenarios MWW d = 0.5

and 2.0 mm in terms of nitri�cation and denitri�cation performance (Table 5.4, Fig-

ure 5.8 and Figure 5.9). Applying an optimised aeration help to signi�cantly increase

denitri�cation e�ciencies, while full nitri�cation was maintained for both young (d =

0.5 mm) and mature granules (d = 2.0 mm).

Denitri�cation e�ciencies were increased by a factor of 2-4 to 40-61% for young (d =

0.5 mm) and by a factor of 1.5-2 to 65-79% for mature (d = 2.0 mm) granules, com-

pared to 14-39% for AGS composed of young and mature granules operated at con-

stant DO aeration, respectively. Despite the high increase in the SND e�ciencies,

optimising the aeration strategy does not allow achieving full denitri�cation. Opti-

mised aeration helps to better control the formation of anoxic zones within the gran-

ule, and in turn the anoxic electron-donor utilisation (Figure 5.8A,C, Figure 5.9).

Granule size still in�uences the extent of anoxic zone formation: larger anoxic zones

develop for a longer period for mature granules (d = 2.0 mm) than for young gran-

ules (d = 0.5 mm). In the case of young granules (d = 0.5 mm), the main contrib-

utor to NO x-N removal shifted from assimilation in the constant DO base case (due

to absence of anoxic redox zones) to SB and XSTO,PAO in the optimisation scenarios

(Figure 5.9). For mature granules (d = 2.0 mm), the main electron-donor for NOx-N

removal shifted from XSTO,GAO in constant DO aeration to SB in the optimisation sce-

narios, and the contribution of assimilation to SND decreased to almost zero.

5.5. Discussion

5.5.1. SND and TN removal is limited in AGS systems treating municipal WW

It is usually well recognised that high TN removal via SND is a key attribute of AGS

systems (Chen et al., 2011; de Kreuk et al., 2005; He et al., 2017). However, our long-

term experiments indicated that limited SND is observed for AGS systems treating

municipal WW, while full TN removal via SND is representative of systems fed with

VFA only. Those results are supported by both experiments and mathematical mod-

elling (Figures 5.3, 5.4 and 5.6). Experimentally, only AGS fed with VFA achieved
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Figure 5.8.: Redox-conditions and concentrations of NH 4-N, NO x -N and DO during aerobic conditions
of the simulated SBR cycle for MWW in�uent and young granules (d = 0.5 mm) (A,B)

and mature granules (d = 2.0 mm) (C,D), for the three aeration strategies tested:
constant DO, 2-step and alternating aeration.
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Figure 5.9.: Contribution of the electron-donors S B , VFA, Assimilation of NO x -N (Assim), X STO,PAO

and XSTO,GAO to the NO x -N removal rate during aerobic conditions of the simulated SBR
cycle for MWW in�uent, young granules (d = 0.5 mm) and mature granules (d = 2.0 mm)

for the three aeration strategies tested: constant DO, 2-step and alternating aeration.
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Table 5.4.: Treatment e�ciencies of di�erent aeration strategies for otherwise similar operation of
AGS-SBR fed by MWW and granule diameters 0.5 and 2.0 mm.

Scenario
Aeration
strategy

DO setpoint
Nitri�cation
e�ciency [%]

Denitri�cation
e�ciency [%]

Main NO x -N
removal mechanism
(%of total NO x -N
removal)

constant
DO

Constant
at 2 mgO2 L -1 99.9 13.6 Assimilation (72%)

MWW
d=0.5mm

2-step
2-DO set-
point: 2 and
then 0.5 mgO2 L -1

99.9 39.7 PAO using
XSTO,PAO (40%)

alternating
Alternating
between
2 and 0 mgO2 L -1

99.9 60.9 OHO using SB

(47%)

constant
DO

Constant
at 2 mgO2 L -1 99.9 38.9 GAO using

XSTO,GAO (42%)

MWW
d=2.0mm

2-step
2-DO set-
point: 2 and
then 0.5 mgO2 L -1

99.7 67.3 OHO using SB

(54%)

alternating
Intermittent
between 2 and
0 mgO2 L -1

99.9 79.2 OHO using SB

(51%)

high SND and NO3-N e�uent concentrations below 4 mgNO 3-N L -1. E�uent NO 3-N

larger than 10 mg L-1 were on the other hand measured for AGS treating municipal

WW in our experiments. Other studies indicate a similar trend. Limited SND was

previously reported for AGS treating municipal WW (Derlon et al., 2016; Wagner et

al., 2015) and e�uent NO 3-N of 2 - 6 mg NO3-N L -1 and TN e�uent concentrations of

5 - 15 mgN L-1 were measured for a Nereda full-scale plant (Pronk et al., 2015). But

in the study of Pronk et al. (2015), the majority of denitri�cation actually occurs once

the DO was reduced to 0.5 mg L-1 (Supplementary Information D.1). Our modelling

results indicate a similar range of SND e�ciencies. During constant DO aeration only

14-39% of SND e�ciency were achieved by AGS composed of small and large granules

in municipal WW conditions, respectively. Low SND e�ciency results in high e�uent

TN concentrations without application of speci�c measures. Conversely, VFA fed AGS

achieved SND of 90% in our simulations. Thus, one should not expect full TN removal

via SND in the case of AGS system treating municipal WW and operated at constant

DO. A main aspect is to discuss how the WW composition in�uence the SND and how

to increase the e�ciency of AGS system treating municipal WW.
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5.5.2. What mechanisms limit SND in AGS systems treating municipal WW?

Low SND e�ciency in AGS systems treating municipal WW is mainly governed by:

(1) The formation of limited anoxic zones inside the granule and (2) simultaneous lack

of electron-donor available for denitri�cation. Concurrently, nitri�cation is not limiting

SND.

Penetration of oxygen is one of the key factors in�uencing denitri�cation inside gran-

ules or bio�lms in general (Nielsen et al., 1990). Our results demonstrate that, as a

result of the SBR mode, the formation of anoxic conditions within the granules is a

very dynamic process. A too fast and deep penetration of oxygen inside the granules

limits the formation of anoxic zones and thus denitri�cation (Hibiya et al., 2004). On

the contrary, if oxygen availability is too low, nitri�cation is then limited. When DO is

controlled at a constant value of 2 mg L-1, the entire granule volume is anaerobic dur-

ing the �rst minutes of aeration, due to the simultaneous absence of oxygen (quickly

consumed due to high microbial activities) and of NOx (nitri�cation has not started

yet). After few minutes, NO x are then produced by nitri�cation and di�use through

the granules, resulting in the formation of anoxic conditions towards the granule core.

Oxygen gradually penetrates deeper inside the granules as substrates get converted

(reduced oxygen uptake rate at the surface). This deeper penetration of oxygen in

turn reduces the anoxic zone. Increasing bulk DO thus results in (1) a faster appear-

ance of anoxic zones inside the granules at the beginning of the aerobic phase, but also

(2) a faster disappearance of those anoxic zones at the end of the aerobic phase. Our

modelling and batch experiment results con�rm that SND can be greatly in�uenced by

the DO applied in the bulk phase of the reactor (He et al., 2019; Mosquera-Corral et

al., 2005; Third et al., 2003). Granule size is another important determining factor of

anoxic zone formation (Chen et al., 2011). Hereby, larger granules sustain anoxic zones

for longer time. Granule size is important since it governs the volume and persistence

of anoxic zones inside the granule, and larger diameters prevent from too fast and deep

oxygen penetration through di�usion (Li et al., 2008). A main challenge is in �nding a

�ne balance in terms of aeration, in order to achieve full nitri�cation and to establish

anoxic zones in the core of the granules.

In addition to the dynamics of anoxic zone formation, the di�usion of electron-donors

also strongly limit denitri�cation in AGS systems (Derlon et al., 2016). Only di�usible

carbon sources, like VFA or SB , can reach the deeper layers of the granule, in which

anoxic conditions are more likely to occur. VFA can be utilised directly or be stored

as XSTO,GAO or XSTO,PAO during the prior anaerobic phase by GAO and PAO, respec-
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tively. The availability of VFA in the deep layers of the granule during the anaero-

bic SBR phase is crucial for subsequent denitri�cation during the aerobic SBR phase.

In the case of municipal WW the lack of VFA ( < 5-10% of total COD) in the in�u-

ent WW thus strongly limits SND. Readily biodegradable substrate SB therefore be-

comes the most important electron-donor for denitri�cation in municipal WW condi-

tions. Ideally, most of the in�uent S B is stored as intracellular polymers (XSTO,GAO

and XSTO,PAO ) under anaerobic conditions, in order to favour granule formation. But

aerobic utilisation of SB can occur when part of SB �leaks� into the aerobic phase, or

is produced by hydrolysis of XB . The presence of readily biodegradable SB in the aer-

obic SBR phase can bene�t the growth of OHO. SB can be used by OHO for denitri-

�cation if it is available in anoxic zones of the granule. The presence of OHO at the

granule surface layers might also promote the establishment of strong oxygen gradi-

ents within the granule, which ultimately helps forming anoxic conditions inside the

granule. However, a higher availability of SB during the aerobic SBR phase can also

be detrimental to the formation of granules, as this promotes aerobic growth of OHO.

OHO in turn outcompete GAO and PAO. PAO / GAO favour granule formation, over-

all process stability and are essential for nutrient removal in AGS systems (de Kreuk

and van Loosdrecht, 2004). Another main outcome of our study is about the role of

GAO. GAO are usually considered detrimental in EBPR systems, as they can hamper

biological phosphorus removal (Majed et al., 2012). However, their presence can be

bene�cial for TN removal, as suggested by our simulations and literature (Weissbrodt

et al., 2013).
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In the case of AGS fed with VFA WW, the overall electron-donor utilisation in den-

itri�cation is strongly shifted towards internally stored X STO,GAO by GAO. Thus,

storage compounds such as XSTO,GAO or XSTO,PAO become the major electron-donor

source during SND in such systems, depending on the presence of GAO / PAO. The

absence of denitri�cation on XSTO,PAO in the VFA in�uent AGS case can be explained

by the high COD / P ratio in the in�uent, which promotes the growth of GAO over

PAO (Majed and Gu, 2019).3

Our results thus demonstrate that di�erent mechanisms govern SND, depending on

the in�uent WW composition and granule diameter. But in the case of municipal

WW, our results indicate that the main electron-donor utilisation pathways of SB ,

VFA, X STO,GAO and XSTO,PAO are almost exclusively aerobic. If most of the electron-

donors are used aerobically during the aerobic phase operated at constant DO, opti-

mised aeration strategies might help to direct electron-donors towards anoxic utilisa-

tion.

5.5.3. How to optimise for TN removal in AGS systems?

Our results indicate that large granule diameter is one of the parameters that pro-

motes anoxic zone formation and thus the capability of the system to achieve high

SND e�ciency. However, in practice, controlling the granule diameter is very chal-

lenging as granule size is in�uenced by the granules age and the organic loading (Layer

et al., 2019). Large granule diameters have been reported for full-scale AGS systems,

but rather after few years of operation and during treatment of WW with a high read-

ily biodegradable SB content (Pronk et al., 2015). For this reason, improving SND via

engineering of the granule size does not represent a relevant approach for optimising

TN removal. Inoculation with large granules could impair start-up and denitri�ca-

tion performance, since SND could occur from the start of the system. Nevertheless,

3 In case of the mathematical model used in this study (SUMO1), the washout of PAO and com-
petitive advantage of GAO over PAO observed in the 100 % VFA WW case is due to (1) a decreased
storage of SVFA as XSTO,PAO due to the existence of an additional Monod ratio saturation term com-
pared to GAO despite the main kinetic parameters being similar (maximum rate and half-saturation
term of SVFA storage are similar for PAO and GAO, respectively), and (2) the utilisation rate of
XSTO,PAO by PAO that is slower compared to the utilisation rate of X STO,GAO by GAO. In compar-
ison, if the in�uent WW also contains S B and XB � as in the case of MWW scenarios � PAO are in-
deed competing successfully with GAO due to (1) inhibition of S VFA storage by GAO at very low
ORP (not applicable if in�uent WW only contains S VFA ), and (2) PAO being able to grow on fer-
mentation of SB as additional growth process, while GAO are able to conduct fermentation within the
SUMO1 model. Independent from the presence or absence of PAO or GAO the model indicates the
important contribution of internal storage compounds � be it X STO,GAO or X STO,PAO � towards SND
in AGS systems.
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the �nal extent of SND remains strongly hampered by the low availability of di�usible

electron-donors in municipal WW. Therefore, other approaches must be considered to

improve the TN removal. Pre- or post-denitri�cation are typical options to increase

TN removal in conventional activated sludge SBR systems or in AGS systems (Pronk

et al., 2015). However, both come with drawbacks. Pre-denitri�cation does not pre-

vent from high TN e�uent concentrations and post-denitri�cation is associated with

very low rates, and hence SBR cycle duration must be increased. Our results demon-

strate that optimising the aeration strategy represents a simple and e�cient approach

to improve the TN removal of AGS systems. An increase from 14-37% (constant DO

aeration) to 65-79% (2-step and alternating aeration) of the denitri�cation e�ciency

could be achieved. The increase in the denitri�cation e�ciency results from an im-

proved utilization of the electron-donors under anoxic conditions. In previous studies,

optimised aeration strategies for AGS systems have successfully increased TN removal

too, like e.g. mathematical modelling of 2-step aeration (Sun et al., 2019), adaptable

DO setpoint operation (Isanta et al., 2013), or lab-scale experiments on alternating

aeration (Lochmatter et al., 2013). On full-scale installations, a 2-step aeration strat-

egy is applied to overcome limited TN removal (Pronk et al., 2015; Supplementary In-

formation D.1). A recent patent on the aeration strategy of Nereda reactors also con-

�rms that speci�c measures must be taken to increase SND in AGS systems (Derlon et

al., 2016; Layer et al., 2019),i.e., to control the aeration rate based on a targeted NOx

concentration (van Dijk et al., 2018). However, those studies lack fundamental under-

standing on anoxic zone formation or electron-donor utilisation a�ecting TN removal.

Our simulation results indicate that anoxic zone formation is much better controlled

and prolonged when a 2-step and or an alternating aeration is applied. Especially,

we observed that the electron-donor utilisation can be shifted, from mostly aerobic

to anoxic. Signi�cantly more SB was thus utilised via anoxic pathways, and the con-

tribution of assimilation to TN removal was almost zero, in comparison to constant

DO aeration. In the case of large granules, VFA could be produced via fermentation

and utilised inside the granule, additionally contributing to denitri�cation. Both ef-

fects result in a much higher denitri�cation e�ciency in comparison to constant DO

aeration. Therefore, high fractions and concentrations of di�usible electron-donors

are not only favourable to improve start-up time and settling performance of AGS

systems, but also SND performance (Layer et al., 2019). Limitations in TN removal

due to unfavourable in�uent WW conditions can be overcome by optimised aeration

strategies. The microbial pathways of electron-donor utilisation can directly be in�u-

enced and engineered by application of di�erent aeration strategies. However, draw-
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backs of the proposed aeration strategies to increase TN removal also exist. During

2-step and alternating aeration, a balance must be found between the high DO period

(to achieve full nitri�cation) and low DO period (to maximize denitri�cation). Tran-

sient DO conditions � present in both optimised aeration strategies - were reported to

trigger growth of �lamentous bacteria, or breakage of granules (Martins et al., 2004;

Sturm et al., 2004), or increased NO2
- formation during nitri�cation (Alleman, 1985).

Accumulation of NO2
- ultimately increases the risk of N-losses via N2O production

during nitri�cation / denitri�cation (Law et al., 2012). N 2O has the potential to be

the main greenhouse gas emission during WW treatment (Gruber et al., 2019). There-

fore, N2O production during nitri�cation and denitri�cation should be avoided.

5.6. Conclusions

(1) Limited SND and TN removal is observed in AGS systems treating low-strength

municipal wastewaters, thus resulting in high NOx and TN e�uent concentra-

tions. Denitri�cation, not nitri�cation, is limiting SND in AGS systems.

(2) SND is limited by the very dynamic formation of anoxic zones and the availabil-

ity of electron-donors within the granules. Anoxic zones only develop during a

short period in a small volume of the granule. Larger granules and lower bulk

DO concentrations prolong anoxic zones inside the granules and hence increase

SND.

(3) The mechanisms and extent of anoxic substrate conversion at constant DO oper-

ation is governed by the composition of the in�uent WW (municipal or VFA-

only WW). Internal storage compounds XSTO,PAO and XSTO,GAO accounted

for 40% (AGS municipal WW) or > 90% in (AGS VFA-only WW) of electron-

donors used in denitri�cation at constant DO operation. In municipal WW fed

AGS systems, SB is an important electron-donor in denitri�cation, too.

(4) Aeration strategies must be optimised to increase SND and TN removal during

treatment of low-strength municipal WW using AGS systems. Alternating and

2-step aeration strategies help to increase TN removal from 13% to more than

65% during treatment of municipal low-strength WW.
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6. Conclusions

AGS is a very relevant technology for the treatment of municipal WW, but the present

thesis helped to identify several limitations of AGS during treatment of municipal

WW, which were associated with the presence of XB in the in�uent WW. Ultimately,

in�uent X B could be linked to increased start-up time, decreased settling and nutrient

removal performance, as well as to the permanent and increased presence of �ocs (10-

40 % in terms of TSS) in AGS-SBR operation. The main conclusions of the individual

chapters were:

(1) Physical retention of XB during AGS-SBR operation was identi�ed as a 2-step

process: (1) XB was �rst retained within the interstitial voids of the settled sludge

bed through sedimentation and accumulation leading to surface �ltration by an

emerging �lter-cake, thus with minimal attachment during anaerobic plug-�ow

feeding, and then (2) XB re-suspended during the subsequent fully-mixed phase,

where �ocs played a major role in retaining XB through attachment.

(2) Only a small fraction of X B was hydrolysed and utilised during anaerobic plug-

�ow conditions, while the major fraction of X B was actually hydrolysed and

utilised during the fully-mixed aerobic phase. The major fraction of XB was

oxidised aerobically by OHO after hydrolysis. The contribution of in�uent X B

towards P and N removal processes was quite limited. A large fraction of aero-

bic XB hydrolysis and oxidation was performed by the �ocs, despite their minor

fraction in mass. Synergies between �ocs and granules existed, whereby �ocs di-

verted a large fraction of XB hydrolysis and utilisation from the granules, thus

preventing �lamentous outgrowth on the surface of the granules in presence of

XB . A prolonged anaerobic-mixing phase after anaerobic plug-�ow feeding in-

dicated enhanced anaerobic utilisation of XB and resulted in improved P and N

removal during AGS-SBR operation.

(3) The formation of AGS was directly governed by the WW composition in terms

of di�usible and non-di�usible organic substrate. An increasing fractions of non-

di�usible X B and decreasing fractions of di�usible organic substrate (like VFA)
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in the in�uent WW slowed down start-up and decreased the overall process per-

formance in terms of settleability and nutrient removal of AGS systems. De-

creased anaerobic availability of biodegradable organic substrate through the

presence of XB resulted in smaller granules, higher fractions of �ocs (10-40%),

decreased settling performance as well as inferior nutrient removal. The micro-

bial community of AGS was a function of the in�uent WW, too. A high relative

abundance of fermenting bacteria including fermentative PAO and GAO could

be linked to the presence of in�uent XB and lower fractions of VFA. The mi-

crobial communities of �ocs and granules were globally very similar, but several

taxa were enriched in �ocs or granules, respectively.

(4) Partial SND and thus limited TN removal was observed during treatment of mu-

nicipal WW by AGS systems. Limited SND was linked to the dynamic of anoxic

zone formation and decay inside the granules as well as to the availability of

biodegradable organic substrate within the anoxic zones. In�uent WW solely

composed of VFA resulted in a 2-4 fold increase in SND e�ciency compared to

municipal WW characterised by high fractions of XB . TN removal of AGS fed

by municipal WW can be vastly increased by optimised aeration strategies (e.g.,

intermittent aeration), by promoting the formation of anoxic zones inside the

granules and by making organic substrate from hydrolysis of XB available within

the anoxic zones.
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7. Outlook

7.1. Is AGS suitable for the treatment of municipal wastewater?

Low strength municipal WW poses a challenge towards start-up, nutrient removal and

long-term stability of AGS systems (Table 1.1, Chapter 4 and 5, Layer et al., 2019).

A major question is then if AGS is suitable for the treatment of low-strength munici-

pal WW. My PhD thesis helped to understand that the answer to this question is yes.

However, expectations towards AGS systems regarding start-up time, settling perfor-

mance and simultaneous nutrient removal must be lowered for the treatment of low-

strength municipal WW. Overall process performance of AGS were actually in the

same range as well performing activated sludge SBR WWTP. Research is therefore

required to enhance start-up and long-term performance of AGS for the treatment of

low-strength municipal WW.

My PhD work helped to identify two major challenges for AGS operation in low-strength

municipal WW:

(1) Low biodegradable organic substrate concentrations

(2) The presence of XB

Both factors in�uence the availability of biodegradable organic substrate during anaer-

obic feeding and aerobic conditions of AGS systems, and hence the capability of carbon-

storing organisms to proliferate and compete against OHO. We and many other re-

search groups could show that providing environmental niches for carbon-storing or-

ganisms is key for fast start-up and stable long-term operation of AGS systems, which

is also referred to asmicrobial selection (Campo et al., 2020; de Kreuk and van Loos-

drecht, 2004; Layer et al., 2019; Winkler et al., 2018). But ultimately, microbial se-

lection is strongly limited by the in�uent composition, e.g., by low SB and high XB

(Layer et al., 2019; Sguanci et al., 2019; Wei et al., 2020). Those major challenges

could be resolved through either maximising availability of biodegradable organic sub-

strate in the anaerobic phase or by minimising XB loading to AGS systems.
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In order to maximise organic substrate availability, primary clari�cation could be re-

jected. Such strategy increases organic loading at the cost of a much increased XB

loading. Higher organic loading could potentially outweigh the negative e�ects induced

by an increased XB loading for AGS treating municipal WW conditions (Cetin et al.,

2018; Layer et al., 2019). Operation without primary clari�cation reduces the space

requirements of an AGS-based WWTP even more at the detriment of potential pro-

duction of biogas. Some full-scale AGS plants for treatment of municipal WW indeed

successfully operate without primary clari�cation (Pronk et al., 2015). Another op-

tion is to maximise organic substrate availability is to (pre-) ferment parts of the in-

�uent municipal WW or excess sludge in order to increase SB , (e.g., as VFA) loading

to the AGS reactors. In EBPR systems, excess sludge fermentation was successfully

integrated to increase SB loading to the anaerobic stage, which substantially improved

EBPR performance (Vollertsen et al., 2006). However, reactors needed for (pre-) fer-

mentation would considerably increase space requirements, and increase the complex-

ity of AGS system design and operation, thus partially impairing the bene�ts of AGS.

In order to minimise XB loading to the AGS reactor on the other hand, advanced pri-

mary treatment technologies (e.g., chemical treatment, micro-sieving, high rate acti-

vated sludge (HRAS), etc.) could be applied. However, those technologies both re-

duce the overall organic loading and also parts of the (bene�cial) SB loading. Research

is required to identify the potential bene�ts ( e.g., much decreased organic substrate

leakage into aerobic conditions) and drawbacks (e.g., much decreased overall organic

loading) of such con�gurations in direct comparison to conventional setups with the

ultimate goal to improve start-up, process performance and nutrient removal of AGS

treating low-strength municipal WW.

An important question is also under which circumstances AGS is not suited for WW

treatment. The results of my PhD thesis suggested that likely a lower limit of in�u-

ent biodegradable organic substrate existed, below which AGS might be very di�cult

to start-up and operate (Chapter 4, Layer et al., 2019). Previously, very low in�uent

biodegradable organic substrate of 115 mg sCOD L-1 were su�cient for stable opera-

tion and high performance of AGS systems, but only after AGS was already cultivated

with the addition of VFA to low-strength municipal WW (Sguanci et al., 2019). How-

ever, start-up of AGS based on activated sludge �ocs without addition of VFA might

therefore not be possible. Thus, it can be suspected that start-up without inoculation

is di�cult or not possible if in�uent WW contains less than, e.g., 150 mg sCOD L-1

(Table 1.1). However, if start-up is performed with inoculation of large granules, then

stable operation of AGS systems could indeed be possible for WW containing more
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than, e.g., 80-100 mg sCOD L-1 (Sguanci et al., 2019). However, more research on this

speci�c aspect is still required.

7.2. AGS vs. established systems for the treatment of municipal

wastewater

RoyalHaskoningDHV promises at least 20% energy, space and chemical savings of the

Nereda® process in comparison to conventional AS systems (Khan et al., 2015). How-

ever, those savings must be treated with caution, since the baseline for comparison

remains unclear. Aeration is the main energy consumer on WWTP. To date and to

the authors knowledge there is no indication that aeration in AGS systems is more ef-

�cient ( e.g., due to higher alpha values) compared to conventional AS systems. Still,

an independent study by Bengtsson et al., 2019 came to the conclusion that AGS com-

bines the bene�ts of both AS and established bio�lm WWTP systems like IFAS or

MBR. In comparison to AS, AGS uses a much smaller footprint - similarly to estab-

lished bio�lm WWTP systems. However, in comparison to established bio�lm systems,

AGS has a much lower electricity demand, similarly to AS WWTP. In addition, AGS

does not require carriers as substratum for the growth of bio�lms, so that costs can

be saved. Other factors that may decide for or against a certain treatment technol-

ogy is the capability of simultaneous nutrient removal, like SND. Chapter 4 indicated

that SND is quite limited in AGS treating low-strength municipal WW. Relatively low

SND / TN removal e�ciencies of AGS treating municipal WW are however well in line

with other bio�lm systems, like MBBR or IFAS systems (Onnis-Hayden et al., 2007;

Rahimi et al., 2011; Rusten et al., 2000; Sen et al., 1994; Zinatizadeh and Ghaytooli,

2015). It thus remains a major question if high expectations in terms of low energy

and space requirements, simplicity in design and operation, high (simultaneous) nutri-

ent removal performances and simple integration of AGS in current WWTP schemes

can be met by AGS for the treatment of low-strength municipal WW (Table 1.1). Re-

search in the �elds of process operation and optimisation, design, integration of other

current technological developments (e.g., micropollutant removal, production of high-

added value by-products) is thus required. A combination of both process engineering

and life cycle assessment (LCA) should be considered as potential approach for future

research in this �eld.
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7.3. AGS in continuous �ow systems

Cultivation of AGS using SBR reactors has several advantages over other reactor con-

�gurations. Those advantages include reaction phases with distinct redox conditions

and hydraulic conditions, high substrate gradients, �exibility in excess sludge removal

and overall SBR cycle operation,etc. However, many operators demand a more �sim-

ple� continuous �ow reactor con�guration. Despite many encouraging lab-scale and

pilot-scale studies of continuous �ow AGS systems, none of those projects managed to

cultivate AGS with similar properties as in SBR reactor con�gurations using munici-

pal WW (Devlin and Oleszkiewicz, 2018; Jahn et al., 2019; Li et al., 2019; Liu et al.,

2014; Zou et al., 2018). The main challenges in continuous �ow are (1) to maintain

a high substrate gradient in anaerobic redox conditions (in SBR operation a simple

plug-�ow feeding from the bottom is conducted to achieve high substrate gradients)

and (2) to selectively enrich fast settling granular biomass and simultaneously remove

slow settling biomass, while also reaching low e�uent TSS concentrations (Jahn et

al., 2019; Kishida et al., 2010). Many full-scale continuous �ow EBPR WWTP in the

US observed growth of AGS without carrier addition (Wei et al., 2020). AGS forma-

tion in these continuous �ow EBPR WWTP was linked to high anaerobic F/M and

favourable composition of municipal WW - high fractions of SB . In addition, attached

growth �granular� bio�lm systems - with comparable performance to AGS - have al-

ready successfully been implemented in continuous �ow municipal WW treatment

(e.g., �EssDe�, 2020; �MOB�, 2020). However, it remains unclear whether (and to some

degree also unlikely that) municipal WW treatment using continuous �ow AGS with-

out the need of carrier materials is possible in unfavourable in�uent WW characterised

by low SB concentrations. More research is thus required.

Another emerging reactor con�guration implementing AGS technology in continuous

�ow con�guration is the AGS-MBR or AGMBR technology (Iorhemen et al., 2019a;

Iorhemen et al., 2019b; Sajjad et al., 2016; Wu et al., 2017). The proposed bene�ts

of combining AGS and MBR are to (1) reduce the footprint of WW treatment even

more, (2) increasing e�uent quality in terms of TSS (which in some AGS-SBR con�g-

urations seems critical,e.g., van Dijk et al., 2018), and (3) reduce membrane fouling

through presence of AGS in the MBR enabled by reduced foulant deposition up to

50% less compared to conventional MBR systems (Li et al., 2005; Wang et al., 2018).

However, some key aspects in AGMBR technology remain unresolved. For example,

treatment of municipal WW using AGMBR technology has not yet been achieved, and

selective removal of slow-settling biomass for sustained and stable AGS cultivation is
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critical (Kishida et al., 2010). Thus, it remains unclear whether AGMBR can become

a potential and relevant alternative for municipal WW treatment using AGS technol-

ogy. Therefore, more research is required to identify reactor con�gurations and opera-

tional strategies to cultivate AGS in continuous �ow systems treating municipal WW.

7.4. Modelling of AGS systems

Today, mathematical modelling is a very relevant tool for design, understanding and

failure detection in biological WW treatment (Henze et al., 2000). Many studies exist

on modelling of AGS, but despite some e�orts, no �uni�ed� AGS model is yet avail-

able (Ni and Yu, 2010). Previous studies focused on modelling of the granulation pro-

cess (growth of granules, transformation of �ocs) (Ni et al., 2010; Su et al., 2013; Su

and Yu, 2005), modelling of physiochemical processes (mass-transfer, breakage) (Su et

al., 2013), modelling of bioconversion processes (Ni and Yu, 2009; Xavier et al., 2007),

competition between GAO and PAO (Weissbrodt et al., 2017) or modelling of nutri-

ent removal and microbial population dynamics in AGS-SBR (de Kreuk et al., 2007;

Kagawa et al., 2015). However, those studies often lacked speci�c aspects of full-scale

AGS systems for the treatment of municipal WW, like distinct hydraulics ( e.g., con-

stant volume operation, plug-�ow feeding), sludge composition (consideration of both

granules and �ocs), bed strati�cation during feeding (large granules at the bottom,

�ocs above granule bed), preferential access to organic substrate of the granules lo-

cated at the bottom of the sludge bed during plug-�ow feeding, or washout dynamics

of biomass (based on critical settling and feeding velocities and the settling velocities

of granules and �ocs, respectively). It remains an open question what is the appropri-

ate level of complexity, and which features of typical full-scale AGS operation need to

be implemented to best suit the needs of research and practice, and if those needs can

be met in a �uni�ed� AGS model. Ultimately, the goal is to use mathematical mod-

elling of AGS systems to aid in design, operation, optimisation and failure detection of

full-scale AGS WWTP, which is currently not achieved. Signi�cant e�orts thus need

to be made in modelling AGS WWTP in order to achieve those goals.

7.5. What is the role of �ocs in AGS systems?

Flocs represent a major biomass fraction in AGS treating municipal WW of 10-40%

of TSS (Table 1.1). However, both the presence and speci�c task of �ocs during the

granulation process as well as during long-term operation of AGS systems are not un-
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derstood well. It is well accepted that during granulation, �ocs are transformed into

granules through a process of gradual densi�cation (Winkler et al., 2018). But it re-

mains unclear whether during long-term AGS operation (1) �ocs grow in parallel to

granules and occupy their own environmental niche, or (2) �ocs are debris / sheared-

o� material from the granular bio�lm surface (or both in parallel). Analysis of mi-

crobial communities of �ocs and granules detected both similar and dissimilar mi-

crobial populations, and did not clarify whether �ocs grow in parallel to granules or

are sheared-o� debris from granules (Ali et al., 2019; Layer et al., 2019; Szabó et al.,

2017). Our research indicated that the microbial community of �ocs and granules dif-

fered only for some speci�c taxa. Speci�cally, slow growing organisms were enriched

in granules contrary to the �ocs, which was likely related to di�erent SRT of granules

and �ocs, respectively (Chapter 3; Layer et al., 2019). Ali et al., 2019 showed that pu-

tative functional groups responsible for N and P removal were enriched in large gran-

ules in full-scale AGS treating municipal WW. Still, the di�erences of the microbial

communities between �ocs and small granules were small. Indeed, the microbial com-

munities of granules and �ocs are related, but not identical (Szabó et al., 2017). Taxa

that were enriched in the granule fraction were identi�ed to be protected from ero-

sion due to growth deep inside the granules. Vice-versa, taxa that were enriched in the

�ocs fraction appeared to stem mostly from erosion o� the granule surface (Szabó et

al., 2017). However, no study so far could �nally answer the question about whether

�ocs are an unwanted fraction of the biomass, or if they serve overall process perfor-

mance, besides their important role in XB removal in AGS systems (Chapters 2 and

3). Indeed, �ocs can in some circumstances signi�cantly contribute to overall process

rates (unpublished results; Hernandez, 2017). But those initial results on the contribu-

tion of �ocs to overall process rates of AGS need to be reinforced and extended.

Also, understanding of whether �ocs need to be speci�cally considered in design of

AGS-SBR systems for the treatment of municipal WW is quite limited. Research has

indicated that �ocs are indeed already considered in design of full-scale AGS WWTP,

but only for the speci�c aspect of high e�uent TSS originating from increased �oc

concentrations. High e�uent solid concentrations of AGS systems can be remedied

by installation of e�uent ba�es (van Dijk et al., 2018). However, it remains unclear

whether the microbial activities of �ocs and potentially reduced settleability of AGS

induced by �ocs need to be considered in design and operation of full-scale AGS WWTP.
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Appendix



A. Supplementary Information: Chapter 2

A.1. Sludge images

Figure A.1.: Sludge images during plug-�ow (A,C) and fully-mixed tests (B,D). (A) Activated sludge
�ocs of WWTP Neugut, Dübendorf, Switzerland during plug-�ow tests (size bar = 1.0

mm), (B) activated sludge �ocs of WWTP Neugut, Dübendorf, Switzerland used during
fully-mixed tests (size bar = 2.0 mm), (C) AGS Eawag used during plug-�ow tests (size

bar = 1 mm), (D) granules cultivated on acetate + propionate as sole carbon source used
during fully-mixed tests (size bar = 1.0 mm) prior to sieving at 1.0 mm during long-term

experiments Layer et al., 2019.
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A.2. Calculation of velocity gradient (G) for jar tests

G was calculated using Eq. A.1, A.2 and A.3.

G =
r

"
�

(A.1)

" =
P0 � N 3 � D 5

V
(A.2)

Where " is the dissipated power per volume (Nm s-1 m-3), � the dynamic viscosity of

water (0.001 kg s-1 m-1), P0 the power number (-), N the impeller speed (rpm), D the

impeller diameter (m) and V the beaker volume (m3). The power number has been

estimated by the Reynolds number (Eq. A.3)

Re =
� � N 3 � D 5

�
(A.3)

Where � is the density of water (998 kg m-3), N the impeller speed (rpm), D the im-

peller diameter (m) and � the kinematic viscosity of water (0.01 N s m-2).

Two di�erent apparatus' were used during jar tests, which used di�erent propellers,

see Table A.1. For turbulent conditions (Re > 10 000) during jar tests, P0 has been

estimated to 0.5 for small propellers and 0.7 for paddles (Leentvaar et al., 1978).

Table A.1.: Comparison of Apparatus 1 and 2 used during the �jar tests� and the corresponding
parameters to calculate G. The impeller speed N of Apparatus 1 and 2 was adjusted to

match the values of G for both devices.
Apparatus 1 Apparatus 2

Propeller diameter [m] 0.07 0.075
Power number P0 [-] 0.5 0.7
Impeller speed N [rpm] 140 112
G [s

-1
] 3.3 3.3
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A.3. Image processing and analysis of 3D MRI images

Figure A.2.: Image processing and analysis of 3D MRI images. Thresholds were manually set for
predominantly T 1-weighted (upper row) and T 2-weighted images (lower row) to generate

quanti�ed images that allow di�erentiating between WW particles (white), granules
(grey), void space (dark grey) and exterior parts (black).

A.4. Flocs = granules number and surface area calculations

A total TSS of 6 gTSS L-1 is assumed of which 80% are granules, 20% are �ocs.

For �ocs, the number concentration (# L-1) is calculated using a TSS of 1.2 gTSS L-1

(20% of 6 gTSS L-1, assumption) a density of 1.02 g cm-3 (Andreadakis, 1993), a mean

size of 40� m (Andreadakis, 1993), resulting in a square geometric area of 1.6E-05

cm2, an assumed thickness of 10µm, resulting in an individual �oc volume of 1.6E-

08 cm3. The number concentration then is calculated to 7.3E07# L-1. The speci�c

surface area of activated sludge �ocs is 150 m2 gTSS-1 (Andreadakis, 1993).
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For granules, the number concentration is calculated using a TSS of 4.8 gTSS L-1

(80% of 6 gTSS L-1, assumption), a density of 1.08 g cm-3 (Winkler, 2012), a mean

granules size of 1 mm (assumption), resulting in a spherical individual granule volume

of 5.24E-04 cm3. The number concentration then is calculated to 8.5E03# L-1. The

speci�c surface area of granules (assuming a smooth surface) is calculated to 5.6E-03

m2 gTSS-1.

The number ratio of �ocs:granules is then calculated to 8624:1, and the surface area

ratio of �ocs:granules is calculated to 938:1.
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B. Supplementary Information: Chapter 3

B.1. Distribution of granules and �ocs during AGS SBR

operation

Figure B.1.: X TSS pro�les of �ocs (A), granules (B), and in�uent X B pro�les (C) in the di�erent
sub-reactors during the di�erent operational phases of the default scenario.

B.2. Kinetic model

Table B.1.: Kinetic (Gujer) matrix, model parameters and calculated variables of the mathematical
model �SUMO1_XBSBSVFA_sep� used in this study. The tables are in

�B1_kinetic_model.xlsx�.
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B.3. SVFA storage kinetics of PAO and GAO

r storage;X ST O;P AO = qP AO;X ST O;P AO � X P AO �
SV F A

K V F A;P AO + SV F A
�

X P P
X P AO

K P P + X P P
X P AO

�

(1 + exp((
X ST O;P AO

X P AO
� K i;XST O;P AO;P AOmax ) � s1)) � 1

(B.1)

r storage;X ST O;GAO = qP AO;X ST O;GAO � X GAO �
SV F A

K V F A;GAO + SV F A
�

(1 + exp((
X ST O;GAO

X GAO
� K i;XST O;GAO;GAOmax ) � s2)) � 1�

(1 + exp((K ORP;GAO � ORP) � sORP;GAO )) � 1

(B.2)

where qPAO,XSTO,PAO and qGAO,XSTO,GAO are the maximum rate of SVFA storage to

of XSTO,PAO and XSTO,GAO by PAO and GAO, respectively (both 4 d-1), SVFA the

VFA concentration (g m -3), K VFA,PAO and KVFA,GAO the half-saturation of SVFA stor-

age for PAO and GAO, respectively (both 5 g m-3), XPP the poly-phosphate concen-

tration (g m -3), K PP the half-saturation of poly-phosphate for PAO (0.01 gP m-3),

K i,XSTO,PAO,PAOmax the half-inhibition of maximum X STO,PAO content of PAO (0.60

gCOD gCOD-1), K i,XSTO,GAO,GAOmax the half-inhibition of maximum X STO,GAO con-

tent of GAO (0.50 gCOD gCOD-1), s1 and s2 the logistic slope of the logistic inhibi-

tion of GAO and PAO (500), respectively, KORP,GAO the logistic half-saturation of

ORP switching of GAO (-100 mV), ORP the oxidation reduction potential (mV) and

sORP,GAO the logistic slope of the ORP switching of GAO (0.1).
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B.4. Microbial community composition of the default scenario

Figure B.2.: Microbial composition (nitri�ers (NITO), OHO, GAO and PAO) of the �ocs, and granule
layers 1-4 of the default scenario.
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C. Supplementary Information: Chapter 4

Table C.1.: Composition of trace element solution, after preparation pH is adapted to 6 using KOH
(30% v/v).

Component Formula Concentration [g L -1 ]
EDTA disodium salt dihydrate C 10 H14 N2Na2O8 * 2H 2O 16.215
Zinc II Sulfate ZnSO 4* 7H 2O 0.44
Manganese II Chloride MnCl 2* 6H 2O 1.012
Ammonium Iron II (NH 4)2Fe(SO4)2* 6H 2O 7.049
Ammonium Molybdate (NH 4)6Mo7O24 * 4H 2O 0.328
Copper II Sulfate CuSO 4* 5H 2O 0.314
Cobalt II Chloride CoCl 2* 6H 2O 0.322

Table C.2.: Recipe of in�uent WW of 100%-VFA synthetic WW and Complex synthetic WW receiving
reactors R1 and R2. The recipes only provide C and N species to the wastewater

preparation. The recipes were prepared in 20-fold concentration, to provide total COD and
TN concentrations of 600 mgCOD L -1 and 52 mgTN L -1 , respectively.

100%-VFA synthetic WW Complex synthetic WW
Component Concentration [g L -1 ] Concentration [g L -1 ]
NaAcetate*3H 2O 12.8 4.3
NaPropionate 4.8 1.6
(NH 4)Cl 3.2 1.1
CaCl2*1H2O 0.35 0.35
MgSO4 0.33 0.33
KCl 0.66 0.66
Glucose/Dextrose - 1.9
Starch - 1.4
Peptone - 1.6
Alanine - 0.27
Arginine - 0.26
Aspartic acid - 0.40
Glutamic acid - 0.29
Glycine - 0.45
Leucine - 0.16
Proline - 0.19
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Figure C.1.: Evolution of SVI 5 , SVI10 and SVI30 of R1, R2, R3, R4 run# 1 and run# 2
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Table C.3.: Ampli�cation of 16S rRNA gene by polymerase chain reaction.

The bacterial 16S rRNA gene hypervariable regions V1-V2 were ampli�ed by PCR using the univer-
sal primers 27F and 338R (bold), respectively, (bold) with overhang adapters attached: forward (5'
TCGTCGGCAGCGTCAGATGTGTATAAGAGACAG-AGMGTTYGATYMTGGCTCAG3') and re-
verse (5'GTCTCGTGGGCTCGGAGATGTGTATAAGAGACA-GGCTGCCTCCCGTAGGAGT3'), and
the High-Fidelity Q5 polymerase (High-�delity 2x Master Mix, Biolabs Inc., USA). For each sample, 25
ng of DNA were mixed with forward primers 27F and reverse primers 338R for a �nal concentration of
0.5 � M each and completed with Q5 High-Fidelity 2x master mix water, for a �nal volume of 50 � l. The
PCR runs were performed in a T3000 Thermocycler (Biometra GmbH, Germany) with the following
steps: initiation (2 minutes, 95 � C), followed by 30 cycles of denaturation (45 seconds, 95� C), annealing
(45 seconds, 50� C) and elongation (60 seconds, 72� C) and a �nal extension step (5 minutes, 72 � C).
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Figure C.2.: Evolution of sludge morphology in R1 fed by 100 %-VFA synthetic WW (a, b, c, d) af-
ter 12, 57, 93, and 190 days of operation, in R2 fed with complex synthetic WW (e, f, g,
h) after 12, 34, 57, and 100 days, in R3 fed with primary e�uent WW (i, j, k, l) after 7,
147, 279, and 400 days, and in R4 fed with raw WW (m, n, o, p for run # 1, q, r, s, t for
run# 2) after 7, 22, 57, and 84 days for run# 1, and after 4, 100, 163, and 212 days for
run# 2. Size bars = 1.0 mm. Morphology of AGS fed by 100%-VFA in�uent WW (R1)
signi�cantly di�ered from the morphology of the AGS fed by complex synthetic WW
(R2) and municipal WW (R3, R4). AGS of R1 was composed of large, round-shaped,
dense and overall homogenous shaped aggregates that dominated overall sludge morphol-
ogy (Figure C.2a-d). Almost no �ocs were observed. Operational issues of carbon leak-
age (Supplementary information Figure C.7) from anaerobic to aerobic phase were the
cause of �lamentous outgrowth at the granules surface, visible on Figure C.2d, after 190
days of operation. Visual observations indicated that AGS fed with complex in�uent WW
(R2, R3, R4) were composed of both �ocs and small and dense aggregates. Formation of
��nger-type� granules was not observed in R2, despite the feed of particulate substances
(starch). The highest complexity WW fed systems R3 and R4 also resulted in the most
complex sludge morphology. In these reactors, aggregates with dense cores formed, but
with very heterogeneous sizes and shapes. The formation of ��nger-type� granules was
observed (Figure C.2p and t) but never over prolonged time. Large amounts of �bers or
debris from the in�uent also accumulated in those systems (Figure C.2n and q). First
appearance of granules took much longer in complex WW fed reactors R2, R3 and R4
compared to R1. In R1 �rst granules were observed already after 12 days of operation
(Figure C.2a). The formation of granules in the complex WW fed reactors R2, R3 and R4
was much slower in comparison. In R2 it took 30 days until �rst round-shaped and dense
granules were observed (Figure C.2f). Granules only appeared after 100 days of operation
in R4 run # 2 and 279 days in R3. No large granules were observed in R4 during run# 1,
which was shorter than 100 days.

Table C.4.: p-values of the t-test based on the null hypothesis that the mean relative abundance is the
same in two di�erent reactors at stable state for a selection of taxa. The complete table is

in the �le �C4_discriminant_and_p_value_t_tests.xlsx�.
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Figure C.3.: Evolution of TSS and VSS of R1, R2, R3, R4 run #1 and run#2

187



Figure C.4.: Principal component analysis of microbial communities structure evolution during the
experiment, (A) on the 1st and 3rd axis (B) on the 2nd and 3rd axis and on the 1st and

2nd axis (C)
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Figure C.5.: Evolution of the Shannon diversity index during the experiment in the four reactors. The
values corresponding to the reactor treating raw WW (R4) are shown for both run #1 and

run#2 . The periods corresponding to the stable state of the bacterial communities are
indicated in green.
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Table C.5.: p-values of the t-test comparing the relative abundance of the main genera in the �occular
and the granular fraction of the sludge.

Genus R1 R2 R3 R4
480_2 (f) 1.8E-01 9.7E-02 4.8E-01 5.7E-01
Ca. Accumulibacter 9.8E-01 4.8E-04 8.8E-01 8.6E-01
Azoarcus 5.6E-01 8.5E-01 1.7E-01 4.9E-02
Ca. Competibacter 4.6E-02 9.0E-03 4.5E-01 2.8E-02
CPB_CS1 2.0E-01 4.0E-01 6.5E-01 2.1E-01
CYCU-0281 6.5E-01 4.4E-01 6.8E-01 9.7E-01
Flavobacterium 9.1E-01 1.2E-01 5.7E-02 4.4E-01
Kouleothrix 4.8E-01 6.3E-01 7.2E-02 4.3E-02
Micropruina 6.3E-02 3.0E-04 3.9E-03 6.1E-03
Nitrospira 2.2E-06 5.6E-02 5.3E-01 5.0E-08
P58 8.9E-01 9.4E-01 1.9E-01 8.3E-01
Rhodobacter 3.5E-04 3.0E-01 7.2E-01 3.4E-01
Runella 2.8E-02 3.3E-01 9.8E-01 4.9E-01
Saccharibacteria (p) 5.7E-02 2.8E-01 6.1E-01 2.6E-01
Tetrasphaera 7.1E-01 6.7E-01 6.3E-01 5.0E-01
Trichococcus 2.9E-03 5.9E-01 1.8E-01 3.9E-03
Xanthomonadaceae (f) 6.8E-01 2.2E-03 1.4E-01 7.8E-02
Zoogloea 1.1E-02 2.0E-04 3.8E-01 1.6E-01
Terrimonas 2.7E-04 5.8E-01 4.8E-01 3.1E-01
Thauera 3.1E-01 9.8E-01 6.5E-01 8.8E-06
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Table C.6.: Bray-Curtis distance matrices of the bacterial community compositions, the settling
properties and size distribution of the sludge and its nutrient-removal performances at

stable state. The three complete tables are in the �le
�C6_bray_distance_matrices_stable_state.xlsx�.

Table C.7.: Mantel test comparing the Bray-Curtis distance matrices of the microbial communities, the
settling and size characteristics of the sludge and its nutrient-removal performance, at

bacterial stable state.
Dataset Mantel statistic Signi�cance
Microbial communities vs settling 0.6454 0.001
Microbial communities vs nutrient removal 0.0470 0.195
Settling vs nutrient-removal 0.2138 0.009

Table C.8.: Average relative abundance of the bacterial taxa (at genus level) in the inoculum and the
four reactors during stable state. The complete table is in the �le

�C8_genera_mean_abundance_at_stable_state.xlsx�.
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Figure C.7.: Soluble COD concentrations after the anaerobic phase of R1, R2, R3, R4 run#1 (row 4,
left) and R4 run #2 (row 4, right).
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Figure C.8.: PO 4-P concentrations after the anaerobic phase of R1, R2, R3, R4 run#1 (row 4, left)
and R4 run#2 (row 4, right).
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Figure C.9.: Principal component analysis based on the bray-curtis distance between the relative
abundance of bacterial taxa (A), the granule size distributions and settling properties (B),

and the nutrient-removal performances (C) in the four reactors during bacterial stable
state. The ellipses indicate the 70% con�dence interval for the data related to each

reactor.
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D. Supplementary Information: Chapter 5

D.1. SND ef�ciency calculation from literature

SND was calculated using Eq. 5.4 in the manuscript, and neglected the e�ect of assim-

ilation on both NH 4-N and NO3-N / NO x-N removal.

Figure D.1.: Figure 6 from Pronk et al., 2015 showing the concentration pro�les of various compounds
during 4 consequent SBR cycles. The red boxes marked with Cycle 1-4 indicate which
parts of the concentration pro�les of NH 4-N and NO 3-N were used to calculate SND

during aeration at DO = 1.8 � 2.0 mgO 2 L -1 . After aeration at DO 2.0 mgO 2 L -1 , and
after nitri�cation is �nished, it can be seen that DO is controlled at 0.5 mgO 2 L -1 for the

residual SBR.
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Table D.1.: SND calculations for concentration pro�les from cycles 1-4 displayed in Figure D.1. Plot
Digitizer 2.6.8 was used to extract data from the �gure (Huwaldt, 2015).

Cycle NH4-N
start

NH4-N
end

NO3-N
start

NO3-N
end

NH4-N
removed

NO3-N
accumu-
lated

N denitri-
�ed

SND

mgN L -1 mgN L -1 mgN L -1 mgN L -1 mgN L -1 mgN L -1 mgN L -1 %

1 10.0 1.7 0.3 5.3 8.4 5.0 3.3 40%

2 7.1 1.8 0.3 3.9 5.3 3.6 1.7 32%

3 14.0 1.8 0.4 6.2 12.2 5.8 6.5 53%

4 12.0 1.8 0.5 5.7 10.2 5.3 4.9 48%

Figure D.2.: Figure 4 from ‘wi¡tczak and Cydzik-Kwiatkowska, 2018 showing the concentration
pro�les of various compounds during one SBR cycle. The corresponding DO was 2.0

mgO2 L-1
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Table D.2.: SND calculations for the SBR cycle shown in Figure D.2. Plot Digitizer 2.6.8 was used to
extract data from the �gure (Huwaldt, 2015).

NH4-N
start

NH4-N
end

NO3-N
start

NO3-N
end

NH4-N
removed

NO3-N
accumu-
lated

N denitri-
�ed

SND

mgN L -1 mgN L -1 mgN L -1 mgN L -1 mgN L -1 mgN L -1 mgN L -1 %

4.21 0.07 0 2.33 4.14 2.33 1.81 43.7

Figure D.3.: Figure 5 from Liu et al., 2011 showing the concentration pro�les of various compounds
during one SBR cycle. The corresponding DO was 7.16 mgO2 L -1 .
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Table D.3.: SND calculations for the SBR cycle shown in Figure D.3. Plot Digitizer 2.6.8 was used to
extract data from the �gure (Huwaldt, 2015).

NH4-N
start

NH4-N
end

NO2-N
start

NO2-N
end

NO3-N
start

NO3-N
end

NH4-N
removed

NOx -N
accumu-
lated

N denitri-
�ed

SND

mgN L -1 mgN L -1 mgN L -1 mgN L -1 mgN L -1 mgN L -1 mgN L -1 mgN L -1 mgN L -1 %

28.34 1.66 2.48 1.66 3.31 7.45 26.68 3.32 23.36 87.6

Figure D.4.: Figure 4 from He et al., 2019 showing the concentration pro�les of various compounds
during one SBR cycle. The corresponding DO were 7.75, 2.0 and 1.25 mgO2 L -1 for

reactors 1, 2 and 3, respectively.

Table D.4.: SND calculations for the SBR cycle shown in Figure D.4. Plot Digitizer 2.6.8 was used to
extract data from the �gure (Huwaldt, 2015).

Reactor NH4-N
in�uent

NH4-N
e�uent

TIN
in�uent

TIN
e�uent

NH4-N
removed

N denitri-
�ed

SND

mgN L -1 mgN L -1 mgN L -1 mgN L -1 mgN L -1 mgN L -1 %

1 51.8 0.35 52.74 19.58 51.45 33.75 65.6

2 51.8 2.66 52.74 9.99 49.14 41.03 83.5

3 51.8 3.68 52.74 8.55 48.12 41.45 86.1
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Figure D.5.: Figure 4 from Wagner et al., 2015 showing the concentration pro�les of various
compounds during one SBR cycle. The corresponding DO was 8.16 mgO2 L -1 .
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Table D.5.: SND calculations for the SBR cycle shown in Figure D.5. Plot Digitizer 2.6.8 was used to
extract data from the �gure (Huwaldt, 2015).

NH4-N
start

NH4-N
end

NO2-N
start

NO2-N
end

NO3-N
start

NO3-N
end

NH4-N
removed

NOx -N
accumu-
lated

N deni-
tri�ed

SND

mgN L -1 mgN L -1 mgN L -1 mgN L -1 mgN L -1 mgN L -1 mgN L -1 mgN L -1 mgN L -1 %

43.45 1.72 8.28 17.76 2.07 3.97 41.73 11.38 30.35 72.7

Figure D.6.: Figure 6 from Ni et al., 2009 showing the concentration pro�les of various compounds
during one SBR cycle. The corresponding DO was 2.00 mgO2 L -1 .
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Table D.6.: SND calculations for the SBR cycle shown in Figure D.6. Plot Digitizer 2.6.8 was used to
extract data from the �gure (Huwaldt, 2015).

NH4-N
start

NH4-N
end

NO3-N
start

NO3-N
end

NH4-N
removed

NO3-N
accumu-
lated

N denitri-
�ed

SND

mgN L -1 mgN L -1 mgN L -1 mgN L -1 mgN L -1 mgN L -1 mgN L -1 %

37.16 0.77 0 29.07 36.39 29.07 7.32 20.1

Figure D.7.: Figure 5 from Liu et al., 2010 showing the concentration pro�les of various compounds
during one SBR cycle. The corresponding DO was 7.3 mgO2 L -1 .
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Table D.7.: SND calculations for the SBR cycle shown in Figure D.7. Plot Digitizer 2.6.8 was used to
extract data from the �gure (Huwaldt, 2015).

NH4-N
start

NH4-N
end

NO3-N
start

NO3-N
end

NH4-N
removed

NO3-N
accumu-
lated

N denitri-
�ed

SND

mgN L -1 mgN L -1 mgN L -1 mgN L -1 mgN L -1 mgN L -1 mgN L -1 %

29.4 0.46 1.08 27.5 28.94 26.42 2.52 8.7

Figure D.8.: Figure 2a from Lashkarizadeh et al., 2015 showing the concentration pro�les of various
compounds during one SBR cycle. The corresponding DO was 9.1 mgO2 L -1 .

Table D.8.: SND calculations for the SBR cycle shown in Figure D.8. Plot Digitizer 2.6.8 was used to
extract data from the �gure (Huwaldt, 2015).

NH4-N
start

NH4-N
end

NO3-N
start

NO3-N
end

NH4-N
removed

NO3-N
accumu-
lated

N denitri-
�ed

SND

mgN L -1 mgN L -1 mgN L -1 mgN L -1 mgN L -1 mgN L -1 mgN L -1 %

19.26 0 0 17.54 19.26 17.54 1.72 8.9
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Table D.9.: SND calculations from N removal data provided in Rollemberg et al., 2019. Reactor 1, 2
and 3 were fed by acetate, glucose and ethanol as sole carbon source, respectively.
Experimental phases 1, 2 and 3 were comprised of settling times 20, 10 and 5 min,

respectively. The mean DO during aerobic conditions was estimated at 3.5 mgO2 L -1 .

Reactor Exp.
Phase

NH4-N
in�uent

NH4-N
e�uent

NO2-N
e�uent

NO3-N
e�uent

NOx -N
start

NH4-N
removed

NOx -N
denitri-
�ed

SND TN Nitri�-

cation

mgN L -1 mgN L -1 mgN L -1 mgN L -1 mgN L -1 mgN L -1 mgN L -1 % % %

1 1 108 22 1 0 1 86 85 99 79 80

1 2 115 46 9 0 9 69 60 87 52 60

1 3 108 34 13 2 15 74 59 80 55 69

2 1 104 26 3 1 4 78 74 95 71 75

2 2 115 37 7 1 8 78 70 90 61 68

2 3 112 49 6 6 12 63 51 81 46 56

3 1 112 49 12 6 18 63 45 71 40 56

3 2 110 9 10 4 14 101 87 86 79 92

3 3 108 34 31 8 39 74 35 47 32 69
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D.2. AGS model description

The AGS model used in this study consists of three main components: (1) the bio�lm

model, (2) the biokinetic model and (3) the reactor model.

D.2.1. Sumo Bio�lm Model

The SUMO bio�lm model is based on the 1-dimensional Wanner-Reichert mixed-culture

bio�lm model (Wanner and Reichert, 1996). The main di�erence between the Wanner-

Reichert and the SUMO bio�lm model is that the Wanner-Reichert bio�lm model pre-

dicts (calculates) the bio�lm thickness, while in the SUMO bio�lm model the bio�lm

thickness (or layer thickness) is an input (constant). Also, the total granule volume is

considered constant in the model (default 300 m3 of 5000 m3 total reactor volume).

The SUMO bio�lm model sub-divides the compartments into bulk (compartment 0)

and bio�lm (composed of granule layers 1 to 10). Bulk and bio�lm are �separated� by

the boundary layer (default thickness 50� m). The mass-transfer mechanism a�ect-

ing soluble / colloidal compounds (Si and Ci) is di�usion only, while the particulate

compounds (Xi) are a�ected by the mass-transfer mechanisms displacement, attach-

ment and internal transfer. The speci�c di�erential equations and concepts of the

mass-transfer mechanisms are detailed in Wanner and Reichert, 1996. Mass-transfer

of Si and Ci by di�usion is based on Fick's �rst law of di�usion and occurs between

all compartments. Mass-transfer of Xi is based on displacement, attachment and in-

ternal transfer. Displacement transfers Xi by an advective mass �ow between all com-

partments. The driving force for mass-transfer by displacement is the di�erence be-

tween the maximum TSS concentration allowed within any compartment (102 kgTSS

m-3
compartment ) and the actual TSS concentration within the compartment. The maxi-

mum TSS (or bio�lm density) is calculated from dry matter content of bio�lm (0.1 kg

kg-1) multiplied by the bio�lm density (1020 kg m -3compartment), which corresponds

to 102 kgTSS m-3compartment (concentration in the bio�lm per unit volume bio�lm).

The values used for calculations are default values provided within the AGS model of

SUMO (Table S12), and re�ect typically applied values in bio�lm / AGS modelling

(30 � 450 kgTSS m-3compartment, Elenter et al., 2007; Lee and Park, 2007; Rittmann

et al., 2018; Vázquez-Padín et al., 2010). Those values are within the range of densi-

ties experimentally measured for granules fed by synthetic or municipal WW (30-150

kgTSS m-3, Nor-Anuar et al., 2012). Attachment transfers X i from the bulk to the

granule surface compartments only. Internal-transfer is a mass �ow of Xi that only

occurs within the bio�lm compartments (between granule layers 1 to 10). It is based
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on Fick's �rst law of di�usion, but uses an internal solids transfer rate (e�ective di�u-

sive mass �ow) similar for all X i (default 10-14 cm2 s-1). Table D.10 and D.12 provide

detailed information on the calculation of the di�erent mass-transfer mechanisms im-

plemented, and all parameters used in the SUMO bio�lm model, respectively.

D.2.2. Biokinetic Model

The SUMO1 biokinetic model (Varga et al., 2018) was used in our study and includes

the following key processes:

(1) Growth and decay of the following microbial populations: ordinary heterotrophic

organisms (OHO), phosphorus accumulating organisms (PAO), glycogen accu-

mulating organisms (GAO), nitrifying organisms (NITO), among other organ-

isms groups that are strictly anaerobic and thus inhibited under partially aerobic

conditions as in this study (methylotrophic organisms (MEOLO), acidoclastic

methanogens (AMETO), hydrogenotrophic methanogens (HMETO).

(2) Nitri�cation and denitri�cation are modelled as 1-step processes. Nitri�cation is

performed by NITO. Denitri�cation can be performed by OHO, GAO and PAO.

Denitri�cation by OHO is performed by using VFA or S B as electron-donors.

GAO can perform denitri�cation by using internally stored X STO,GAO , and PAO

denitrify using X STO,PAO .

(3) Fermentation of SB to VFA can be performed by OHO and PAO

(4) Hydrolysis of particulate organic substrate (XB ) is redox-sensitive,i.e., decreased

under anoxic or anaerobic conditions (similar to ASM2d, Henze et al., 2000).

Table D.11 provides the full biokinetic matrix and parameters of the biokinetic model

SUMO1.

D.2.3. Reactor Model

The reactor model used in this study is a sequencing batch reactor (SBR). The SBR

sequence (total 6 h) consists of anaerobic �lling (0.1 h), anaerobic mixing (1.4 h),

aeration (4.05 h), settling and sludge withdrawal (0.45 h combined). The volume ex-

change ratio (VER) is 30%. All process steps are modelled in fully-mixed conditions
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(no plug-�ow, no settling). E�uent TSS is a user input (default 20 mgTSS L -1). SRT

is calculated according to Eq. D.1.

SRT =
V r � TSSr

Qex � TSSex + Qe� � TSSe�
(D.1)

TSSr is the TSS concentration in the reactor (gTSS L-1), V r is the reactor volume (L),

TSSe� is the TSS concentration in the e�uent (gTSS L -1), Qe� is the e�uent �ow rate

(L d -1), TSSBulk is the TSS concentration in the bulk compartment (gTSS L-1) and

Qex is the excess sludge �ow rate (L d-1). Qex was automatically calculated based on

SRTtarget = 20 d. Excess sludge is only withdrawn from the bulk compartment and

no granules are wasted. Speci�c model adaptations included the selection of granule

diameters 0.5 and 2.0 mm resembling young and mature granules, respectively. Also,

the granule compartment was discretised by 10 bio�lm layers. In the case of 0.5 mm

diameter granules, all layers were of equal thickness (25� m). In the case of 2.0 mm

diameter granules, the 4 outermost (surface) bio�lm layers were set to 25� m in thick-

ness, while the remaining 6 inner bio�lm layers were set to 150� m in thickness. De-

creasing the thickness of the 4 outermost (surface) bio�lm layers of the 2.0 mm diam-

eter granules was done to increase the resolution in those layers, and to equate both

granule sizes in terms of surface bio�lm layers thickness. The AGS model implemented

in SUMO combines mass balances of soluble (Si), colloidal (C i) and particulate (X i)

compounds induced by the mass-transfer processes of the bio�lm model (di�usion, dis-

placement, attachment and internal transfer), biokinetics (biological reaction rates)

and reactor model (in�uent, e�uent, excess sludge removal).

Table D.10.: List of parameters as part of the SUMO bio�lm model used in this study.
Parameter name Abbreviation Value Unit
Empirical reduction factor of di�usion rate in bio�lm f D 0.5 -
Internal enthalpy transfer rate in bio�lm D H 0 cm2 s-1

Internal solids transfer rate in bio�lm D X 1.0E-14 cm2 s-1

Attachment rate of solids to bio�lm r att 0.05 m d-1

Detachment rate of solids from bio�lm r det 0 m d-1

Displacement rate of solids between bio�lm layers r dpm,max 1.0E-06 m d-1

Net volume occupied by the granules Vgran 300 m3

Boundary layer thickness zBL 5.0E-05 m
Dry matter content of bio�lm X TSS,F 0.1 kg kg-1

Bio�lm density � F 1020 kg m-3

Slope of switching function around X TSSmax sl 4.0E-03 m3 g-1
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Table D.11.: Kinetic (Gujer) matrix, model parameters and calculated variables of the mathematical
model SUMO1 used in this study (Varga et al., 2018). The tables are in

�D11_kinetic_model.xlsx�.

Table D.12.: Mass transfer processes di�usion, displacement, attachment and internal transfer in the
SUMO® bio�lm model. Default values were used where applicable.

Process Calculations
Di�usion (S i , Ci ) Di�usion (bulk to granule) = -D F,SCi *A GS *(SCi,n -SCi,n+1 )/z BL [g d-1 ]

Di�usion (inside granule) = -D F,SCi *A LS,n *(SC i,n -SCi,n+1 )/z L,n [g d-1 ]
DF,SCi = D SCi *f D *8.64 e�ective di�usion coe�cient of dissolved or colloidal compound SC i

[m2 s-1 ]
DF,SCi = di�usion coe�cient of dissolved or colloidal compound SC i [m2 s-1 ]
fD = empirical reduction factor of di�usion rate in bio�lm [default 0.5]
AGS , A LS,n = granule surface area, granule layer n surface area [m2 ]
SCi,n = concentration of dissolved or colloidal compound i in layer n [g m -3 ]
zBL , zL,n = boundary layer thickness [default 5*10 -5 m], granule layer n thickness [m]

Displacement
(X i )

Displacement (bulk to granule) =

If X TSS,b >X TSS,GS then -r dpm,b *f XTSS,Xi,b [g d-1 ];
else then -rdpm,GS *f XTSS,Xi,GS *A GS *(X TSS,n -XTSS,n+1 )/z BL [g d-1 ];
Displacement (inside granule) =
If X TSS,n >X TSS,n+1 then -r dpm,n *f XTSS,Xi,n *A LS,n+1 *(X TSS,n -XTSS,n+1 )/z L,n [g d-1 ];
else then -rdpm,n+1 *f XTSS,Xi,n+1 *A LS,n+1 *(X TSS,n -XTSS,n+1 )/z L,n [g d-1 ];
XTSS,b , XTSS,GS , XTSS,n = TSS concentration in bulk, granule surface, granule layer n [g
m-3 ]
fXTSS,Xi,b , fXTSS,Xi,GS , fXTSS,Xi,n = fraction of concentration of particulate compound X i in
concentration of TSS in bulk, granule surface, granule layer n [-]
rdpm,b , rdpm,GS = displacement rate bulk, granule surface [g d -1 ]
rdpm,n = r dpm,max *1/(1+exp(-s I *(X TSS,n -XTSS,max ))) displacement rate in granule layer n
[g d-1 ]
rdpm,max = displacement rate of solids between bio�lm layers [default 10 -6 m d-1 ]
sI = Slope of switching function around X TSS,max [default 0.004 m3 g-1 ]
XTSS,max = X TSS,F * � F maximum TSS concentration in bio�lm [default 102 kg m -3 ]
XTSS,F = dry matter content of bio�lm [default 0.1 kg kg -1 ]
� F = bio�lm density [default 1020 kg m -3 ]
AGS , A LS,n+1 = granule surface layer area, granule layer n+1 surface area [m2 ]
zBL , zL,n = boundary layer thickness [default 5*10-5 m], granule layer n thickness [m]

Attachment (X i ) Attachment = -r att *A GS *X i,b [g d-1 ]
ratt = attachment rate [default 5*10 -2 m d-1 ]
AGS = granule surface area [m2 ]
X i,b = concentration of particulate compound i in bulk [g m -3 ]

Internal transfer
(X i )

Transfer = -D F,X *A LS,n+1 *(X i,n -X i,n+1 )/z L,n [g d-1 ]

DF,X = D X *8.64
DX = internal solids transfer rate in bio�lm [default 10-14 cm 2 s-1 ]
ALS,n+1 = granule layer n+1 surface area [m 2 ]
X i,n , X i,n+1 = concentration of particulate compound i in granule layer n, n+1 [g m -3 ]
zL,n = granule layer n thickness [m]
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Table D.14.: In�uent fractionation of municipal wastewater (MWW) and 100% VFA synthetic
wastewater (VFA) used for the SUMO ® simulations.

In�uent fractions MWW VFA
Filtered COD fraction (incl. colloids, VFA) 40.5 100 %
Filtered �occulated COD fraction (incl. VFA) 20.2 100 %
VFA fraction of �ltered COD 11.8 100 %
Unbiodegradable �ltered COD fraction 11.8 0 %
In�uent particulate inert COD fraction 14.0 0 %
In�uent heterotrophic fraction of COD 5.0 0 %
In�uent endogenous products fraction of OHOs 20.0 0 %
Unbiodegradable fraction of in�uent colloids 20.0 0 %
Ammonia fraction of TKN 69.8 100 %
Phosphate fraction of TP 58.1 100 %
N fraction of �ltered biodegradable COD 4.0 0 %
N fraction of unbiodegradable COD 1.0 0 %
P fraction of �ltered biodegradable COD 1.0 0 %
P fraction of unbiodegradable COD 0.1 0 %

Table D.15.: Processes linked to electron-donor utilisation in anaerobic, anoxic and aerobic redox
conditions by OHO, PAO and GAO, respectively. More details can be found in the full

biokinetic matrix Supplementary Information Table D.11.
Redox condition OHO PAO GAO

- Growth on SB at high
VFA conc.

- XSTO,PAO storage from
VFA

- XSTO,GAO storage
from VFA

Anaerobic
- Growth on SB at low
VFA conc.

- Growth via S B at high
or low VFA conc.

- Maintenance on
XSTO,GAO

- Growth on SB - Growth on X STO,PAO - Growth on X STO,GAO

- Growth on VFA
- Growth on X STO,PAO

(PO 4 limited)
- Maintenance on
XSTO,GAO

Anoxic
- Maintenance on
XSTO,PAO

- Growth on SB - Growth on X STO,PAO - Growth on X STO,GAO

- Growth on VFA
- Growth on X STO,PAO

(PO 4 limited)
- Maintenance on
XSTO,GAO

Aerobic
- Maintenance on
XSTO,PAO
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