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Abstract

This study upscales a previously examined continuous plug flow conventional activated
sludge (CAS) process with side stream selective wasting to gather comprehensive data for
process optimization and uncover potential issues that may not be apparent at a smaller scale.
The proposed side stream selective wasting mechanism was uniquely designed to facilitate
granulation within a continuous plug flow system. It requires a small footprint and can be
seamlessly integrated into existing continuous flow systems without introducing the adverse
effects of aggressive shear stress, which is a common issue with hydrocyclones.

The study was conducted in three stages: the first stage focused on testing split feeding,
the second stage evaluated combined feeding, and the third stage assessed the implementation of
side stream selective wasting. Although mechanical challenges occurred, the system achieved
general biological nutrient removal. However, maintaining a consistent hydraulic retention time
(HRT) and solids retention time (SRT) within the given process installation emerged as the most
significant challenge throughout the study.

This research contributes valuable insights into the optimization of medium size CAS
pilot processes and highlights the potential of side stream selective wasting as a viable solution
for granulation. The findings underscore the importance of careful process design and system
integration in overcoming operational challenges, ultimately paving the way for more efficient

and scalable wastewater treatment solutions.
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Introduction

Current wastewater treatment infrastructure often exhibit inadequate nutrient removal
capabilities. Rapid urbanization—marked by population growth and industrial/commercial
expansion—demands increased treatment capacity. Concurrently, climate change exacerbates
wet weather flows, further straining aging systems. Stringent discharge regulations highlight the
urgent need for infrastructure upgrades.

The CAS process enables biological nutrient removal (BNR), where treated water is
separated from biological sludge in the secondary clarifier before discharge as final effluent.
However, solids-liquid separation frequently becomes a bottleneck in this system. Clarifier
efficiency directly impacts mixed liquor concentration—a critical factor for nutrient removal
performance. To boost treatment capacity, optimizing mixed liquor concentration and improving
sludge settleability are essential.

Aerobic granular sludge (AGS) presents a promising solution to this challenge. The AGS
process has been rigorously tested in sequencing batch reactors (SBRs) for over two decades,
with commercial solutions like AquaNereda® available for both greenfield projects and select
brownfield retrofits. However, in densely developed urban areas, space constraints and
integration complexities with existing infrastructure often hinder the adoption of these proven
technologies.

Other selective wasting sidestream systems, such as the inDENSE® hydrocyclone,
effectively enhance biological sludge settleability and mitigate bulking. While hydrocyclones
have been tested for aerobic granular sludge (AGS) processes, they remain less studied than the
Nereda® process. Although the hydrocyclone’s shear stress aids in removing light fractions,

excessive shear can compromise floc or granular integrity beyond a critical threshold.



This thesis project conducted a medium-scale pilot study to test the CAS process in a
continuous plug-flow reactor with side-stream selective wasting. The primary objectives of the
project is to (1) upscaling a previously studied process and (2) collecting comprehensive
operational data for optimization. Key responsibilities involved designing and constructing a
system capable of treating 21 m3/day of wastewater, as well as managing startup procedures and
operational monitoring. The study aimed to evaluate large-scale performance, providing critical
insights for improving real-world wastewater treatment applications.

AGS aggregates and CAS flocs exhibit distinct physical and biological characteristics
that significantly impact treatment efficiency optimization. While small-scale pilot studies have
successfully demonstrated AGS feasibility in continuous plug-flow configurations, scaling up
remains critical to uncover latent operational challenges. Prior to full-scale implementation, key
challenges must be addressed including mixing efficiency, aeration performance, system control
strategies, shear stress management, and hydraulic profile optimization. This pilot study serves
as a pivotal bridge between conceptual research and full-scale deployment. By proactively
identifying and resolving scaling-related issues, the technology's robustness and reliability for
real-world applications can be validated, thereby mitigating deployment risks.

The scope of this thesis includes system construction, startup procedures, and achieving
initial biological nutrient removal. Due to space and height restrictions, the ten reactors used in
the study were arranged in two rows of five during construction—one row aligned with the
sloped ground and the other along the sloped floor. All reactors were placed at nearly the same
elevation, the two-row configuration and similar elevation placement introduced hydraulic

profile challenges. The non-standard secondary clarifier struggled to maintain effective
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liquid/solid separation, while manual monitoring and maintenance further complicated hydraulic
and solids management issues. As a result, maintaining steady HRT and SRT was difficult.

The thesis is structured into three chapters, each addressing distinct research components.
Chapter 1 provides foundational background on aerobic granular sludge, including factors
influencing granulation, applications, and process configurations. Chapter 2 details system
design, construction methodology, and the proposed side-stream selective wasting mechanism.
Chapter 3 presents study findings, analyzing nutrient removal performance, selective wasting
efficiency, and solids management challenges. It also documents key operational issues and their
resolutions, offering a comprehensive assessment of research outcomes. The conclusion

synthesizes findings and validates the study’s significance.



Chapter 1: Literature Review
Introduction

The escalating global urban population, deteriorating infrastructure networks,
increasingly stringent environmental regulations, proliferation of emerging contaminants, and
compounded economic-energy crises collectively necessitate the development of innovative
wastewater treatment systems that are simultaneously operationally robust, space-efficient, cost-
effective, and amenable to technological upgrades. The AGS process presents a compelling
technological paradigm capable of achieving simultaneous carbon, nitrogen, and phosphorus
removal while facilitating resource recovery—demonstrating a substantial 75% reduction in
physical footprint compared to CAS systems (de Bruin et al., 2004).

AGS represents a specialized biofilm structure characterized by self-aggregation of
microbial communities in the absence of artificial carriers (de Kreuk et al., 2005). This
phenomenon was initially documented in the Aerobic Upflow Sludge Blanket (AUSB) reactor
system, a technology originally developed for municipal wastewater treatment (Mishima &
Nakamura, 1991). Over the past three decades, AGS has emerged as a focal point of wastewater
research, owing to its distinctive physicochemical properties and demonstrated efficacy in
simultaneous nutrient removal (Gao et al., 2011; Giesen et al., 2016; Sharma et al., 2019).

CAS processes require secondary clarifiers for liquid-solid separation. However, the slow
settling velocity of flocculent biomass restricts clarifier hydraulic capacity, thereby reducing
overall system efficiency. This settling limitation directly affects biomass retention, as clarified
effluent inevitably carries suspended solids. In comparison to CAS systems, AGS demonstrates
distinct operational advantages, most notably enhanced settling characteristics and reduced

sludge production. AGS granules, which exhibit a spherical shape and range in size from 0.2 mm



to 10 mm, settle up to 17 times faster than conventional flocs (Li et al., 2019; Long et al., 2019;
Nguyen Quoc et al., 2021; Winkler & van Loosdrecht, 2022). This superior settling velocity
enables efficient liquid-solid separation within a single reactor, eliminating the need for a
secondary clarifier, while the same system configuration can sustain higher biomass
concentrations (Beun et al., 2002; Ekholm et al., 2022). The distinct operational conditions of
AGS further promote the proliferation of slow-growing microorganisms, including ammonia-
oxidizing bacteria (AOB), nitrite-oxidizing bacteria (NOB), and phosphate-accumulating
organisms (PAO), while suppressing fast-growing heterotrophs (M. K. de Kreuk et al., 2010).
This selective microbial enrichment results in substantially lower sludge yields, enhancing
sludge settleability.

AGS exhibits a dense, layered structure that allows different functional microorganisms
to reside at various depths within the granules (Winkler, Kleerebezem, Strous, et al., 2013).
However, this structural complexity presents significant challenges for both granulation
processes and research methodologies. Most studies on AGS have employed SBRs because the
sequential timing of SBR operations can simulate various operating conditions - including
anaerobic feeding, feast and famine cycles, and selective wasting - all within a single reactor
configuration (Beun et al., 1999). Conventional continuous plug flow shallow depth reactors
cannot simultaneously provide all the necessary competitive conditions, hindering the
implementation of AGS in continuous flow reactors and existing plant retrofits. Devlin
demonstrated that a side stream selective wasting regime is a promising approach for achieving
the desired operating conditions (Devlin & Oleszkiewicz, 2018). More recently, innovative
approaches utilizing partial return activated sludge (RAS) with side stream hydrocyclone

separation have been shown to decouple the SRT of granules and flocs, thereby favoring slow-



growing microorganisms (Regmi et al.,2022). These technological advancements are particularly
encouraging as they provide critical insights into the potential configuration of continuous flow
reactor-based AGS (CFR AGS) systems.

The conventional wastewater treatment plant (WWTP) was designed primarily to recover
water rather than resources extraction. However, in the modern water industry, treated
wastewater is increasingly recognized as a valuable source of both high-quality water and
recoverable resources. The research community has made significant strides in advancing water
and resource recovery technologies, with the Wastewater Resource Recovery Facility (WRRF)
emerging as a strategic framework for fostering a sustainable circular economy. As highlighted
by Amorim de Carvalho’s review, while resource recovery is highly desirable, greater emphasis
is required to effectively implement these technologies, particularly within the aerobic granular
sludge process (Amorim de Carvalho et al., 2021). Supporting this, Bahgat’s comprehensive
study—which included a detailed mass balance analysis—demonstrated the feasibility of
recovering combined extracellular polymeric substances (EPS), methane, phosphorus, and
nitrogen (Bahgat et al., 2023).

Physical characteristics

Granules morphology and size
Aerobic granules are compact, dense particles with spherical or elliptical shapes. Their

visual appearance differs significantly from conventional activated sludge. The granulation
process, influenced by conditions such as substrate, organic loading rate (OLR), and operating
parameters, shapes the granules and enhances the performance of the AGS process. Aerobic
granules are typically yellow to brown in colour.

Granule size increases during acclimation until maturity under the given operating

conditions, with size variation highly dependent on operating parameters. High OLR promotes



faster granulation and produces larger granules, while low OLR results in smaller granules and
slower granulation (Tay et al., 2004). For granules smaller than 4 mm, Toh observed that settling
velocity and density positively correlate with granule size, while granule strength, surface
hydrophobicity, and Sludge Volume Index (SVI) are negatively correlated (Toh et al., 2003).
However, larger granules may experience mass transfer limitations, particularly at greater depths.
For example, the oxygen penetration depth is approximately 100 um for a 0.5 mm granule (L.
Liu et al., 2010), while acetate and glucose can penetrate up to 1750 um and 1250 pm,
respectively (Chou et al., 2011). Mass transfer limitations can lead to granule core decay and
disintegration in large granules (M. K. de Kreuk et al., 2007; Winkler et al., 2015). Nguyen
Quoc’s research on nitrogen and phosphorus removal revealed that smaller granules (331 um)
exhibit 4.72 times higher specific ammonia oxidizing rates by weight than larger granules (2225
um), though their rates are 1.43 times lower by surface area. Selecting smaller granules (212 um
t01,000 um) can significantly reduce aeration energy costs, as they require less dissolved oxygen

(DO), less than 3 mg/L(Nguyen Quoc, Armenta, et al., 2021; Nguyen Quoc, Wei, et al., 2021).

Specific gravity
Shi and Zheng reported that seed sludge has a wet specific gravity of 1.005 g/cm3, while

mature granules range from 1.036 g/ cm™3to 1.1 g/ cm™3. High wet specific gravity contributes to
fast settling granules, which is advantageous for liquid-solid separation (Shi et al., 2009; Zheng

et al., 2005).

Porosity
The porous structure of granules facilitates nutrient and oxygen transfer to the interior,

with granule porosity typically ranging from 0.78 to 0.92 (Xiao et al., 2008), which is slightly

lower than the 0.95 porosity of conventional flocs (Gao et al., 2011). However, dead cells or



excess EPS can clog pores, leading to mass transfer limitations and granule disintegration

(Corsino, Capodici, Torregrossa, et al., 2016).

Settling velocity and SVI
Fast settling is a key advantage of aerobic granules, as demonstrated by Zheng's study,

where granules settled 18 times faster than seed sludge (Shi et al., 2009; Zheng et al., 2005).
Larger and denser granules exhibit superior settling properties and lower SVI than conventional

flocs (Su et al.,2012).

Surface chemistry
Higher cell hydrophobicity reduces Gibbs's energy, favouring cell-to-cell aggregation and

granulation (Y. Liu et al., 2004; Zita & Hermansson, 1997). Tay found that acetate-fed and
glucose-fed granules had hydrophobicity levels of 73% and 68%, respectively, compared to seed
sludge at 39% (J. H. Tay et al., 2002). Qin's research further demonstrated a negative correlation
between cell hydrophobicity and settling time, indicating that shorter settling times selectively
retain fast-settling particles with high hydrophobicity, thereby enhancing granulation (Qin et al.,
2004).

Biological characteristics

Extracellular polymeric substances
EPS are secreted by microorganisms and released through cell lysis and hydrolysis. The

composition of EPS plays a crucial role in determining biofilms' strength, elasticity, and sorption
capacity. The primary components of EPS include carbohydrates, such as polysaccharides (PS) ,
proteins (PN) , lipids, and nucleic acids (Christensen, 1989; Lazarova, 1995). Zhang and Bishop
reported that EPS is biodegradable and can serve as an energy source, though its utilization rate
is higher in suspended cultures compared to biofilms (X. Zhang & Bishop, 2003). Wang et al.
further categorized EPS into biodegradable and non-biodegradable components, noting that up to

50% of EPS PS and 30% of EPS PN are biodegradable. However, the biodegradable EPS



utilization rate is significantly lower than that of acetate utilization rate, being five times less, but
50 times faster than non biodegradable EPS. They suggested that biodegradable EPS is unlikely
to contribute to the structural integrity of granules but may serve as an energy reserve during
extended starvation periods. Sutherland and Wang demonstrated that insoluble B-linked EPS in
the outer shell of granules is non-biodegradable even after long-term starvation, likely
functioning as a structural barrier or backbone. (Sutherland, 2001; Z. Wang et al., 2005, 2007).

Adav compared eight EPS extraction methods and concluded that the PN/PS ratio
increases from 0.9 in C to 3.4 to 6.2 in granules (Adav & Lee, 2008). Zhu et al. reported that
suitable operating conditions, such as settling and surface gas velocities, promote EPS secretion
and granulation. The granules' minimal settling velocity, hydrophobicity, and surface charge are
positively correlated with PN content, while the SV is negatively correlated. Zhu et al. also
noted that loosely bound EPS and tightly bound EPS for granules were 33.6 £9.7 mg/gVSS
(Volatile suspended solids) and 96.8 +11.9 mg/gVSS, respectively, compared to 8.5 +1.5
mg/gVSS and 43.1 £2.7 mg/gVSS for conventional activated sludge. There was no significant
difference in PS content between granules and conventional activated sludge. They concluded
that proteins with high molecular weight likely assist in granulation and enhance structural

stability (Zhu et al.,2012,2015) (L. Zhu et al., 2012, 2015).

Microbial composition
Aerobic granules exhibit a unique biofilm structure characterized by a layered structure,

which emerges as an adaptive response to particular operational parameters. This stratified
configuration establishes heterogeneous microenvironments that support the proliferation of
diverse microbial communities at different depths within the granule matrix. The microbial
population within aerobic granules is shaped by multiple factors including inoculum properties,

substrate characteristics, and operational conditions. Notably, upon completion of granulation,



the microbial consortium undergoes substantial compositional divergence from its original
inoculum (Lv et al., 2014; Winkler, Kleerebezem, de Bruin, et al., 2013).

The layered structure of aerobic granules allows partial penetration of substrate and
oxygen through interstitial pores (Zheng & Yu, 2007) , establishing pronounced gradients of
both (Y. Li et al., 2008). These gradients drive spatial microbial stratification: the oxygen-rich
outer layer predominantly hosts ordinary heterotrophic organisms (OHO), ammonia-oxidizing
bacteria (AOB), nitrite-oxidizing bacteria (NOB), polyphosphate-accumulating organisms (PAO),
and glycogen-accumulating organisms (GAO), while the oxygen-limited inner zone may support
denitrifying counterparts including denitrifying OHO (DOHO), denitrifying PAO (DPAO), and
denitrifying GAO (DGAO) (S. T. L. Tay et al., 2002). This redox-driven compartmentalization
facilitates simultaneous carbon oxidation, nitrification, denitrification, and phosphorus removal
within a single granule.

The diverse microbial architecture and nutrient gradients within aerobic granules enable
efficient nutrient removal across both fully aerobic and alternating anaerobic/aerobic treatment
processes. The complex microbial consortium facilitates self-regulation through the recycling of
intermediate oxidation and reduction products. Moreover, the granulation process selects for
slow-growing microorganisms, resulting in significantly reduced sludge production compared to
CAS.

Granulation Mechanism

Despite extensive research, the granulation mechanism remains incompletely understood.
Liu and Tay proposed a four step model: (1) microbial/non-microbial contact via physical
movement, (2) aggregation driven by physical and microbial attractive forces, (3) maturation of

attached microbes through microbial interactions, and (4) hydrodynamic shaping of the 3-D



structure. Steps 1 and 2 critically depend on microbial aggregation propensity, which is governed
by cellular profiles and physicochemical properties (Y. Liu & Tay, 2002). Operational conditions,
such as a high PN/PS ratio, stimulate EPS secretion. Cell hydrophobicity, positively correlated
with the PN/PS ratio, enhances aggregation and granulation efficiency (Y. Liu et al., 2003, 2004;
Guo et al., 2011; L. Zhang et al., 2007). Wilén et al. hypothesizes that granulation is not a single
action but a combination of multiple factor granulation results from multifactorial interactions
rather than a single process (Wilén et al., 2018). Similarly, van Dijk et al. identified six
mechanisms contributing to granulation: microbial selection, selective wasting, optimized
substrate transport into the biofilm, selective feeding, substrate type (modulation), and breakage
management , demonstrating their compensatory flexibility (van Dijk et al., 2022).
Factors affecting granulation and granular stability
Influent feeding regime

The SBR system employs two predominant feeding strategies for AGS cultivation: fast
aerobic feeding and slow anaerobic plug flow feeding. Early studies predominantly utilized fast
aerobic feeding with continuous aeration, which often resulted in granulation but was frequently
accompanied by surface overgrowth of loose filamentous biomass (Morgenroth, 1997; Moy et al.,
2002). In contrast, slow anaerobic feeding from settled sludge has been demonstrated to enhance
anaerobic polymer storage, offering an alternative approach to granulation control. (M. K. de
Kreuk & van Loosdrecht, 2004).

In fast aerobic feeding, high nutrient levels often lead to diffusion limitations. The outer
layer of the granule consumes nutrients for growth or stores them as polymers, while the inner

core receives limited or no nutrients. Readily available nutrients under aerobic conditions are



known to favour filamentous growth, which explains the frequent reports of filamentous
overgrowth on granule surfaces in early studies.

In slow plug flow anaerobic feeding, PAOs and GAOs consume substrates and store them
as polyhydroxyalkanoates (PHAS) for slower growth during the subsequent aerobic step (M. K.
de Kreuk & van Loosdrecht, 2004). van Dijk’s modelling on granulation suggested that fast
settling granules accumulate at the bottom of the sludge layer, where they receive the most
granule forming nutrients and are less likely to be washed out (van Dijk et al., 2022).
Organic loading rate

OLR regulates granule morphology, structure, and granulation rate. High OLR was
considered a key inducer of granulation in early studies of fully aerobic reactions. High OLR
appeared to produce larger granules in shorter times, while low OLR often resulted in smaller
granules or required longer granulation periods (A. Li et al., 2008, 2011). Wang achieved
granulation ata low OLR of 1 - 2 kg COD m3 d, though the granules were less compact
compared to those from other studies. Tay, however, could not achieve granulation at a low OLR
of 2 kg CODm3d (J.-H. Tay et al., 2004;S.-G. Wang et al., 2009). Tay’s failure was attributed
to aggressive settling times of two minutes, which caused significant biomass washout and an
unmanageable F/M ratio, preventing granulation. Granulation under high OLR using glucose
was also tested, and granules could sustain an OLR of 15 kg COD m™ d!. However, the
granules were irregular with folds (Moy et al., 2002).

Contrary to earlier findings, granulation under low OLR was achieved with anaerobic
feeding. Devlin successfully granulated at low OLR using an anaerobic feeding regime (Devlin

etal., 2017). OLR is critical in fully aerobic reaction configurations but has less impact on
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granulation when operating conditions like anaerobic feeding are used to suppress fast growing
organisms.
Feast and famine ratio

Particulate or slow biodegradable substrates tend to favour filamentous growth, leading to
substrate gradients on the granules’ surfaces (M. K. de Kreuk et al., 2010). These gradients can
result in structural deterioration of the granules. Anaerobic feeding promotes the storage of
substrates as PHA, although not all substrate is converted (Wagner et al., 2015). The feast and
famine regime creates a temporal substrate gradient and extends endogenous decay, which helps
counteract the overgrowth of filamentous organisms (Chiesa et al., 1985).

Research by Liu and Tay demonstrated granulation in an SBR AGS with a 38% feast in a
sodium acetate fed fully aerobic reactor. However, filamentous organisms appeared on the
granules' surfaces by the fourth month (Y.-Q. Liu & Tay, 2008). Corsino's study with brewery
wastewater indicated that extended famine conditions favour polymer storage microorganisms,
enhancing granule stability (Corsino et al., 2017). Sun's investigation with a multiple chamber
CFR AGS suggested that a minimum of 50% feast is required, with 33% feast yielding the best
results (Sun et al., 2021). This implies that OHO decays faster than substrate storing, slow
growing microorganisms under aerobic conditions (Advances in Wastewater Treatment, 2019),
leading to the selection of the latter.

Famine conditions enhance cellular hydrophobicity and promote microbial aggregation,
as demonstrated by Tay's observations of microbial cell densification following periodic

starvation (Y. Liu et al., 2004; J.-H. Tay et al., 2001).
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Settling velocity

Settling velocity is a critical factor in the SBR AGS study. Liu et al. observed that
aggressive two minute settling at high OLR resulted in granule formation within 24 hours (Y.-Q.
Liu et al., 2016). In a full scale SBR AGS plant, a 30 minute settling time achieved a hybrid
culture with 80% granules greater than 0.2 mm (Pronk, de Kreuk, et al., 2015). Settling velocity
effectively decouples the SRT of granules or granule ready particles from flocs or fragments.
Granules have an SRT close to the system's SRT, while flocs have a much shorter SRT, often
nearing the HRT. Consequently, granules are retained in the reactor, while flocs are wasted
during effluent discharge.

Modelling by van Dijk revealed that settling velocity effectively removes light fractions
during the start-up phase. However, it is less effective in maintaining the optimal mature granule
size distribution. Over time, large granules develop, which can encounter diffusion limitations,
potentially leading to disintegration(McSwain et al., 2004; van Dijk et al., 2020).

Selective Wasting

Settling velocity serves as a key parameter for selective wasting in SBR AGS, where
higher velocities preferentially remove light biomass fractions. However, excessively aggressive
initial settling velocities or short settling durations may induce premature biomass washout,
potentially compromising microbial diversity (Weissbrodt et al., 2012). In the context of CFR
AGS systems, Ford demonstrated that hydrocyclone-based selective wasting provides granule
densification without affecting critical microbial populations, including AOB, NOB, OHO, PAO,
and DPAO (Ford, 2018).

Conventional settling strategies primarily target light fractions without distinguishing

between microbial functional groups or granule sizes. Winkler's comparative study of PAOs and
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GAOs revealed differential settling behavior, with GAOs preferentially accumulating at the top
of the sludge layer while PAOs settled at the bottom, enabling selective GAO removal to achieve
complete phosphorus removal (Winkler et al., 2011). Although granule growth enhances
settleability, excessively large granules may develop diffusion limitations, potentially causing
surface filamentous overgrowth or core deterioration. Selective removal of these large granules
from the sludge bed can effectively.

Hydrodynamic shear

The majority of SBR AGS research employs cylindrical column reactors, where aeration
and mixing are induced by airflow, quantified as upflow superficial velocity. Early investigations
predominantly operated under fully aerobic conditions, which favored rapid-growing OHO over
slower-growing microbial groups due to the abundant availability of organic substrates. This
environment frequently resulted in pronounced heterotrophic proliferation on granule surfaces.
However, hydrodynamic shear forces exerted by aeration effectively suppressed filamentous
overgrowth, contributing to the development of smoother and denser granules.

In contrast, Devlin’s study demonstrated granule formation under low hydrodynamic
shear (minimal upflow superficial velocity) with anaerobic feeding at low organic loading rates
(OLR). These findings suggest that hydrodynamic shear is not an absolute prerequisite for
granulation but rather functions as a regulatory mechanism to manage high OLR conditions
(Devlin et al., 2017; J-h et al., 2001; Y. Liu & Tay, 2002; Wu et al., 2020).

Quorum sensing

Quorum sensing (QS) constitutes a fundamental bacterial communication mechanism

mediated by diffusible signaling molecules including acyl-homoserine lactones (AHLSs) and

autoinducing peptides (AIPs) (Vadakkan et al., 2018). These autoinducers accumulate
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proportionally with cell density and elicit population-wide coordinated responses upon reaching
critical threshold concentrations, enabling synchronized regulation of gene expression and
collective behaviors (Galloway et al., 2011).

1) QS has been demonstrated to play a pivotal role in granule formation through its regulatory
effects on EPS production, as evidenced by Liu et al.'s findings that QS mechanisms participate
in both EPS secretion and the upregulation of quorum sensing-related enzyme genes, particularly
under low-temperature conditions (W. Liu et al., 2022). This observation suggests that QS-
mediated processes facilitate the selective enrichment of low-temperature-adapted microbial
populations while simultaneously promoting EPS biosynthesis - a critical determinant for
granule structural stability and microbial aggregation.

2) QS significantly enhances microbial activities essential for granulation through two distinct
pathways: (1) functional activation, as demonstrated by Wang et al.'s findings that exogenous
AHL molecules (C6-HSL, C8-HSL, and 3-0x0-C10-HSL) stimulate nitrification, biomass
accumulation, and self-aggregation in Acinetobacter sp. - a critical nitrifying bacterium involved
in granule formation (X. Wang et al., 2018) ; and (2) structural reinforcement, with Yang et al.
documenting that AHLs promote EPS production and biofilm development in Cylindrotheca sp.,
thereby contributing to both granule matrix stability and microbial community organization
(Yang et al., 2016). These studies collectively illustrate QS's dual role in enhancing both the
metabolic activities and structural integrity of aerobic granules.

3) QS significantly enhances enzymatic activities critical for nutrient cycling in granular systems,
as demonstrated by Zhang et al.'s findings that functional AHL molecules can elevate starch
hydrolase activity by 4-6-fold, thereby substantially improving substrate degradation efficiency

within microbial aggregates (Z. Zhang et al., 2023).
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Despite the existing evidence, our understanding of QS in complex, real-world
wastewater systems remains incomplete. Current research predominantly focuses on individual
signalling molecules, while the intricate interactions among multiple QS molecules in these
systems are still not well characterized. This knowledge gap underscores the necessity for further
investigations to elucidate QS's regulatory mechanisms in diverse microbial communities and its
adaptive responses to varying environmental conditions.

AGS applications
Municipal applications

Municipal wastewater characteristics exhibit significant regional variation, influenced by
both geographic conditions and infrastructure design. Warmer regions with flat terrain typically
produce septic wastewater due to prolonged retention in sewer systems, whereas hilly, colder
climates generate fresher, less degraded influent as a result of rapid drainage and lower
temperatures (Oleszkiewicz, et al., 2015). Infrastructure age further compounds these variations:
older combined sewer systems experience substantial dilution from spring meltwater, storm
events, and infiltration, leading to weaker wastewater flows during wet weather conditions. In
contrast, modern separate sewer systems effectively minimize such dilution, maintaining
consistently stronger wastewater characteristics throughout the year. This systematic variability
underscores the importance of considering regional and infrastructural factors when developing
wastewater treatment strategies.

Wastewater consists of soluble and particulate (solid) fractions, each containing
biodegradable and non-biodegradable components. During anaerobic phases, microorganisms
metabolize and store soluble biodegradable nutrients (e.g., volatile fatty acids). However,

particulate biodegradable matter must undergo hydrolysis prior to microbial uptake.
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Unhydrolyzed solids may persist into subsequent aerobic phases or treatment cycles, adsorbing
to granule surfaces and gradually releasing nutrients under aerobic conditions. This sustained
nutrient supply promotes the proliferation of fast-growing OHOs, whose filamentous overgrowth
on granule surfaces exacerbates diffusion limitations—a key contributor to granule disintegration
in early fully aerobic AGS systems. Therefore, effective biodegradable solids management is
crucial for granule stability. Advances in AGS research, such as the implementation of anaerobic
feeding and feast-famine regimes, have demonstrated improved operational stability by favoring
substrate-accumulating microorganisms (e.g., PAOs) over OHOs. These strategies facilitate
anaerobic hydrolysis of biodegradable solids, reducing particulate carryover into aerobic phases
and thereby mitigating filamentous overgrowth.

Most AGS systems are designed and operated as SBRs. The SBR cycle consists of four
key phases: anaerobic feeding, aerobic reaction, settling, and effluent withdrawal. During the
settling phase, dense mature granules settle to the reactor bottom, while lighter biomass fractions
(e.g., flocs) are removed with the effluent. However, inert solids (e.g., grit, sand), which exhibit
faster settling velocities than granules, may accumulate at the reactor base. This accumulation
can disrupt biomass dynamics and reactor hydraulics, potentially compromising system
performance.

Effective solids management is crucial for reactor performance: poorly controlled
biodegradable solids can destabilize granules by promoting filamentous overgrowth during
aerobic phases, while non-biodegradable solids may cause piping clogging or reduce reactor
efficiency. To mitigate these issues, screening, grit removal, and primary clarification are

essential pretreatment steps, particularly in systems treating wastewater with high solids loads.
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Additionally, primary sludge fermentation can generate volatile fatty acids (VFAS) to
supplement carbon-deficient influent when primary treatment reduces nutrient availability.

Nutrient leakage into aerobic phases poses a significant risk to granule stability, as
residual substrates promote the proliferation of fast-growing heterotrophs that degrade granular
integrity. Evolving wastewater characteristics, driven by water conservation practices, climate
change-induced wet weather flows, or stormwater surges, further compound this challenge. To
address this, SBR AGS systems must incorporate:

1) Adequate anaerobic retention time to maximize substrate uptake by storage organisms (e.g.,
PAO:s).

2) Dynamic DO control to adapt feast and famine ratios to variable loads.

3) Operational flexibility (e.g., adjustable cycle times, redundant configurations) to withstand
hydraulic or organic shocks.

The volume exchange ratio (VER) dictates the proportion of light biomass wasted per
cycle. During granulation, aggressive wasting (characterized by high VER and short settling
times) accelerates granular dominance but risks reducing microbial diversity. Post granulation,
VER adjustments enable fine-tuning of biomass retention, though continuous monitoring is
required. Granule size distribution also demands attention: oversized granules (>2 mm) are prone
to diffusion limitations and disintegration, while stratification within the settled sludge blanket
concentrates lighter GAOs at the top and denser PAOs at the bottom. To enhance system
resilience, targeted wasting is recommended:

1) Bottom wasting removes oversized granules to prevent fragmentation.

2) Top wasting eliminates GAO rich biomass to favor PAOs, improving settleability.
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3) Flexible sludge blanket extraction balances these approaches, adapting to real time operational
needs.
Industrial applications

AGS systems—characterized by rapid settling, high biomass retention, and robust
pollutant removal—represent a promising alternative to CAS processes. Growing research
explores AGS adoption across diverse industries, including wastewater containing toxic or
inhibitory compounds. However, industrial effluents often contain recalcitrant or inhibitory
substances that challenge AGS stability and performance. Below, industrial case studies are
reviewed in ascending order of complexity.

Brewery wastewater is characterized by high COD, with nitrogen derived primarily from
malt and cleaning agents and phosphorus from detergents (Brewers of Europe, 2002; Enitan et al.,
2015; Gebeyehu et al., 2018; Jaiyeola & Bwapwa, 2016; Natural Resources Canada & Brewers
Association of Canada, 2011). Wang et al. achieve granulation within nine weeks, reporting 88%
COD and ammonium (NH4") removal (S.-G. Wang et al., 2007). Similarly, Corsino et al.
cultivate granules but observe structural deterioration under short cycle operation due to
particulate leakage into aerobic phases, which triggers filamentous overgrowth. In contrast,
extended cycles with balanced feast and famine conditions yield compact, stable granules
(Corsino et al., 2017; Nancharaiah & Kiran Kumar Reddy, 2018; Weber et al., 2007)

Dairy effluent exhibits high COD and solids, with TN and TP constituting 3% — 6% and
0.6% - 0.7% of BOD:s, respectively (Kolev Slavov, 2017). Arrojo et al. demonstrate successful
granulation both with and without anoxic phases, achieving 70% nitrogen removal. The authors
note that low effluent solids correlate with reduced COD to volatile suspended solids (COD/VSS)

ratios or shortened withdrawal times (Arrojo et al., 2004). Schwarzenbeck et al. observed
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elevated effluent solids across varying OLRs. Compared to synthetic wastewater, raw dairy
effluent generates a less pronounced feast and famine dynamic, likely due to high particulate
content and inadequate famine phases, exacerbating solids washout (Schwarzenbeck et al., 2005).
Fish canning wastewater is characterized by high organic content (10,000 - 50,000 mg/L
COD), elevated nitrogen (0.3 - 69.7 mg/L total nitrogen) derived from proteins, blood, and slime,
and significant salinity (Chowdhury et al., 2010; Mendez et al., 1995; NovaTec Consultants Inc
& EVS Environment Consultants, 1994). Corsino et al. demonstrated that saline adapted aerobic
granules maintain organic carbon removal at salinities up to 75 g NaCl/L. However, nitritation
was inhibited at 30 g NaCl/L, evidenced by effluent nitrite concentrations of 50 -70 mg/L and
negligible ammonium/nitrate levels. Simultaneous nitrification denitrification (SND) persisted at

<50 g NaCl/L. Another factor was the observed high free ammonium further suppressed

nitrification (Corsino, Capodici, Morici, et al., 2016; S.-F. Yang et al., 2004).

Petrochemical wastewater or produced water was estimated to be three times the oil
production in 2011. Petrochemical wastewater composition varies significantly from one process
to another. It contains hydrocarbon, metal, salt, and production chemical components (Fakhru’l-
Razi et al., 2009). Zhang gradually acclimated aerobic granules from synthetic wastewater to 100%
petrochemical wastewater in the course of 192 days. However, full-strength petrochemical
wastewater reduced system performance and granule stability. Co-metabolism supplementation
improved treatment performance, increasing COD and ammonium removal from 65% and 75%
to 89% and 94%, respectively (H. Zhang et al., 2011). Similarly, Campo’s study on slop
wastewater demonstrated that gradual acclimation with synthetic and slop mixtures enhanced

total petroleum hydrocarbon (TPH) removal (Campo & Di Bella, 2019).
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Pharmaceutical and personal care products (PPCPs) originate from various aspects of
modern life and ultimately enter wastewater systems, where their bioactive compounds may
affect organisms through similar pathways as in humans (Fent et al., 2006). CAS, not designed to
address PPCPs, often struggle with their inhibitory effects on biological treatment. In WRRF,
PPCP removal efficiency ranges from 12% to 100%, making effluent a primary environmental
source (Luo et al., 2014). However, AGS shows promise: Amorim’s study on fluoroquinolone
(FQ)-containing synthetic wastewater revealed that shock doses caused reversible performance
impacts, whereas continuous low-concentration doses did not impair organic removal or
nitrification. Prolonged FQ exposure, however, induced granule disintegration, reducing bed
volume and denitrification capacity—particularly at high DO levels (~100% air saturation)—
leading to elevated effluent nitrate levels. Polyphosphate-accumulating organisms (PAQO) were
also inhibited during continuous dosing. Remarkably, AGS performance recovered after FQ
removal, with adsorption/desorption dynamics observed in mixed liquor and effluent (Amorim et
al., 2014). The author hypothesized that the EPS matrix provided some degree of protection
against FQs (Ding et al., 2015).

AGS configurations

Since the first AGS was reported two decades ago, the SBR has been the preferred
method for most AGS studies and operations. Most full-scale AGS applications, branded under
Nereda®, utilize SBRs. The S::Select® and inDENSE® systems, based on hydrocyclones, were
initially designed to address floating or bulking sludge issues. A side-stream hydrocyclone has
been shown to produce hybrid floc-granular sludge, gaining interest for continuous-flow reactors.

However, S::Select® has only a few installations, and performance data remain limited (S-
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Select® References | Granular Sludge in the Wastewater Treatment, 2023). This section focuses
on the Nereda® SBR and inDENSE® systems.
Sequencing Batch Reactors

The development of the Nereda® SBR AGS has advanced significantly since its
inception in 1993, with the first full-scale system commissioned in 2011 in Epe, The Netherlands,
following a successful four-year pilot trial (Krishna, 2013). This innovative system offers four
distinct configurations tailored to different applications: the first and second configurations are
designed for greenfield or parallel expansion projects, with the former requiring a minimum of
three parallel reactors to ensure continuous feeding and the latter incorporating an equalization
basin and at least two parallel reactors to buffer flow during reaction periods. For brownfield or
retrofitting applications, the third and fourth configurations are recommended; the third operates
in parallel with a conventional CAS system, treating a portion of the flow and directing surplus
granules to the CAS to enhance its performance, while the fourth converts existing SBR or CAS
systems into Nereda® SBR AGS (Otten et al., 2018). Approximately half of current installations
are greenfield projects, with the remainder comprising retrofit or brownfield applications (Hamza
et al., 2022). As of 2023, Nereda® has over 100 installations worldwide, demonstrating its
widespread adoption and success (Projects | Royal HaskoningDHV, 2023).

The Nereda® SBR AGS operates as a constant level SBR with three distinct phases:
simultaneous fill and withdraw, reaction, and settle. During the anaerobic feeding phase, flow
enters the reactor from the bottom, passes through the settled sludge blanket, and exits as treated
effluent from the top, with readily available nutrients hydrolyzed and stored as PHA. The aerated
reaction phase is meticulously controlled to create short feast and long famine conditions, which

are crucial for selecting slow-growing substrate-storing microorganisms. In the settling phase, a
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critical settling velocity is established to select dense and compact granules, ensuring the
system's optimal performance and efficiency.
Continuous Flow Reactors

The iInDENSE® hydrocyclone, introduced in 2016, is a gravimetric sludge selection
system specifically designed to address operational challenges such as floating or bulking sludge
in CAS processes (World Water Works, 2016b). Functioning as a modular side stream
hydrocyclone installed parallel to the RAS line, this innovative technology enhances the
treatment process through improved sludge management by selectively retaining denser biomass
while removing lighter, problematic solids. The system's gravimetric separation mechanism
optimizes sludge quality, thereby contributing to more stable and efficient CAS process
performance.

The iInDENSE® hydrocyclone separates sludge into two distinct flows: a denser stream
and a lighter stream. The denser flow is reintroduced into the mainstream RAS system, while the
lighter flow is directed to the sludge handling module. This selective separation ensures the
retention of viable microorganisms in the biological treatment process while managing excess
biomass, thereby maintaining optimal sludge conditions for efficient wastewater treatment.

The hydrocyclone can be operated continuously or on a scheduled basis, offering
flexibility in its application (World Water Works, 2016a). Guo’s computational fluid dynamics
(CFD) modeling revealed that tangential velocity plays a crucial role in the swirling flow within
the hydrocyclone, significantly affecting separation efficiency. High tangential feed flow
velocity and large granule size enhance separation efficiency but reduce particulate residence
time. This reduction is linked to higher turbulence and hydraulic shear, which can promote

granulation by creating dense and compact granules. However, excessive hydraulic shear or
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tangential velocity may lead to premature granule disintegration, highlighting the need for
balanced system operation (D. Guo et al., 2022). Despite successful testing in the United States,
France, and likely Poland, there are no known full-scale applications of the inDENSE®
hydrocyclone as of the current knowledge cutoff in 2023. Similarly, the S::Select® system,
another gravimetric sludge selection system, has approximately 14 installations, but limited
information is available about its performance (Hamza et al., 2022).

Studies conducted by Avila and Regmi demonstrate the potential of the InDENSE®
system in enhancing granulation and clarifier performance. At the Robert W. Hite Treatment
Facility in Colorado, Avila's study showed that the inDENSE® system achieved good SVI and
partial granulation, with a granulation rate of 40% in the test train compared to 16% in the
control train. The test train clarifier performed comparably to the control train clarifier at a 32%
higher solids loading rate, indicating improved efficiency (Avila et al., 2021). Regmi's study at
the James R. Dolorio Water Reclamation Facility further highlighted the benefits of the
iINDENSE® system. By selectively retaining dense biomass, the system stabilized and improved
phosphorus removal to meet permit levels within three months, showcasing its adaptability to
regulatory requirements (Regmi et al., 2022).

The Dijion WRRF Test train demonstrated improved effluent TSS but did not show
significant improvement in NH,*, NO,, and PO,**. The hydrocyclone's gravimetric selection
maintained a hybrid floc granular sludge, with approximately 40% of the biomass by weight in
the Test train exceeding 200 um. However, the induced hydraulic shear stress appeared to limit
the development of larger granules. The presence of biomass larger than 200 um, combined with
a good form factor (floc granular ratio), improved settling velocity, thereby enhancing SVI or

dSVI. During the first winter, in the transition period, the Test and Control train SVIs were 82 +



23

17 mL/g and 149+ 45 mL/g, respectively. The Test train's dSVI further reduced and stabilized
around 50+ 6.8 mL/g for one year. This resulted in a reduced SVI baseline and the elimination of
seasonal variation.

The hydrocyclone underflow retained dense biomass, while the overflow removed light
flocs, enabling selective wasting of light flocs and uncoupling the SRT of granular and flocculent
sludge. In the Test and Control trains, the SRTs were 70% and 270% of the overall SRT,
respectively, favoring AOB over NOB (Roche et al., 2022). Partin's six-month study at the James
River Wastewater Treatment Plant (Virginia) further demonstrated the hydrocyclone's
effectiveness in reducing SVI values. Testing various hydrocyclone nozzle sizes, Partin observed
that the system reduced plant SVIs and SV I3, to 200 mL/g and 120 mL/g, respectively. However,
SVI1 levels rebounded after the hydrocyclone was taken offline, highlighting its continued
necessity for sustained performance improvements (Partin, 2019).

While most studies suggest that hydrocyclone densification can be observed within
weeks and leads to significant SVI improvement, limited information is available regarding the
hydrocyclones used in Roche’s and Partin’s studies. Two hypotheses have been proposed: first,
that Partin’s case may require a longer transition period, and second, that there might have been a
redesign of the hydrocyclone during the study. Nevertheless, it is worth verifying the "no
hydrocyclone" mode. For instance, would the SVI in Roche’s study rebound when the
hydrocyclone is offline? Addressing this question could fill a critical gap in the existing research
and provide valuable insights for planning and operator confidence.

The hydrocyclone’s ability to retain and return dense biomass to the mainstream is
particularly advantageous, as densification can be maintained even during cold months, reducing

the risk of sludge bulking in winter. However, fast settling dense biomass and higher biomass
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levels may challenge current clarifier design criteria and operational procedures. Conducting a
clarifier audit could help assess performance under these new operating conditions and provide
valuable findings for future greenfield CFR ASG projects incorporating side stream
hydrocyclones for selective wasting.

Lab Scale Reactor Design

Selection pressures, such as settling velocity and feast and famine conditions, are crucial
for the success of AGS in SBR. The SBR's batch-process nature enables precise management of
feast-famine cycles and selective wasting, whereas CFR systems operate continuously,
presenting greater challenges in maintaining optimal feast-famine conditions for granular sludge
development.

Most lab scale CFR AGS designs incorporate an internal or external settling or separation
module into the system, with three-phase separators being a common choice for internal
separation. Zhou et al. demonstrated granulation in about 20 days using a three-phase separator
assisted continuous flow airlift fluidized bed reactor (CAFB). However, routine removal of
homogeneous sludge as waste activated sludge (WAS) maintained a low SRT of 8-10 days,
combined with low bulk substrate concentrations, which led to filamentous overgrowth and
granule disintegration (Y. Liu & Liu, 2006; Y. Yang et al., 2014; D. Zhou et al., 2013).
Alternatively, Zou investigated a fully aerated CFR system utilizing a two zone sedimentation
tank featuring a variable-depth baffle to adjust settling velocity thresholds. "By adding external
nuclei, Zou achieved granulation and maintained steady operation for 100 days (Zou et al., 2018).
Liu et al. employed a similar external two zone sedimentation tank in their anaerobic-anoxic-oxic
CFR system, separating granules based on density: faster-settling granules (ST-1, density >1.011

kg/m3) were retained in the first zone and returned as RAS, while slower-settling granules (ST-2,
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density <1.011 kg/m3) were retained in the second zone and periodically wasted as WAS.
Microbial analysis revealed that ST-1 granules were dominated by AOBs and NOBs, whereas
ST-2 granules were dominated by PAOs, GAOs, and other OHOs. This selective retention and
wasting strategy provided a longer SRT for chemoautotrophic bacteria in ST-1 granules while
facilitating phosphorus removal through ST-2 wasting (W. Liu et al., 2020).

Baffles and sequentially arranged reactors or zones are essential for creating a spatial
feast and famine regime. Li et al. developed a fully aerated Reverse Flow Baffled Reactor
(RFBR) that operated with alternating forward and backward flow, featuring two identical
mixing/settling modules at each end. This design eliminated the need for a RAS pump through
periodic flow reversal, while the zones between adjacent baffles prevented short-circuiting and
facilitated extended aeration. In the absence of a clarifier, lighter biomass washout occurred
during Phase I. Granulation was achieved by day 21, with the system maintaining a low SVI of
33 mL/g until day 135. Along the flow direction, BODs and NH,4 concentrations, as well as the
F/M ratio, gradually decreased while mixed liquor suspended solids concentration increased. The
system achieved BODs and NH,4 removal efficiencies of 90 - 94% and 97 - 100%, respectively (J.
Lietal., 2015).

Corsino et al. designed a granular continuous-flow membrane bioreactor with distinct
high- and low-load zones to promote feast-famine conditions. However, the prolonged feast step
created nutrient overabundance, triggering excessive filamentous microorganism growth on
granule surfaces. This biofilm overgrowth caused oxygen and nutrient diffusion limitations
within granules, resulting in decreased granule density, increased water content, and significantly
reduced granulation rates. The structural integrity of mature granules was compromised, leading

to disintegration. To address the extended feast period, intermittent feeding was implemented.
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The lack of selective wasting combined with long SRT caused bacteria to hydrolyze EPS,
increasing mixed liquor viscosity and impairing oxygen transfer efficiency (Corsino, Campo, Di
Bella, et al., 2016).

Resource Recovery

The growing global population, particularly in metropolitan regions, necessitates
improved planning for resource utilization to address escalating pressures such as resource
scarcity and climate change. Reusing recovered materials represents a cornerstone of sustainable
development within the circular economy framework. In wastewater treatment systems, WRRFs
exemplify this principle by recovering multiple resources: treated wastewater for reuse, thermal
energy from water sources, biogas (upgraded to biomethane for heat and power generation),
phosphorus in the form of NHsMgPO4-6H-0 (struvite) for fertilizer applications, and alginate-
like exopolymers (ALE) extracted from EPS.

Treated wastewater (or reclaimed water) represents a consistently available resource with
minimal temperature fluctuations, making it well-suited for general cooling water and irrigation
applications. When subjected to advanced treatment processes, this water can meet non-potable
process water quality standards, thereby enabling industrial or agricultural reuse. However, the
implementation of such reuse strategies necessitates city- or region-wide strategic planning. By
co-locating high water-consumption industries or businesses with non-potable water demands,
infrastructure efficiency can be optimized while creating economic incentives for reuse.
Advanced treatment technologies offer additional flexibility to refine water quality as required.
This integrated approach not only reduces discharge into natural water bodies but also decreases

dependence on fresh, potable water sources.
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The stable thermal properties of treated wastewater present additional opportunities for
energy recovery. Water-source heat pumps—a mature heating, ventilation, and air conditioning
(HVAC) technology—Ieverage this resource year-round to significantly reduce energy
consumption for heating and cooling. In cooling mode, the system extracts thermal energy from
indoor spaces and transfers it to the wastewater stream. Conversely, in heating mode, it absorbs
thermal energy from the wastewater and delivers it indoors or preheats sub-zero ambient air
before furnace intake. Unlike geothermal heat pumps, water-source systems eliminate the need
for ground loops, thereby reducing installation complexity and cost.

Biogas, primarily composed of methane, is produced through anaerobic digestion or co-
digestion of WAS, organic waste from the meat industry (e.g., manure), and municipal or
industrial organic waste. This biogas can fuel fuel cells or combined heat and power (CHP)
systems, thereby offsetting energy demands at WRRFs or enabling decentralized energy
generation for remote agricultural operations. Harnessing biogas from organic waste exemplifies
an effective circular economy practice.

Aerobic granules represent dense, quasi-spherical aggregates characterized by a cation-
rich core and an outer layer of structural EPS. Similar to WAS, wasted AGS demonstrates 44%
anaerobic biodegradability and achieves 32% solids reduction under mesophilic conditions (Val
Del Rio et al., 2014). As reported by Bernat et al., WAS exhibits a biogas potential of 536-781
dm3/kg (total solids), with methane comprising 60.8-62.4% of the gas. In contrast, AGS yields a
lower biogas potential of 320-410 dm?3kg TS, with methane accounting for 56.7-59.5%.
Comparative studies indicate that WAS produces 60-80% more biogas than AGS, a disparity
primarily attributed to the recalcitrant lignin content in AGS, which constitutes 54% of its

fibrous material (Bernat et al., 2017).
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Further analysis by H. Guo et al. demonstrates that during anaerobic digestion, AGS
exhibits slower degradation rates for structural EPS (26%), polysaccharides (39%), and proteins
(24%) compared to WAS (41%, 62%, and 33%, respectively) (H. Guo et al., 2020). To enhance
AGS biogas recovery, Cydzik-Kwiatkowska et al. investigated ultrasound pretreatment, finding
that pretreated AGS achieved higher biogas yields at reduced digestion times (Cydzik-
Kwiatkowska et al., 2022). These studies confirm that aerobic granules are anaerobically
degradable but underperform WAS in biogas production. While biogas recovery from AGS
offers environmental benefits, further research is required to optimize practical applications.

Under alternating anaerobic/aerobic conditions, PAOs uptake and store excess phosphate
as intracellular polyphosphate. In PAO-rich sludge, phosphorus can constitute up to 20% of
cellular dry weight (Z. Yuan et al., 2012). Recovering phosphorus from PAO-rich sludge
involves a two step process: phosphate stripping followed by chemical precipitation. Anaerobic
digestion or storage of wasted sludge with primary sludge fermentate releases phosphate into
solution. The phosphate-rich dewatering liquor is then treated with soluble magnesium salts
under controlled alkaline conditions to precipitate struvite (NHsaMgPO4-6H20). The resulting
struvite pellets are separated, dried, and packaged as the commercial fertilizer Crystal Green®
(Gysin et al., 2018). A similar strategy can be applied to high nutrient mainstream wastewater by
supplementing external carbon sources.

EPS have demonstrated efficacy as biopolymers for raw water treatment, including
coagulation and the removal of COD, turbidity, colour, and heavy metals. For instance, Li et al.
reported that EPS achieved superior COD (61.2%) and turbidity (95.6%) removal compared to
synthetic coagulants when treating low temperature drinking water (Z. Li et al., 2009). In

aqueous solutions, EPS exhibits variable dye removal efficiency (20 - 99.99%) depending on
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operational parameters (Buthelezi, 2008). Heavy metals, which are toxic, non biodegradable, and
prone to bioaccumulation in food chains, pose significant environmental risks. Biosorption using
microbial biomass offers a cost effective alternative to physicochemical methods for detoxifying
industrial effluents (Kratochvil & Volesky, 1998). While activated sludge has been widely
studied as a biosorbent, AGS — with its high toxicity tolerance, rapid settling properties, and
diverse microbial consortia— emerges as a promising candidate. The functional groups
produced by AGS microbial communities enhance metal binding capacity (L. Wang et al., 2018).
Although biosorbents like AGS reduce reliance on chemical agents, challenges remain in
regenerating sludge and recovering metals post adsorption, necessitating further research.

Natural alginate is commercially derived from the cell walls of brown seaweed, which is
often associated with seasonal production variations and high wastewater generation during
extraction (Zahra et al., 2022). Its gel forming capability with Ca?" ions makes it a preferred
material for gelling and thickening applications (Amorim de Carvalho et al., 2021). As noted by
Leeuwen et al. (2018), earlier studies by McHugh (1987) and Lee and Mooney (2012) have
demonstrated alginate’s suitability for biomedical and tissue engineering applications. The
polyanionic gel forming alginate like exopolysaccharides (ALE), one of the primary
exopolysaccharides produced by aerobic granules, significantly influence granular
hydrophobicity, compactness, and structural integrity (Lin et al., 2010). Bio based ALE (Bio-
ALE) shows promise for horticultural, paper, medical, and construction industries, with
applications ranging from fibres (e.g., absorbent tissues) to gels (e.g., adhesives), foams (e.g.,
fire resistant boards), and liquids (e.g., thickeners). The first Bio-ALE recovery system was

installed in Zutphen and Epe in 2019 in the Netherlands; projections suggest that global ALE
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production could reach 85,000 tonnes by 2030, accounting for over 50% of the value recovered
in WRRFs in the Netherlands (Leeuwen et al., 2018).

Kehrein et al. modeled three on site COD recovery scenarios for EPS production(Kehrein
et al., 2020): (1) EPS extraction alone yields 3.3 tonnes of EPS and 7.1 MWh of electricity daily;
(2) anaerobic digestion followed by EPS extraction produces 3.4 tonnes of EPS, 8.4 MWh of
electricity, and 5.8 MWh of heat daily; and (3) anaerobic digestion combined with EPS
extraction and chemical enhanced primary treatment generates 1.6 tonnes of EPS, 22.5 MWh of
electricity, and 15.6 MWh of heat daily.

The results indicate that COD derived energy can be recovered as electricity, heat, and
value added EPS; however, optimizing these outputs requires a comprehensive master plan. The
model did not account for thermal energy recovery from treated wastewater or phosphate
recovery. Integrating thermal energy utilization could enhance EPS production efficiency, while
phosphate recovery might further improve WRRF profitability.

Design Considerations

After more than two decades of research and development, three commercially viable
AGS systems are now operational: Nereda® employs an SBR configuration, while inDENSE®
and S::Select® utilize gravimetric separation-enhanced continuous flow designs. Among these,
Nereda® typically achieves the highest proportion of granules (>80% granular biomass),
whereas inDENSE® and S::Select®—originally developed to improve biomass settleability—
retain a lower granular fraction (40-60%). Nonetheless, all three systems deliver robust nutrient
removal, operational simplicity, and reduced operating costs compared to conventional activated
sludge. However, full-scale AGS systems remain prone to prolonged granulation periods (2-6

months) and granule disintegration during long-term operation.
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The initial granulation phase is time intensive. Studies propose strategies to accelerate
this process, such as seeding reactors with multivalent cations (e.g., Ca**, Mg?*) (Konczak et al.,
2014; Z. Lietal., 2021) crushed/dried sludge (J. Liu, 2020; Ogura, 2020), or granular activated
carbon (GAC) (Liang et al., 2019; Tao, 2017; J. Zhou, 2015) as nucleation media. Other research
highlights that crushed or intact mature granules can reduce start up times by up to 50%, serving
as a rapid inoculation strategy (F. Liu, 2014; S. T.-L. Tay et al., 2005; Verawaty et al., 2012).
However, these materials are often unavailable to new facilities during initial commissioning.

Recent advances demonstrate that cold stored granules (4°C) from operational AGS
systems can be reactivated after long term storage, with nutrient removal performance restored
within 1 - 2 weeks (Campo et al., 2021; D. Gao et al., 2012; W. Gao et al., 2021; X. Wang et al.,
2008). This suggests that surplus biomass could be preserved and transported for new plant start
ups. However, post storage granule efficacy depends on system compatibility: cold stored
granules perform optimally in their original configuration, exhibit reduced efficiency in similar
systems, and require extended acclimation (2 - 4 weeks) in dissimilar wastewater or reactor
designs. While promising, these findings derive from lab scale trials and necessitate pilot scale
validation before full scale adoption.

Early studies have documented granule disintegration under diverse operational
conditions. In fully aerobic systems, high OLRs promote filamentous microorganism overgrowth
on granule surfaces (Y. Liu & Liu, 2006; Y. Liu & Tay, 2004) and degrade the anaerobic core
(Long et al., 2015; Zheng et al., 2006). Similarly, an initially high F/M ratio accelerates granule
formation but generates oversized granules prone to diffusion limitations and subsequent
disintegration (A. Li et al., 2011). Wastewater composition also plays a critical role: slowly

biodegradable compounds or colloidal substances act as slow release nutrient sources, which
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sustain filamentous growth and destabilize granules (Moy et al., 2002; Nor-Anuar et al., 2012; J.-
H. Tay et al., 2001).

Under anaerobic feeding conditions, PAOs and GAOs metabolize these slow release
substrates, converting them into PHA for later energy use. Additionally, such systems' feast and
famine regime suppresses filamentous overgrowth by eliminating continuous nutrient availability.
However, optimizing the feast and famine ratio requires case specific evaluation to balance
granule stability and nutrient removal efficiency.

SBR AGS reactors inoculated with activated sludge, elevated effluent solids—often loose
or lightweight biomass—during granulation due to progressively shortened settling times.
Depending on operational parameters, effluent may still contain fragmented or undersized
granules after granulation. While limited data exist on full scale AGS effluent solids composition,
recovering and repurposing these granular fractions as future inoculum presents a circular
economy opportunity. As noted earlier, greenfield AGS plants face prolonged start up phases due
to the absence of seed granules. Harvesting residual granules from effluent improves final
effluent quality and generates a cost effective inoculum source. This approach transforms a
perceived waste stream into a resource, aligning with sustainable wastewater management
practices.

In CAS systems, nitrification, nitritation, and phosphate uptake occur in the aerobic zone,
with reactors typically maintaining a fixed DO level. AGS, however, exhibits a spherical layered
structure: the outer oxygen rich layer hosts OHOs, AOBs, NOBs, PAOs, and GAOs, while
deeper anoxic / anaerobic layers harbor DHOs, DPAOs, and DGAOs. As granules grow in size,
the oxygenated outer layer thickens, necessitating dynamic DO adjustments to balance

nitrification / nitritation in aerobic zones with denitrification in anoxic regions. Ammonia based
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aeration control — a strategy linking DO or airflow to real time ammonia concentrations (Paper
& Higgins, 2021) — has emerged as a promising tool for optimizing this balance while reducing
energy costs. For instance, Miyake et al. (2023) achieved 40% simultaneous nitrification
denitrification (SND) and 50% total nitrogen (TN) removal by maintaining DO at 0.5 mg/L
through ammonia driven aeration (Miyake et al., 2023). This underscores the potential of
adaptive DO control to harmonize competing microbial processes within granules.

Gravimetric separation enhanced hydrocyclone offer a novel method for segregating
dense granules from lighter flocs. Trials report improved settling properties in hybrid floc
granule systems, even under winter conditions, with final effluent total suspended solids (TSS),
total phosphorus (TP), and TN reductions attributed to WAS removal via hydrocyclone overflow.
However, soluble nutrient removal showed negligible improvement, and while granule like
aggregates were observed in hydrocyclone underflow, their maturation status remains unclear
(Avila et al., 2021; Gemza & Kusnierz, 2022; Roche et al., 2022). True granulation requires
prolonged microbial structural evolution, where simultaneous nitrification denitrification
depends on stratified DO gradients—a feature absent in Avila and Gemza’s trials, which reported
no denitrification despite enhanced settling. Thus, hydrocyclones may primarily address
settleability rather than comprehensive nutrient removal. Further research is needed to evaluate

their role in fostering functional granule development.
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Chapter 2: Methodology
Process Description

The CAS process features a large footprint, high energy demand, and high sludge yield.
However, the poor settleability of flocs can lead to challenges in the solids handling process. In
contrast, self immobilized aerobic granular sludge requires a smaller footprint, lower energy
consumption, and produces less sludge. Compared to conventional activated sludge, the granules’
improved settleability enables higher mixed liquor suspended solids (MLSS), resulting in greater
nutrient treatment capacity.

Anaerobic feeding involves a deep anaerobic feast followed by a prolonged aerobic
famine. During the anaerobic phase, biomass converts and stores substrate as PHA internally,
leaving minimal substrate for external or suspended filamentous microorganisms in the aerobic
phase. This selective feeding regime eliminates filamentous microorganisms. Linear settling
velocity distinguishes between lighter flocs and denser granules. Selective wasting applies
gradual selective pressures based on linear settling velocity, eliminating lighter flocs.

The pilot study utilized a combination of feast and famine cycles and side stream
selective wasting to apply selective pressure. The anaerobic and aerobic steps were designed to
eliminate filamentous microorganisms and light flocs while promoting granulation. The process
involved a series of anaerobic reactors followed by aerobic reactors, with side stream selective
wasting connected to and from the middle of the aerobic zone. In the selective wasting tank,
mixed liquor was allowed to settle before denser sludge and lighter flocs were returned to the

mainstream and decanted as waste. Settling time was gradually reduced to increase linear settling

velocity.
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Three stages of the study

The study involved three stages. In Stage 1, three anaerobic reactors evenly received the
primary effluent. Initially, the system included three anaerobic and seven aerobic reactors, but
the last two were deactivated to reduce the HRT. Figure 1 (Stage 1 Schematic Flow Diagram)
shows the configuration for Stage 1 (June—December 2023). In Stage 2 (December 2023—April
2024), primary effluent was directed to the first anaerobic reactor to create a true anaerobic feast,
as illustrated in Figure 2 (Stage 2 Schematic Flow Diagram). In Stage 3 (April-July 2024), side-
stream selective wasting was introduced, with the configuration depicted in Figure 3 (Stage 3
Schematic Flow Diagram). Additionally, internal recycling was investigated to evaluate its

impact on denitrification and selective wasting.
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Figure 4 Pilot Layout
Note. The upper diagram illustrates a top-down perspective of the pilot reactor layout, while the lower

diagram provides an expanded, detailed cross-sectional view of the reactor design.

Reactor configurations

Figure 4 illustrates the reactor layout. The system featured ten reactors arranged in two rows of
five, labeled R2 through R11. Each reactor had a diameter (D) of 35 inches (0.89 m) and a height (H) of
74 inches (1.88 m). The primary effluent tank measured 48 inches (1.22 m) in width (W), 40 inches (1.02
m) in length (L), and 42 inches (1.07 m) in height (H). All units were elevated on cinder blocks and
pallets to align with the clarifier's overflow level. Reactors were interconnected using 2-inch (0.05 m) soft
PVC tubing. The clarifier had a diameter (D) of 75 inches (1.91 m) and a height (H) of 100 inches (2.54
m). Settled sludge from the clarifier was partially recirculated as RAS.

Submersible sump pumps with reduced flow rates were installed in the anaerobic reactors for

mixing purposes. Both fine and coarse bubble diffusers were tested for aeration in the aerobic reactors,
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with occasional use of an additional submersible sump pump for enhanced mixing. The conical-bottom
selective wasting tank, measuring 33 inches (0.84 m) in diameter (D) and 74 inches (1.88 m) in height (H),
was operated by a programmable logic control module that managed the filling, settling, decanting, and
returning processes. Process and air pumps were positioned beneath the reactors, while online analyzers
with suspended sensors were integrated into the reactors for continuous monitoring.
Selective Wasting Controller

The controller allows manual input of the number of selective wasting cycles and the duration of
the settling time. At the set time, the fill pump activates, opening the normally closed solenoid filling ball
valve to transfer mixed liquor from R8 into the selective wasting tank. When the tank reaches the high
level, the fill pump deactivates, and the system returns to its default state, awaiting the next cycle. An
internal countdown timer initiates the settling period. Upon completion, the decant pump activates,
opening the normally closed solenoid decanting ball valve to allow the lighter fraction to decant into the
drain. When the middle level switch is triggered, the decant pump deactivates, and the system resets for
the next cycle. The middle and low level switches then activate the return pump, opening the normally
closed solenoid returning ball valve to transfer the settled, denser sludge back to R8. Once the low level

switch is triggered, the return pump deactivates, and the system resets, preparing for the next cycle.
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Analysis Methodology

Triplicate samples were collected weekly on Monday, Wednesday, and Friday. During
long weekends, sampling was adjusted to Tuesdays and Fridays. Collected samples were stored
in 1,000-mL containers within coolers to maintain integrity until laboratory analysis. The
settleable solids volume index (SVI) test was conducted onsite immediately after sample
collection.

Influent (primary effluent), mixed liquor, and effluent (clarifier final effluent) samples
were analyzed for chemical oxygen demand (COD) and soluble chemical oxygen demand
(sCOD). Additionally, the same samples were analyzed for total ammonia nitrogen (TAN),
nitrite, nitrate, and ortho-phosphate (OP) using the Lachat QuikChem 8500 system (Hach, CA).
Mixed liquor, final effluent, and RAS were tested for total suspended solids (TSS) and volatile
suspended solids (VSS) according to Standard Methods (Water Environment Federation, 2012).

All analyses were performed in duplicate to ensure accuracy.
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Chapter 3: Data and Discussion

Nutrient Removal Performance

The study aimed to achieve granulation by introducing a side-stream selective wasting
process into a CAS system. The investigation comprised three distinct stages: Stage 1
implemented split feeding; Stage 2 employed combined feeding; and Stage 3 evaluated selective
wasting.
Wastewater composition

The primary effluent composition throughout the study period is summarized in Figure 5
Primary Effluent Composition. The primary effluent SCOD averaged approximately 200 mg/L;
however, due to wet weather conditions, it dropped to around 100 mg/L between April and June
2024. Data collection was paused from July to August 2024 due to system troubleshooting
following selective wasting trials in Stage 3. The average values of the primary effluent

characteristics are provided in Figure 5 Primary Effluent Composition
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Table 1 Average values of Primary Effluent Composition

JUN 23/ DEC 23/ APR 24/ SEP 24/
DEC23 APR24 JUuL24 DEC?24

Average Value Stagel Stage2 Stage3 Stage [4]
sCOD [mg/L] 188 208 104 235
NH,*-N [mg/L] 31 31 18 31
SCOD/NH;-N  [n.a] 6 7 6 8
PO, -P [mg/L] 3.6 3.7 1.9 3.6
sCOD/PO-N  [n.al] 52 56 55 65

Figure 5 and Table 1 demonstrate the variability in primary effluent composition
throughout the study period. The significant reduction in sSCOD levels during wet weather
conditions highlights the influence of external factors on system performance. In Stage 3, the
implementation of selective wasting presented operational challenges, as indicated by the
subsequent troubleshooting period. The temporary suspension of data collection during this

phase underscores the inherent complexities of integrating selective wasting into CAS systems.

Table 2 Summary of NH4+-N and PO43--P Removal

JUN 23/ DEC 23/ APR 24/ SEP 24/

DEC 23 APR 24 JUL 24 DEC 24

Stage 1 Stage 2 Stage 3 Stage [4]
>90% NH,"-N Removal 56% 86% 90% 75%
>90% PO,*-P Removal 70% 79% 19% 50%

Nutrient removal performance
The pilot system encountered multiple operational challenges, including power outages,
mechanical failures, hydraulic limitations, online analyzer malfunctions, weak wastewater

strength, and solids management difficulties. Despite these adversities, the system achieved
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biological nutrient removal. Nitrogen and phosphorus removal performance is summarized in
Table 2, which shows the percentage of sampling days in each stage where NH4*-N and PO*"-P
removal exceeded 90%. In Stage 3, phosphorus removal efficiency significantly declined to 19%
of operational days. Internal recycling-related dilution and carbon competition persisted in
Stages 2 and 3. Compared to Stage 2, the reduced phosphate removal in Stage 3 primarily
resulted from biomass loss during selective wasting trials, leading to PAO depletion.

During Stage 1, split feeding was tested by equally distributing primary effluent to
anaerobic reactors R2, R3, and R4, followed by seven aerobic reactors (R5-R11) maintaining
long aerobic famine conditions. R11 and R10 were sequentially removed to achieve shorter HRT,
and internal recycling from R9 to R4 was evaluated. From July to September 2023, seven
aerobic reactors provided a feast-famine ratio of 0.75; from September to October 2023, six
reactors achieved a ratio of 1; and from October to December 2023, five reactors maintained a
ratio of 1. These ratios exceeded literature values. The higher ratio shortened famine duration,
reducing filamentous bacteria control as aerobic reactors were removed.

Primary effluent was directed into anaerobic reactors R2-R4, where sCOD concentration
increased slightly from 30 to 50 mg/L through dilution and accumulation. Under these conditions,
PAOs exhibited first-order kinetic carbon uptake at a slower rate. While PHA
storage/consumption rates and aerobic OUR were not measured, aerobic phosphate uptake rates
approximated feast-famine cycles. The observed shorter, weaker aerobic famine conditions may
have contributed to floc destabilization.

The observed shorter and weaker aerobic famine condition might have contributed to

loose or destabilized flocs.
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Figures 6, 7, and 8 illustrate the nutrient removal performance during Stage 1, with seven,
six, and five aerobic reactor configurations operated for two months, one month, and one month,
respectively. Phosphate, ammonium, and sCOD removal were generally effective throughout the
testing period. The duration may have been insufficient to fully assess the impact of removing
R11 or R10; however, the feast-famine ratio increased from 0.75 to 1, creating conditions
favorable for OHO or filamentous bacteria. Weakened aerobic famine conditions, compounded
by fluctuations in F/M ratio, HRT, SRT, DO, DO, and mixing, subsequently posed operational
challenges.

In Stage 2, primary effluent was introduced into anaerobic reactor R2, followed by
sequential processing in one additional anaerobic reactor, one anoxic reactor, and five aerobic
reactors (R5-R9) using a combined feeding strategy. Internal recycling redirected approximately
70% of the flow rate (Q) from R9 to R4. Figure 9 demonstrates the nutrient removal performance
under this configuration. The combined feeding aimed to enhance anaerobic feast conditions and
amplify the phosphate release peak in R4. However, the 0.7Q internal recycling diluted nutrient

concentrations, inducing anoxic conditions in R4 and relocating the phosphate release peak to R3.
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Despite carbon competition between PAOs and denitrifiers in R4, phosphate removal efficiency
remained unaffected.

Ammonium serves as a nitrogen source for bacterial protein synthesis, with heterotrophic
bacteria incorporating ammonium into biomass during denitrification. The observed ammonium
reduction in anoxic reactor R4 likely resulted from biomass synthesis and recycling-induced
dilution. Nitrification persisted through R9 but at a significantly slower rate than in Stage 1. The
reduced nitrification rate, accounting for internal recycling, may stem from decreased effective
HRT. AOB exhibited diminished ammonium processing efficiency under these HRT constraints.

The combined feeding achieved an initial SCOD concentration of 50 mg/L in R2, though
0.7Q internal recycling further diluted nutrients in R4. PAOs displayed first-order kinetic carbon

uptake at a reduced rate.
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During Stage 3, selective wasting was implemented through programmed and controlled
cycles, with mixed liquor transferred to and from R8 for the process. Figure 10 demonstrates the
nutrient removal performance during this stage. The settling process in selective wasting
typically required longer durations than those observed in a benchtop settleometer. Encouraged
by initial good separation, operators progressively increased the number of wasting cycles per
day from one to seven while maintaining the set settling duration. In May, persistent scum
formation occurred in the clarifier, which was later attributed to selective wasting-induced
reduced settling efficiency and impaired denitrification. The process preferentially decanted
high-solids mixed liquor rather than the lighter fraction, leading to a rapid decline in mixed
liquor total solids concentration from 2,900 mg/L to below 1,900 mg/L within one month.

The significant solids loss adversely affected system performance, particularly phosphate
removal. The absence of phosphate release during anaerobic conditions resulted from PAQOs
depletion and a low sCOD/P ratio. This allowed residual sSCOD to migrate into aerobic reactors.
On April 26, the RAS, DO concentration measured approximately 1.8-2.0 mg/L, creating small

aerobic zones in R2 that may have supported unintended nitrification.
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A SBR AGS system employs one hour of anaerobic feeding followed by an aerobic
reaction phase. To evaluate the effects of reduced anaerobic retention time, reactor R2 was
decommissioned after Stage 3. The RAS flow was redirected to R3, while primary effluent and
internal recycling were introduced into R4. Figure 11 presents the nutrient removal performance
post-R2 removal, demonstrating highly effective ammonium and phosphate removal. However,
the observed nitrification rate reduction may correlate with decreased effective HRT.

Despite generally satisfactory nutrient removal throughout the study period, operational
challenges emerged. These issues required extensive process reconfiguration and numerous
incremental adjustments to accommodate major modifications. The operational difficulties
stemmed not from isolated problems but from complex interactions between multiple factors.
While conventional continuous plug-flow activated sludge processes typically achieve
granulation through feast-famine cycles and selective wasting, the cumulative effect of these

minor issues ultimately prevented granulation in this system.
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Possible reasons for poor performance
Unstable HRT and SRT

The pilot system initially consisted of ten reactors: three anaerobic reactors (R2, R3, R4)
and seven aerobic reactors (R5-R11). The HRT of this configuration exceeded that of the full-
scale West End Water Pollution Control Centre (WEWPCC). To align the pilot's HRT with the
full-scale facility, operators sequentially removed reactors R11 and R10, thereby modifying the
system configuration.

HRT and SRT values across different configurations are summarized in Tables 3 to 6. In
Stages 1 and 2, HRT variations were noticeable but manageable, averaging 16% difference.
However, in Stages 3 and 4, these variations increased to 24% and 33%, representing 50% and
100% increases, respectively. SRT variation was more significant, with a minimum of 72%
recorded in Stage 3. These findings suggest that SRT variability had a greater impact on nutrient
removal performance than HRT. The substantial increase in SRT variation in later stages
highlights the challenges of managing retention times in dynamic pilot systems.

The data presented in Tables 3 to 6 and Figures 6 and 7 offer valuable insights into the
system's operational dynamics. They underscore the necessity for robust control strategies to
mitigate the effects of SRT variability and improve overall performance. Future research could
investigate advanced control mechanisms or adaptive management approaches to effectively

address these challenge.



Table 3 HRT Standard Deviation and Coefficient of Variation in Stage 1

JUN 23/ SEP 23/ OCT 23/

SEP 23 OCT 23 DEC 23
Number of Reactors [n.a] 10 9 8
Average [hrs] 13 12 9
HRT/HRT [n.a] 1.3 1.4 11
STDEV.S [n.a] 2 2 2
cV [%] 16% 17% 24%
Table 4 SRT Standard Deviation and Coefficient of Variation in Stage 1

JUN 23/ SEP23/ OCT 23/

SEP 23 OCT 23 DEC 23
Number of Reactors [n.a] 10 9 8
Average [days] 38 32 17
STDEV.S [n.a] 44 25 14
cVv [%] 115% 79% 80%
Table 5 HRT Standard Deviation and Coefficient of Variation

JUN 23/ DEC 23/ APR 24/ SEP 24/
DEC 23 APR 24 JUL 24 DEC 24
Stage 1 Stage 2 Stage 3 Stage 4

Number of Reactors  [n.a.] 10~8 8 8 7
Average [hrs] 13 12 9 13
HRT/HRT [n.a] 1 1 1 2
STDEV.S [n.a] 2 2 2 4
CcVv [%] 16% 17% 24% 33%

49
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Table 6 SRT Standard Deviation and Coefficient of Variation

JUN 23/ DEC 23/ APR 24/ SEP 24/

DEC 23 APR 24 JUL 24 DEC 24

Stage 1 Stage 2 Stage 3 Stage 4
Number of Reactors  [n.a.] 10~8 8 8 7
Average [days] 27 12 15 28
STDEV.S [n.al] 31 8 13 34
CcV [%] 115% 72% 87% 122%

The primary effluent flowed through the reactors and clarifier by gravity, without devices
to control individual reactor volumes, leading to dynamic shifts in reactor volumes based on
hydraulic conditions. Operators adjusted the primary effluent flow rate by throttling a ball valve
to stabilize HRT. FOG in the primary effluent increased tube friction loss, while fine grit
frequently clogged the throttled valve. In rare instances, complete ball valve clogging halted
primary effluent flow. Although regular cleaning and adjustments mitigated these issues, flow
fluctuations persisted. To prevent potential clogs, operators occasionally set the initial flow rate
30% above calculated values, inadvertently reducing HRT and increasing hydraulic pressure,
which elevated final effluent solids concentrations. Flow rates typically stabilized at target levels
within hours.

Operators manually wasted WAS from the RAS line to maintain SRT. WAS and final
effluent solids constituted primary waste streams, while scum—observed on 27% of sampling
days (43/159)—was occasionally disposed of as waste. SRT calculations incorporated WAS,
effluent solids, and scum. However, aerobic reactor foaming contributed to unquantifiable

biomass losses. Prolonged, undetected foaming events (lasting hours to days) caused catastrophic
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biomass loss necessitating reseeding. These unaccounted foaming losses distorted SRT
calculations, yielding overestimated values.

The study reveals the inherent difficulties in maintaining stable HRT and SRT within a
gravity-driven, manually adjusted system. Reactor volumes fluctuated by 1-2% during the study.
Hydrostatic pressure, FOG, and grit collectively challenged flow management, highlighting the
need for enhanced HRT monitoring and control strategies. Manual WAS wasting and
unquantifiable foam-related biomass losses further complicated SRT management. These
operational challenges underscore the potential benefits of advanced automation and real-time

biomass tracking methodologies.
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Figure 13 NH4-N and PO4-P removal vs SRT

HRT does not directly impact BNR performance. However, short HRT frequently
induces biomass washout, thereby compromising BNR efficiency. Conversely, prolonged
HRT—resulting from reduced feeding flow—Ileads to a F/M ratio, favoring heterotrophic
bacteria over slow-growing nitrifiers due to competitive exclusion for nutrients and oxygen. This
dynamic further diminishes nitrification efficiency. The most detrimental scenario involves
fluctuating HRT, which disrupts microbial community stability. Figure 12 visually demonstrates
these HRT-nutrient removal relationships.

Nitrifying bacteria exhibit significantly slower growth rates than heterotrophs. Short SRT
enables heterotrophic dominance, expelling nitrifiers and degrading nitrification. Extended SRT
exacerbates low F/M conditions and endogenous respiration. Filamentous bacteria, with their
high surface-area-to-volume ratio, outcompete floc-forming bacteria under nutrient-limited
conditions, while endogenous respiration further weakens floc formers. Stagnant zones from

uneven mixing/aeration create low DO microenvironments that promote filamentous
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proliferation. Systemic dominance by filaments under low F/M or low DO conditions can induce
bulking and foaming.

Phosphate removal performance remained generally stable across HRT variations, except
during significant biomass loss events. PAOs require marginally shorter minimum SRT than
nitrifiers, rendering them less susceptible to SRT fluctuations. Systems meeting nitrification SRT
criteria inherently support PAO populations. However, prolonged SRT triggers endogenous
respiration, elevating effluent phosphate concentrations. As with nitrifiers, stable SRT is
essential for consistent phosphate removal. Figure 13 illustrates the SRT-nutrient removal
correlation.

Stable HRT and SRT are paramount for optimal wastewater treatment system operation.
Implementing daily HRT/SRT controls—adjusted for varying F/M ratios—provides real-time
diagnostic data crucial for system optimization. This approach ensures operational consistency,
underscoring the necessity for continuous monitoring and adaptive management in modern
treatment facilities.

F/M ratio

The F/M ratio, a key parameter reflecting substrate availability, averaged 0.42 kg
sCOD/kg MLVSS during the study (200 mg/L primary effluent sSCOD), dropping to 0.24 kg
sCOD/kg MLVSS during 2024 spring snowmelt events (50 mg/L sCOD). These values fall

within the mid-to-low range for CAS systems, as detailed in Table 7.



Table 7 F/M ratio

JUN23/ SEP23/ OCT23/ DEC23/ APR?24/ SEP 24/
SEP 23 OCT23 DEC23 APR?24 JUL 24 DEC 24

Stage 1 Stage 1 Stage 1 Stage 2 Stage 3

Number of Reactors  10(3+7) 9(3+6) 8(3+5) 8(3+5) 8(3+5) 7(2+5)

Average 0.24 0.25 0.42 0.48 0.23 0.41
STDEV.S 0.10 0.09 0.14 0.16 0.11 0.26
Ccv 43% 37% 35% 33% 47% 64%
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Figure 14 NH4 and PO4-P removal vs overall F/M

A low and fluctuating F/M ratio destabilizes the system, promoting shifts in microbial
populations toward bubble-trapping filamentous bacteria, which can cause bulking and foaming.
Unstable F/M conditions also trigger EPS production, stabilizing gas bubbles, trapping air,
slowing separation, and increasing viscosity. Poor aeration exacerbates foam persistence,

complicating biomass loss quantification. Foam accumulation led to spit or overflow issues,
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making accurate biomass measurement challenging. FOG fouling observed in the tubing during
fall 2024 acted as a foam stabilizer, intensifying the foaming problem.

In mid-June 2024, operators added sodium acetate to the anaerobic reactor to elevate
system sCOD (and F/M ratio) and enhance phosphate uptake. The sCOD profiles showed no
significant spikes in anaerobic or aerobic reactors, indicating rapid microbial utilization of the
added sodium acetate. The F/M ratio fluctuated by approximately 47%, obscuring the impact of
sodium acetate addition. Significant biomass loss later occurred due to excessive foaming in R5.
Complications from F/M ratio fluctuations, mixing, and aeration rendered foaming control
ineffective, leading to sodium acetate addition cessation in July.

Maintaining a steady SRT mitigates F/M fluctuations. For weak primary effluent,
increasing WAS volume (while ensuring MLSS remains above critical levels) stabilizes the F/M
ratio. For strong primary effluent, reducing WAS volume (while keeping MLSS within
secondary clarifier limits) maintains SRT stability. External carbon sources (e.g., sodium acetate
or primary sludge fermentate) should be considered when primary effluent carbon levels
inadequately support basic BNR requirements. These strategies optimize F/M and SRT
management, ensuring microbial population stability and preventing operational issues like
foaming and bulking.

Aeration and mixing

Aeration and mixing configurations were evaluated to optimize performance. The
submersible sump pump mixed anaerobic reactors at reduced flow rates, balancing turbulence
with minimal surface aeration. Portable DO probe measurements confirmed DO levels remained

below 0.18 mg/L. Five aerobic reactor configurations were tested: fine bubble diffusers, coarse
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bubble diffusers, hybrid fine/coarse bubbles, fine bubbles with submersible sump pump, and
coarse bubbles with submersible sump pump.

(1)Fine bubble diffusers achieve high oxygen transfer efficiency but struggle to mix deep or large
tanks effectively. Each aerobic reactor used two evenly spaced fine bubble diffusers to enhance
coverage and aeration uniformity. Despite this, DO gradients persisted along the reactor’s depth
and cross section. Sludge trapped in dead zones likely harboured filamentous bacteria, which
could later dominate under favourable conditions. Weak mixing also caused surface scum and
foam, highlighting the limitations of fine bubble diffusers in achieving complete mixing.

(2)Coarse bubble diffusers generate larger bubbles, requiring higher airflow than fine bubbles to
achieve equivalent DO levels. These bubbles provide vigorous vertical mixing, reducing dead
zones and breaking up surface scum. Compared to fine bubble systems, reactors with coarse
diffusers showed less pronounced DO gradients across depth and cross sections. However,
upward facing diffuser placement left DO critically low at the bottom of the reactor.

(3)A fine coarse bubble diffuser hybrid achieved high oxygen transfer and adequate mixing on the
coarse bubble side but failed to eliminate light fraction accumulation in poorly mixed zones. This
suggests that while the hybrid approach improved certain aspects of reactor performance, it did
not fully address the challenges associated with mixing and aeration in all areas of the reactor.

(4)Submersible sump pumps were installed to enhance mixing and reduce dead zones in reactors.
While the discharge stream became visible in some reactors, it was not consistently observed
across all units. Repositioning the pumps restored visibility in affected units, demonstrating the
importance of proper pump placement. However, the interaction between the original aeration
system and the added pump created separate mixing paths, and misalignment between these

paths caused interference, resulting in low DO zones and poor aeration.
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(5)After evaluating all configurations, the study concluded that two coarse bubble diffusers
emerged as the choice for the pilot. This configuration provided vigorous mixing, reduced dead
zones, and maintained relatively uniform DO levels across the reactor.

The operation of a pilot reactor with a depth of 60 inches (1.52 m) presents unique
operational challenges compared to full-scale aeration basins, which typically range from three
to eight meters in depth. The shallower depth of the pilot reactor results in significantly shorter
bubble rise times and distances, leading to diminished oxygen transfer efficiency and the
establishment of pronounced oxygen gradients within the reactor. These gradients can promote
excessive EPS production in high DO zones while simultaneously encouraging filamentous
bacterial proliferation in low DO zones (Huang et al., 2024; N. Zhu et al., 2015). The reduced
bubble rise time also intensifies surface turbulence, which can entrap hydrophobic compounds
and stabilize foam formations, thereby further complicating the treatment process.

The transition from anaerobic to aerobic conditions exacerbates operational challenges by
triggering EPS secretion. In reactor R5, localized high DO zones intensified this secretion,
leading to scum formation, foaming, and filamentous bacterial proliferation in low-oxygen zones.
When combined with low F/M ratios and prolonged HRT, these conditions resulted in
catastrophic biomass loss, significantly compromising treatment efficiency.

A low-speed mechanical mixer with a right-handed impeller mitigates these issues by
eliminating dead zones through gentle upward mixing. When paired with DO-controlled fine-
bubble aeration, this configuration ensures an upward aeration path that avoids flow interference.
The reduced mixing speed minimizes surface turbulence, preventing hydrophobic compound
entrapment and foam stabilization. This approach enables operators to maintain consistent SRT

and HRT while optimizing F/M ratios.
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DO sensor fouling presents another critical challenge. Standard sensors' rough,
semipermeable polymer membranes are prone to microbial colonization, causing biofilm-
associated fouling that traps mineral deposits and particulates. Pilot reactors initially relied on
DO-controlled aeration, but fouling rates exceeded daily cleaning capacity. Operators
subsequently implemented high-output aeration in the first two aerobic reactors and low-output
aeration in downstream units. However, manual DO measurements provided insufficient
reference points due to poor mixing and aeration, while fluctuating HRT and SRT compounded
operational uncertainties. Delayed aeration adjustments likely contributed to numerous aeration-
related malfunctions.

A self-cleaning DO sensor system is proposed as a superior alternative to conventional
sensors. This system would more effectively address fouling issues while strategic sensor
placement and improved reactor mixing could reduce maintenance demands and ensure reliable
real-time DO monitoring.

Optimal wastewater treatment performance requires comprehensive optimization of
reactor depth, mixing dynamics, aeration strategies, and sensor maintenance protocols.
Addressing these factors can mitigate shallow-reactor depth challenges and enhance overall
process stability.

Split feeding vs Combined feeding

During the startup phase (June 26 - December 18, 2023), anaerobic reactors R2, R3, and
R4 received equal volumes of primary effluent. On December 20, 2023, the pilot plant
transitioned to combined feeding in reactor R2. Operators conducted internal recycling tests
(November 27, 2023 - July 8, 2024) to evaluate denitrification impacts and implemented

selective wasting trials (April 24 - July 10, 2024). A subsequent operational test (July 11 -
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December 20, 2024) assessed the effects of shortened anaerobic phases following reactor R2's
removal, as illustrated in Figure 15. Despite these operational challenges, the CAS configuration

achieved biological nutrient removal.

Main Task Time Line
23-06-2023 01-10-2023 09-01-2024 18-04-2024 27-07-2024 04-11-2024

Split feeding | e— —
Combined feeding
Internal Recyling | r
Selective Wasting [
Remove R11 |

Remove R10 |
Remove R2

Figure 15 Main Tasks Time Line

The study aimed to cultivate aerobic granular sludge in a continuous plug-flow reactor
using feast-and-famine conditions and side-stream selective wasting as selective pressures. The
operational cycle comprised a robust anaerobic feast (feeding phase) followed by an extended
aerobic famine. During the split-feeding period (November 27 to December 18, 2023), nutrient
concentrations gradually increased across the three anaerobic reactors, peaking in R4 to
maximize anaerobic phosphate release. Concurrent internal recycling tests introduced nitrate
(NOx) into the reactor train, creating competition between PAOs and denitrifiers. Despite this
competition, phosphate removal efficiency remained stable. In the combined-feeding phase
(December 20, 2023 to July 8, 2024), operators centralized feeding in R2 (the primary anaerobic
reactor) to intensify the anaerobic feast. Phosphate release peaked in R3, demonstrating
proportionality to nutrient concentration, while internal recycling maintained PAO-denitrifier
competition in R4. Although phosphate uptake typically occurs via internally stored PHA in

aerobic zones, certain PAOs were observed to oxidize stored PHA using nitrate/nitrite as electron
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acceptors under anoxic conditions, enabling denitrifying phosphate uptake. This phenomenon
correlated with strong nitrification activity, suggesting that RA S introduced anoxic conditions to
R2. This finding aligns with intermittent peak phosphate release in R2, where PAO carbon
competition likely limited further phosphate release into R4. Anoxic RAS delivered nitrite/nitrate
to R2, creating localized anoxic zones that facilitated rapid phosphate absorption via DPAOs.
During periods of poor nitrification, phosphate release shifted to R3 as RAS-derived anoxic
conditions became insufficient to drive denitrifying uptake, prompting DPAO-mediated uptake
in R4 where internal recycling established favorable anoxic conditions.

Internal recycling introduced nitrite/nitrate to the reactor train, driving denitrification.
The resulting localized anoxic conditions triggered denitrifying phosphate uptake, likely
explaining the weak phosphate release. Despite this, PAOs effectively stored carbon as PHA
during anaerobic feeding, maintaining robust phosphate removal overall.

A short feast phase followed by a prolonged famine phase is ideal for promoting
microbial selection. However, poor mixing, uneven aeration, and manual DO adjustments
reduced the responsiveness and precision of DO control. Despite these challenges, the system
generally achieved biological nutrient removal. At reactor R9, most carbon, ammonium, and
phosphate were depleted. Operators removed aerobic reactors R11 and R10 on September 25,
2023, and October 10, 2023, shortening the HRT by two hours to an average of 10 hours.
Phosphate uptake rate in aerobic reactors differentiated feast and famine conditions—a
simplified approach. The feast and famine ratio ranged between 0.75~1 in stage 1 and about 1 in
stage 2. Removing two reactors shortened the HRT and increased the feast and famine ratio.

Retesting the combined feeding and ten-reactor configuration could validate these findings and
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clarify the relationship between operational adjustments and nutrient removal efficiency, given
improvements in reactor mixing, aeration control, and hydraulic management.
Hydraulic Challenges

The pilot system experienced persistent hydraulic instability, characterized by tube
fouling, reduced flow rates, clogged ball valves, and fluctuating HRT/SRT due to variable tank
volumes and inconsistent feed flows. Operators installed the reactors on concrete cinder blocks
and wooden pallets, with connection tubes initially dimensioned for the design flow rate.
However, accumulation of sludge, bubbles, biofilm, and FOG significantly decreased flow rates,
prolonging HRT by two hours beyond theoretical calculations. Both primary effluent and RAS
pumps operated at excessive capacities, requiring throttling—an inefficient control strategy.
Throttling ball valves to stabilize flow exacerbated clogging as fine grit and grease accumulated
at restricted openings. Space constraints limited reactor freeboard to 8-11 inches (0.2-0.3 m),
precluding higher flow rates. These compounding factors rendered flow regulation and HRT
maintenance particularly challenging.

The ten cylindrical reactors configured in series frequently encountered flow disruptions
from inter-reactor tubing. Employing oversized rigid piping between reactors could reduce
fouling incidence, while variable-frequency drives for primary and RAS pumps would improve
flow consistency. A full-scale channel-shaped continuous plug-flow reactor design might
entirely eliminate tubing-related complications, thereby simplifying operational procedures.
Selective Wasting

A side-stream selective wasting system was designed to establish a linear settling velocity
gradient, enabling differentiation between lighter and denser biomass fractions. The lighter

fractions primarily comprised filamentous bacteria, loose floc, and scum. The system integrated
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with a CAS process by connecting to and returning flows from the midpoint of the aerobic zone.
Figure 10 (Selective Wasting Schematic Flow Diagram) illustrates the process configuration,
highlighting the separation mechanism and flow pathways.

Operationally, the selective wasting module functioned as described in the Methodology
section. A programmable logic controller automated the complete cycle: transferring mixed
liquor from R8, permitting settling, decanting lighter fractions as waste, and returning denser
biomass to R8. Initial performance demonstrated effectiveness in selectively decanting lighter
fractions (e.g., filamentous bacteria, scum) while retaining denser biomass in R8, evidenced by
improved SVIzo values indicating enhanced settleability.

However, selective wasting performance deteriorated rapidly due to systemic issues. The
primary operational challenge stemmed from settling times in the selective wasting tank
exceeding those observed in SVIso tests conducted under identical conditions using a graduated
settleometer. Extended settling trials proved inadequate for proper separation of light and dense
biomass fractions. Prolonged settling additionally induced denitrification in settled sludge,
causing refloatation and subsequent unintended wasting of high-solids floating sludge during
decanting. The programmable controller’s implementation of multiple daily wasting cycles
exacerbated biomass loss, culminating in catastrophic depletion. Potential factors contributing to
settling efficiency degradation and corresponding mitigation strategies are subsequently

examined.
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Figure 16 Selective Waste Schematic Flow Diagram

1) The initial filling flow rate was observed to be excessively high, resulting in strong turbulence
within the selective wasting tank. This turbulent condition was linked to prolonged settling times.
Consequently, operational adjustments were made to reduce the filling flow rate, which
facilitated a more consistent and smoother transfer of mixed liquor from reactor R8.

2) A pressure-assisted, normally closed solenoid valve was employed during the filling step. This
valve necessitated 20 psi to open, requiring an upstream pump to provide the operating pressure.
Substitution with a zero-pressure-drop solenoid valve would obviate the need for the pump,

enabling direct gravity-fed transfer of mixed liquor into the selective wasting tank.
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3) The absence of an energy-dissipating device at the inlet of the selective wasting tank was
identified as a contributing factor to hydraulic inefficiencies. Installation of baffles at this
location was proposed as a remedial measure, which would serve to dissipate excess hydraulic
energy and attenuate turbulence within the tank.

4) Activated sludge flocs exhibit high susceptibility to shear stress. At reduced filling flow rates, the
estimated velocity gradient at the fill pump (2,000 - 4,900 s™') exceeded typical rapid mixing
thresholds (>1,000 s') in wastewater treatment, corresponding to shear stresses of 9.5 - 16.4 Pa
(Mikkelsen, 2001; Mikkelsen & Keiding, 2002; Seka & Verstraete, 2003; Wilén et al., 2003; Y.
Yuan & Farnood, 2010). Elevated shear stress disperses floc-associated substances into the
aqueous phase. Guo's study demonstrated floc regrowth at 469 s! (2 minutes) but not under
higher shear stress, indicating a critical recovery threshold (X. Guo et al., 2019). The excessive
shear stress generated by the filling pump likely destabilized the sludge flocs, accounting for the
observed discrepancy between favorable settling in laboratory settleometers and suboptimal
performance in the selective wasting tank under field conditions.

5) A higher H/D ratio in a batch settling tank increases the vertical distance for particle settling,
allowing particles to travel longer distances and times before reaching the bottom. This enhanced
settling distance facilitates improved separation of light and dense fractions at a specific critical
settling velocity. In contrast, a lower H/D ratio results in shorter settling distances and times,
preventing effective differentiation between particle fractions. The effective reactor H/D ratio

(A1) was significantly lower than that of the graduated settleometer (H/D = 5.5), which

accounted for the superior settling performance observed in the settleometer.
6) Denitrification was observed in settled sludge within the selective wasting tank, a phenomenon

originating from mainstream process performance rather than tank design. Comparable



65

denitrification occurred in the clarifier, where nitrogen gas release from settled sludge resulted in
floating scum formation. The implications of this process for solids management will be
thoroughly examined in subsequent analysis.

7) Operator inexperience with the selective wasting module resulted in premature biomass loss.
Initial positive outcomes prompted operators to increase cycle frequency, reduce settling times,
or implement both modifications concurrently. These operational adjustments caused system
destabilization, manifesting as a rapid decrease in phosphate removal efficiency and
compromised nitrification performance.

Selective wasting was designed to remove light biomass fractions from the system.
Despite the operational drawbacks outlined in points (1), (2), and (3), the system demonstrated
initial effectiveness. As indicated in (4), fill pump-induced shear stress may have contributed to
poor settling in the selective tank. The high H/D ratio discussed in (5) - derived from granular
sludge cultivation in SBRs - underscored the limitations of the installed selective wasting tank's

low H/D ratio (==1), which restricted its ability to apply sufficient selective pressure. Testing a

higher H/D ratio could potentially enhance separation efficiency.

Denitrification, as noted in (6), likely served as the primary driver of biomass loss in the
selective wasting tank. Addressing this issue necessitates integrating denitrification control with
comprehensive mainstream process adjustments. The controller program (7) governed settling
times and daily cycles. Gradual reduction of settling times is recommended to ensure smooth
transition in settling velocity, thereby preventing premature biomass loss and system
destabilization. Aggressive adjustments, however, risked rapid biomass depletion, identified as

the secondary cause of losses in the tank.
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Compared to the side stream selective wasting module tested in this study, the
hydrocyclone presents an alternative sludge intensification method. Under pressure, sludge
enters the hydrocyclone's tangential feed inlet, generating a vortex that forces heavier fractions
outward and downward to the conical bottom (returned as sludge) while lifting lighter fractions
upward (decanted as waste). Compact, modular, and designed as a plug-and-run unit, the
hydrocyclone - originally developed to enhance sludge settleability during cold weather
operations - has been widely applied for separating particles of differing densities. However,
limited studies beyond the Dijon case have explored its potential for granular sludge cultivation.
Further investigation into operating parameters (e.g., pressure, feed velocity), particularly
regarding shear stress/floc (granular) stability comparisons between selective wasting and
hydrocyclone systems, could provide valuable insights for decision-making.

Solids Management

Fluctuating HRT disrupts nitrification consistency, placing stress on slow-growing,
environmentally sensitive autotrophic nitrifying bacteria. AOB and PAQs, both requiring stable,
prolonged conditions, experience population declines under variable SRT. These
microorganisms cannot recover as rapidly as fast-growing heterotrophs, such as filamentous
bacteria, thereby exacerbating poor nutrient removal.

Persistent foaming in aerobic reactors, combined with scum accumulation in the clarifier,
contributed to recurring biomass loss during the study. This biomass loss destabilized system
operations, particularly under wet weather conditions that diluted primary effluent strength.
Mechanical shortcomings, including poor mixing, inconsistent aeration, and suboptimal

hydraulic profiles, further intensified system-wide challenges and operational complexity.
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Maintaining a steady SRT is critical for sustaining BNR performance in CAS processes.
The system's ability to maintain steady SRT is influenced by several factors, categorized as
external and operational. External factors primarily relate to wastewater characteristics, which
may exhibit seasonal variations and are affected by wet weather conditions, depending on the
wastewater collection system. Operational factors include HRT, WAS rate, and DO levels, all of
which play significant roles in achieving stable SRT and optimizing BNR performance.
HRT

The HRT and SRT are two critical parameters for BNR efficiency. HRT determines the
duration microorganisms have to process incoming nutrients, influencing biomass growth and
overall system performance. Maintaining a steady SRT is essential, as it requires continuous
adjustments based on biomass growth to ensure optimal microbial activity and nutrient removal.

In the pilot study, primary effluent was pumped to Reactor 2 (R2) using a submersible
sump pump and conveyed through the system by gravity. The absence of dedicated volume
control devices resulted in fluctuating reactor volumes. The sump pump’s flow rate frequently
exceeded system requirements, necessitating manual ball valve adjustments. Over time,
operational challenges including tube fouling and valve clogging caused additional flow rate
fluctuations, further complicating HRT management. The variability in HRT calculation
parameters made precise control difficult. Elevated HRT was associated with higher F/M ratios,
potentially promoting excessive EPS secretion in aerobic reactors. Conversely, reduced HRT
was linked to lower F/M ratios, which may have fostered filamentous bacterial growth and
system destabilization.

The reactor configuration significantly contributed to the observed poor hydraulic profile.

Ten reactors were arranged in two rows of five each. Reactors R2 through R6 were positioned
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against the ground slope (from low to high elevation), while Reactors R7 through R11 were

aligned along the slope. This arrangement exacerbated hydraulic imbalances, further

compromising system performance and operational stability.

Table 8 Revised Hydraulic Profile at Current Reactor Layout

Ground  Block Base Water  Hydraulic A Reactor  Retention
Reactor Elevation Height Elevation Level Level Head Volume Time
[in] [in] [in] [in] [in] [in] [L] [hr]
R2 +0.00 23.75 23.75 62.00 85.75 1.04 977.50 1.09
R3 0.96 23.75 24.71 60.00 84.71 1.04  945.97 1.05
R4 1.92 23.75 25.67 58.00 83.67 1.04 91444 1.02
R5 2.88 23.75 26.63 56.00 82.63 1.04 88291 0.98
R6 3.84 23.75 27.59 54.00 81.59 1.50 851.37 0.95
R7 3.84 23.75 27.59 52.50 80.09 096 827.73 0.92
R8 2.88 23.75 26.63 52.50 79.13 0.96 827.73 0.92
R9 1.92 23.75 25.67 52.50 78.17 0.96 827.73 0.92
R10 0.96 23.75 24.71 52.50 77.21 0.96 827.73 0.92
R11 +0.00 23.75 23.75 52.50 76.25 1.25 827.73 0.92

Clarifier inlet elevation= 75.00 Total=9.68

The secondary cause of the poor hydraulic profile was the design of the connection tubes

between reactors. The reactors' inlet and outlet were positioned at the lower part of the reactor,

necessitating gravity flow to overcome the hydrostatic head of the subsequent reactor. When this

head could not be overcome, the water level in the preceding reactor would rise to compensate

for the resistance, resulting in uneven flow distribution and further destabilizing the system's

hydraulic performance. To address this issue, the following mitigation measures are proposed:
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1) Fixed Reactor Volume: An overflow-style outlet can be installed at the water level to ensure

consistent reactor volume. This configuration will force water to exit at a predetermined level,

thereby maintaining stability within the system.

2) Improved Hydraulic Profile: The clarifier inlet is positioned at an elevation of 70 inches. By

configuring outlets at a predetermined elevation, a positive head can be maintained between each

reactor and the subsequent one, thereby ensuring consistent water flow throughout the system.

3) Use VFD Pump: A Variable Frequency Drive (VFD)-fed pump can be employed to regulate flow

rate and maintain a consistent HRT.

R2 through R6: These reactors, positioned against the ground slope, would benefit from
an increased drop between reactors to promote efficient water flow. R7 through R11: In contrast,
these reactors, aligned along the slope, may necessitate a reduced drop to avoid overloading the
clarifier and maintain optimal performance. A comprehensive summary of these configurations
is presented in Table 8.

Low F/M and Unstable F/M ratio

At a low F/M ratio, insufficient food availability for microorganisms may induce
endogenous respiration, thereby reducing biomass concentration and weakening or altering the
microbial community structure. This alteration can impede BNR efficiency, potentially resulting
in sludge bulking, poor settling, and high final effluent solids. Under such conditions,
filamentous bacteria thrive and outcompete nitrifiers and PAQOs for oxygen or residual food in
the aerobic tank. Similarly, an unstable F/M ratio may hinder microbial adaptation to changing
conditions, further compromising BNR efficiency. In the pilot study, both low and unstable F/M

ratios repeatedly caused foaming in the first aerobic reactor. The unquantifiable biomass loss via
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foam from the aerobic tank significantly complicated SRT calculations. To address these issues,
the following mitigation measures are proposed:

1) Increase WAS wasting: More WAS wasting reduces the biomass inventory, thus increasing or
restoring the F/M ratio to a higher level.

2) Adjust and maintain DO: The Controlled aeration will regulate DO levels to sustain optimal
conditions for nitrifiers and PAOs while simultaneously suppressing filamentous bacteria.

3) Avoid Shock Load: A sudden increase in food input may further disrupt the F/M ratio,
potentially exacerbating operational challenges in the biological treatment process.

4) Frequent Monitoring: Continuous monitoring of WAS rate, F/M ratio, DO level, MLSS, and
BNR efficiency enables real-time process assessment, thereby facilitating more effective
operational guidance.

Mixing and aeration

Low F/M ratio promotes the proliferation of filamentous bacteria. The transition from
anaerobic to aerobic phases induces EPS production. Observed uneven mixing or aeration
creates DO gradients, where filamentous bacteria dominate low-DO zones while excessive EPS
secretion occurs in high-DO zones. During the study, elevating DO concentration or airflow rate
was routinely employed to mitigate foaming under low F/M conditions. However, over-aeration
in certain areas may have exacerbated EPS secretion. Quantifying EPS production in the primary
aerobic reactor could provide comprehensive process understanding.

Repeated excessive foaming in aerobic zones caused unquantifiable biomass loss,
significantly complicating SRT calculations. To address this issue, the following mitigation

measures are proposed:
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An overhead blade mixer ensures comprehensive vertical and lateral mixing, thereby minimizing
stagnant zones induced by sump pump streams or coarse bubble diffuser flows.

The gearbox substantially decreases mixing velocity, enabling optimal mixing conditions by
minimizing undesirable surface turbulence and shear stress.

DO-controlled fine bubble aeration enables efficient oxygen transfer precisely when required,
thereby preventing both under-aeration and over-aeration scenarios.

Slow mixing and on-demand oxygen transfer effectively minimize oxygen gradients,
particularly under low F/M conditions. Eliminating low DO or under-aerated zones promotes
nitrifying bacteria and PAOs while suppressing filamentous bacteria proliferation, especially in
the primary aerobic reactor. Conversely, eliminating high DO or over-aerated zones mitigates
sudden EPS secretion. Aerobic reactor foaming can be more effectively controlled by managing
filamentous bacteria growth and EPS secretion, thereby reducing uncontrolled biomass loss and
enhancing system stability.

Clarifier

Primary effluent (Q ~15 L/min) and RAS (Q~12 L/min) entered the clarifier at a

combined flow rate of 27 L/min, with an MLSS concentration of 2,000 mg/L. The calculated

clarifier surface and solids loading rates were 13.6 m> /m* /day and 27.3 kg TSS/m?/day,

respectively, while the HRT averaged 2.8 hours. Both loading rates operated below
recommended thresholds for optimal clarifier performance.

Under low surface overflow rates (SOR), the clarifier's performance was significantly
compromised by uneven influent distribution, leading to short circuiting, surface scum
accumulation, and temperature gradients. Short circuiting caused solids to settle near the center

inlet baffle, reducing effective detention time and risking stagnant sludge blanket formation. As
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surface scum thickened over time, localized anaerobic conditions developed. Slow-moving water
induced density stratification through temperature gradients, impairing sludge settling and
compaction. The low HRT further limited settling duration, exacerbating solids management
issues. The absence of a reaction wall allowed sludge to bypass the thickening zone entirely,
resulting in dilute RAS effluent. Combined with suboptimal SOR, this bypass critically reduced
RAS concentrations, undermining the system's capacity to maintain a robust biomass inventory
for efficient treatment.

At low solids loading rates, prolonged sludge retention exceeded optimal durations,
potentially inducing denitrification where denitrifying bacteria reduce nitrate to nitrogen gas. The
resulting gas bubbles decreased sludge density, impairing settling and compaction efficiency
while lifting sludge flocs to form surface scum or elevate effluent solids concentrations.
Extended anaerobic retention times may also promote endogenous respiration, weakening floc
structure and reducing settling velocity.

Non-standard clarifier design features, particularly the absence of a reaction wall and
notched weir coupled with an elevated H/D ratio of 0.77 (exceeding the recommended 0.1-0.3),
compounded operational challenges. The reaction wall's absence eliminated hydraulic buffering,
energy dissipation, and sludge blanket stabilization, decreasing effective settling volume and
causing poor solids capture, effluent surges, and upward sludge blanket displacement that formed
surface scum. The scraper assembly's rotational motion likely created rotational dead zones,
allowing sludge and scum accumulation. The simplified 6" circular overflow (instead of a
notched weir) caused localized flow paths, short circuiting, and uneven effluent withdrawal,

trapping floating flocs in accumulating scum. These design factors collectively contributed to



stagnant sludge conditions, triggering denitrification and floating floc formation. To address
these issues, the following mitigation measures are proposed:

1) MLSS Control: Prevent excessive MLSS concentrations from entering the clarifier to maintain
optimal operational conditions.

2) WAS Rate Adjustment: Regulate WAS rates based on the F/M ratio and SVI to ensure process
stability.

3) Daily SVI Monitoring: Assess sludge settleability daily and adjust the solids loading rate
accordingly to enhance clarifier performance.

4) RAS Optimization: Balance RAS rates to achieve equilibrium between biomass retention and
clarifier loading.

5) Performance Modeling: Utilize secondary clarifier performance models (e.g., State Point
Analysis) to predict and optimize operational parameters.

6) Clarifier Modification 1: Install a reaction wall to dissipate hydraulic energy and promote
uniform flow distribution within the clarifier.

7) Clarifier Modification 2: Equip a notched weir along the interior wetted perimeter to facilitate
efficient scum removal.

8) Automated WAS Wasting: Implement automated WAS wasting systems controlled by process
SRT and MLSS concentrations.

9) Sludge Level Sensors: Deploy sensors to monitor sludge depth in real-time, enabling proactive
adjustments.

10) Flow Meter Installation: Track influent and effluent flow rates to maintain hydraulic

balance and detect anomalies.

73
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11) pH/DO Probes: Install probes to monitor pH and DO levels, ensuring optimal biological
process conditions.

12) Redundant Design: Incorporate redundancy (e.g., multiple clarifiers) to accommodate
peak loads and improve system resilience.

13) Machine Learning Integration: Leverage artificial intelligence (Al) for real-time process
diagnostics and adaptive control strategies.
Split Feeding, or Combined Feeding

At the study's outset, split feeding to the three anaerobic reactors directed all carbon to
PAOs, leaving minimal residual carbon in the aerobic zone. Later tested combined feeding
intensified the anaerobic feast phase, further depleting aerobic carbon availability. Both
strategies prioritized anaerobic feast conditions. The initial process configuration included seven
aerobic reactors, establishing a robust aerobic famine phase (feast and famine ratio of 0.75~1)
that effectively suppressed fast-growing filamentous bacteria. Later configurations removed
aerobic reactors R10 and R11, weakening the famine phase (feast and famine ratios of
0.25~0.755). This shift increased system susceptibility to filamentous bacterial growth.
Compounding these issues, fluctuating HRT and SRT, low and fluctuating F/M ratios, poor
reactor mixing/aeration, and mechanical failures destabilized the microbial community. Biomass
loss and structural weakening created an environment favoring filamentous bacteria, further
degrading floc integrity.
To address the issue, the following mitigation measures are proposed: Restore R10 and

R11 under the current reactor layout, which with an improved hydraulic profile would stabilize
HRT closer to the WEWPCC's HRT. Longer aerobic famine or a smaller feast/famine ratio can

effectively eliminate filamentous bacteria.
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Conclusion

The pilot successfully achieved BNR across three operational stages. In Stage 1, the
system achieved 90% ammonium removal 56% of the time and 90% phosphate removal 70% of
the time. Performance improved in Stage 2, attaining 90% ammonium removal 86% of the time
and 90% phosphate removal 79% of the time. Stage 3 demonstrated 90% ammonium removal 90%
of the time, but phosphate removal efficiency declined significantly to 19% of the time, likely
due to premature biomass loss from selective wasting testing.

Regarding feeding strategies, combined feeding created a marginally better aerobic
environment for phosphate uptake compared to split feeding. However, competition with
denitrification through internal recycling limited the effectiveness of combined feeding. Process
constraints resulted in weak feast and famine stress, particularly after removing the last two
aerobic reactors. The initial longer aerobic step had produced relatively stronger feast-and-
famine conditions. Selective wasting was employed to retain fast-settling, denser biomass, but its
efficacy was reduced by pump shear stress, mainstream denitrification, and premature biomass
wasting.

Rigorous testing of process configurations and operational scenarios was conducted to
enhance performance. Despite meticulous efforts, operators observed significant fluctuations in
MLSS, HRT, SRT, and F/M ratio. These fluctuations correlated with poor settling, floating flocs,
scum accumulation, and eventual biomass loss via scum, preventing achievement of long-term

steady-state conditions.

While the pilot aimed to scale up previously validated small-scale concept research,

successful implementation required more than conceptual replication - it demanded rigorous
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integration of hydraulic, mechanical, and microbial factors. The pilot project served as a critical
bridge between original concept design and potential full-scale operations, revealing unexpected
challenges not apparent in smaller-scale studies. Despite these challenges, the pilot successfully

demonstrated BNR capabilities across all three operational stages.
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Thoughts on improvement or future project

The pilot project encountered several operational challenges, including difficulties in
hydraulic and process flow management, biomass management, aeration (including mixing),
solids separation, and selective wasting. These issues led to instability in key operating
parameters such as HRT, SRT, F/M ratio, DO, MLSS, and BNR performance. To address these
challenges, an improved process design is essential, providing more reliable, practical, repeatable,
and simplified operating conditions. Additionally, operating the process until steady state is
crucial to fully evaluate the impact of operational parameters.

Hydrocyclones were found to limit floc and granule size due to shear stress, though their
granulation effects and long-term BNR performance remain poorly understood. In contrast, side-
stream selective wasting emerges as a more favorable option for granulation in continuous flow
processes, being less invasive and subjecting flocs or granules to reduced shear stress—thereby
better maintaining granulation integrity.

The pilot received weak primary effluent from the WEWPCC, limiting aerobic feast
intensity and feast-and-famine strength. Future process designs could enhance denitrification by
combining or pulse feeding without internal recycling, achieving more pronounced short aerobic
feasts and stronger feast-and-famine stress. However, the absence of denitrification may initially
challenge secondary clarifier performance, where modeling could prove instrumental in
establishing or calibrating design parameters.

Initially, the feast-and-famine ratio was estimated using aerobic phosphate uptake rates;
however, measuring PHA and oxygen uptake rate would offer more comprehensive insights into

these conditions' intensity and duration. Reactor number constraints limited feast-and-famine
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resolution, suggesting a new reactor design with higher resolution could refine process parameter
optimization.

Microbial community analysis has become a powerful tool in wastewater treatment
research. Incorporating near real-time monitoring of microbial communities under varying
operational conditions could significantly enhance process understanding and optimization,
providing valuable insights into microbial dynamics and their responses to operational

parameters—ultimately aiding in developing more efficient and adaptive treatment processes.
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