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A B S T R A C T

Sludge production remains a major challenge in wastewater treatment and integrating an anaerobic side-stream 
reactor (ASSR) into the return activated sludge line is a promising technology for in situ sludge reduction. Thus, 
this research investigates the performance and internal mechanisms of an ASSR integrated with a sequencing 
batch reactor (SBR) under prolonged side-stream retention conditions for in situ sludge reduction. The results 
showed that this configuration reduced the observed sludge yield by 42% (0.288 → 0.166 g VSS/g COD), while 
maintaining stable COD removal of 85–90%. Ammonium removal remained high, although nitrate accumulation 
during part of the operation indicated that nitrogen conversion was not fully stable. Total phosphorus (TP) 
removal reached up to 98% during early operation, accompanied by phosphate release in the ASSR of up to 
250 mg PO4

3--P/L, indicating the formation of a phosphate-rich side-stream. However, TP removal and phosphate 
release declined during later operation, showing that this response was not sustained throughout the experiment. 
A simplified flow-based VSS balance indicated that the net VSS difference across the ASSR was equivalent to 
approximately 25% of the difference in sludge production between the two systems. Endpoint microbial profiles 
and predicted functional profiles differed among the reactors and were consistent with community differentia
tion under the integrated operating conditions. However, they did not establish the active metabolic pathways. 
Overall, the lower system-wide observed sludge yield reflected the combined effects of solids transformation in 
the ASSR, longer biomass retention, and repeated anaerobic–aerobic exposure.

1. Introduction

The generation of sludge is one of the major issues in the operation of 
wastewater treatment plants (WWTPs). Worldwide, WWTPs produce 
large quantities of sludge at around 0.05–0.10 kg dry solids/person/ 
d (Gao et al., 2020). In European countries, the annual sludge produc
tion is on average 8.7 million tons of dry solid waste (EurEau, 2021), 
with treatment and disposal costs ranging from 75 to 100 € per ton of 
dewatered sludge (STOWA, 2024). The large volume of sludge gener
ated significantly increases operational costs up to 20–30% and can 
cause environmental problems if not managed properly (Ferrentino 
et al., 2016). Reducing sludge production through cost-effective and 
efficient technologies remains a critical research priority to lower 

operational expenses and minimize environmental impacts.
Physical and chemical methods in WWTPs have been applied 

extensively for in situ sludge reduction, including ozonation, chlorina
tion, and thermochemical treatments to promote the disintegration of 
sludge structures (Ferrentino et al., 2023; Sun et al., 2022). Neverthe
less, the impact of these technologies can also be caused by side effects, 
such as high cost, formation of residues or by-products, and may inhibit 
biological processes (Patel et al., 2021). One of the promising alterna
tives for in situ sludge reduction that does not require high operational 
cost is the application of an anaerobic side-stream reactor (ASSR) in the 
return activated sludge line (Ferrentino et al., 2021; Peng et al., 2023). 
In this configuration, settled activated sludge is recirculated through an 
anaerobic tank before returning to the aerobic tank (Cheng et al., 2022). 
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The alternation between aerobic and anaerobic conditions, combined 
with extended sludge retention times (SRT) and exposure to a broader 
range of redox conditions, promotes mechanisms such as metabolic 
uncoupling, where a fraction of the substrate is oxidized for cellular 
maintenance rather than biomass growth, cell lysis, extracellular poly
meric substances (EPS) degradation, and the enrichment of 
slow-growing bacteria, all of which contribute to reduced observed 
sludge yield (Semblante et al., 2014). Although this configuration shares 
operational similarities with side-stream enhanced biological phos
phorus removal (S2EBPR), the objectives are fundamentally different 
(Morello et al., 2024a). S2EBPR primarily applies short-term anaerobic 
exposure to enrich polyphosphate-accumulating organisms (PAOs) and 
improve phosphorus removal (Zhang et al., 2023), whereas ASSR is 
mainly designed to induce sludge minimization through prolonged 
anaerobic biomass transformation (Cheng et al., 2022).

Several previous studies have focused on the application of ASSR 
combined with discontinuous-flow or continuous-flow fed activated 
sludge and demonstrated that this integration can minimize sludge 
production while maintaining the performance of the primary waste
water treatment technology. Huang et al. (2019) reported that the 
lowest observed sludge yield was obtained when the sequencing batch 
reactor (SBR) was complemented with an ASSR (0.292 g TSS/g COD), 
with a sludge reduction efficiency up to 38% compared to the control 
SBR (0.473 g TSS/g COD). Morello et al. (2024b) reported that the 
combination of a membrane bioreactor and an ASSR reduced sludge 
production by 38–48%, with a hydraulic retention time (HRT) of 6–24 h 
in the ASSR. Moreover, Zhao et al. (2021) claimed that the ASSR can 
induce phosphate release through hydrolysis of polyphosphate (poly-P) 
by PAO under anaerobic conditions, providing avenues for phosphorus 
recovery. These studies indicate that ASSR integration can influence 
both sludge production and nutrient transformation. However, most 
previous studies have primarily emphasized overall observed sludge 
yield reduction, while less attention has been given to how sludge 
minimization is linked with internal sludge transformation in the ASSR, 
phosphate release dynamics, microbial community shifts, and opera
tional stability. In particular, the consequences of extended anaerobic 
side-stream exposure for EPS transformation, phosphate release stabil
ity, and sludge settleability require further investigation.

Therefore, this study evaluated an SBR–ASSR system operated at a 
nominal ASSR SRT of 10 d by addressing three research questions: (1) 
Does the integration of an ASSR reduce the observed sludge yield rela
tive to a control SBR while maintaining wastewater treatment perfor
mance? (2) How large is the net VSS change across the ASSR relative to 
the difference in sludge production between the two systems? (3) How 
does repeated exposure to the ASSR affect phosphorus dynamics, sludge 
settleability, particle characteristics, and microbial community struc
ture? Together, these questions provide a basis for distinguishing solids 
transformation within the ASSR from broader system-level effects and 
for evaluating the operational trade-offs of the integrated configuration.

2. Materials and methods

2.1. Synthetic wastewater

Synthetic domestic wastewater was prepared with pollutant con
centrations based on the influent characteristics of the Harnaschpolder 
WWTP, Den Hoorn, the Netherlands. The recipe was adapted from 
Gonzalez et al. (2021) (Table S1). The feed solution was prepared in tap 
water by mixing carbon, nitrogen, and phosphorus sources, along with 
macro- and micronutrients. The characteristics of the prepared synthetic 
wastewater are shown in Table 1. These values were representative of 
typical domestic wastewater in terms of organic matter and nutrient 
content in the Harnaschpolder WWTP, Den Hoorn, the Netherlands (Guo 
et al., 2020b). The total phosphorus (TP) fraction included both organic 
and particulate forms, most likely originating from milk powder and egg 
white powder, as well as dissolved inorganic phosphate.

2.2. Experimental setup and operational conditions

Two laboratory-scale treatment systems (Fig. 1) were used in this 
experiment: (i) an SBR as the control (SBR.C) and (ii) an SBR (main 
reactor, SBR.M) coupled to an ASSR. Prior to the experimental phase, 
both systems were seeded and acclimated. Aerobic sludge (~5 g/L) from 
the Harnaschpolder WWTP, Den Hoorn, the Netherlands, was used to 
seed the SBR. The ASSR was inoculated with waste-activated sludge 
(~10 g/L) originating from the same WWTP but previously conditioned 
in a semi-continuous thermophilic sludge pre-treatment, continuously 
stirred reactor operated under anaerobic conditions at 55◦C with HRT 
5.5 h as described by Monteiro et al. (2026). The conditioned sludge was 
selected to facilitate the initial establishment of hydrolytic and 
fermentative activity under the anaerobic conditions of the ASSR in 
order to shorten the start-up phase. After that, all the systems were 
acclimated for approximately 90 d until chemical oxygen demand (COD) 
removal stabilized, defined as no significant difference between two 
consecutive measurements.

Both SBRs had a working volume of 4 L and were operated in 4 h 
cycles, corresponding to six cycles per day. The influent and effluent 
flow rates for the SBR were both 8 L/d (~1333 mL/cycle), an HRT of 
12 h in each SBR or an exchange of 1/3 of the volume per cycle. Each 
cycle included 10 min of filling, 50 min of anaerobic phase, 60 min of 
aerobic phase, and 45 min of anoxic phase, followed by 60 min of 
settling, 10 min of decanting, and 5 min of idling. In SBR.C, a target SRT 
of 10 d was maintained by withdrawing settled sludge twice weekly, 
while the calculated effective SRT was approximately 15 d. In the in
tegrated SBR.M–ASSR system, sludge was continuously exchanged be
tween the two reactors. Therefore, the effective SRT was calculated for 
the combined system and was approximately 46 d. Despite this differ
ence in whole-system SRT, both SBRs were operated at the same COD 
loading rate of 0.2 kg COD/kg DS/d and at comparable MLSS concen
trations. Sludge was exchanged between SBR.M and the ASSR once per 
cycle. During the idling phase of the SBR.M cycle, 200 mL/d (~33 mL/ 
cycle) of settled sludge was transferred from the SBR to the ASSR. 
Subsequently, during the feeding phase of the SBR.M, an equal volume 
of mixed liquor was returned from the ASSR to the SBR. The 2 L ASSR 
volume was determined from the applied sludge-interchange rate of 
200 mL/d and the target nominal side-stream retention time of 10 d. The 
resulting ASSR-to-SBR volume ratio of 0.5 was therefore a consequence 
of the selected experimental retention and interchange conditions rather 
than a proposed full-scale design ratio. When the ASSR volume was 
included, the integrated SBR.M–ASSR configuration had a nominal total 
liquid-volume-to-influent-flow ratio of 18 h. However, the ASSR 
received no direct wastewater influent and was connected to SBR.M only 
through internal sludge exchange. The oxidation-reduction potential 

Table 1 
Characteristics of synthetic domestic wastewater.

Parameters Value (mg/L, except ratios and pH)

tCOD 450 ± 64
sCOD 75 ± 2.5
VFA (as acetate) 34 ± 0.5
BOD5 201 ± 18
Ratio BOD5/tCOD 0.45 ± 0.02
TN 74 ± 8.70
NH4

+-N 43 ± 16
NO2

- -N 0.007 ± 0.00
NO3

- -N 1.55 ± 0.75
TP 9.36 ± 0.36
PO4

3--P 2.44 ± 0.89
TS 1410 ± 24
VS 462 ± 17
TSS 380 ± 28
VSS 260 ± 28
VSS/TSS 0.7 ± 0.13
pH 8 ± 0.1
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(ORP) in ASSR fluctuated from − 400 to − 450 mV. The pH was not 
actively controlled, but the measured pH ranged 7.5–8 in the SBR and 
6.7–7 in the ASSR during the experimental period. Mixers were installed 
in all reactors, and a diffuser was placed in the SBR to maintain a dis
solved oxygen (DO) concentration of 2–3 mg/L during the aerobic 
phase. All reactors were equipped with peristaltic pumps (Watson- 
Marlow 120 U/DV-220Du-323, USA), pH/ORP probes, and DO probes 
(Endress+Hauser, The Netherlands), and were automatically controlled 
via a programmable logic controller (PLC) (Labview, National In

struments, USA) at 0, 2–3, and 0 mg DO/L in the anaerobic, aerobic, and 
anoxic phases, respectively, in both SBRs. Both reactor systems were 
placed in a temperature-controlled room (20–22◦C).

2.3. Batch experiments: PAO activity

To understand the impact of the alternating anaerobic-aerobic con
ditions on biological phosphorus removal, a batch test was conducted to 
assess PAO activity by measuring PO4

3-–P release under anaerobic con
ditions and uptake under aerobic conditions. At the end of the aerobic 
phase, mixed liquor was collected from both the SBR and ASSR. Two 
hundred milliliters of sludge (per reactor) was transferred into 250 mL 
Schott bottles (Duran, Germany). The anaerobic stage started with 5 min 
of N2 purging and was followed by the addition of sodium acetate tri
hydrate (Merck, Germany) to provide 250 mg COD/L from acetate 
(equivalent to 234 mg acetate/L). The sludge was incubated anaerobi
cally for 1 h, with samples collected every 15 min to measure PO4

3-–P 
concentrations. Subsequently, the aerobic phase was initiated by aera
tion for 1 h without further substrate addition, with sampling every 
15 min. All tests were conducted at room temperature (20–22◦C). 
PO4

3-–P concentrations were measured using a UV–Vis spectrophotom
eter (Hach Lange DR3900, Germany) with LCK 349 test kits (Hach 

Lange, Germany).

2.4. Analytical methods

2.4.1. Observed sludge yield calculation
The observed sludge yield (Yobs) and sludge reduction efficiency 

were calculated as the ratio of cumulative generated sludge to cumu
lative consumed substrate based on Eq. (1) (Chon et al., 2011).  

In this equation, ΔXSBR, ΔXASSR, and Δt are the change in sludge (g 
VSS/L) in SBR and ASSR, and time (d), respectively. VSBR and VASSR are 
the volumes of SBR and ASSR (L), respectively. QSBR waste, Qin, and Qeff 
are the flow rates of waste sludge from SBR, influent, and effluent (L/d), 
respectively. QASSR waste is the flow rate of sludge from ASSR generated 
during sampling for analysis. Sin and Seff are the substrate concentrations 
of influent and effluent (g tCOD/L), respectively.

2.4.2. Parameters
Several parameters were measured in the influent and effluent of the 

SBR and in the inlet and outlet of the ASSR. The concentrations of total 
COD (tCOD), soluble COD (sCOD), NH4

+-N, NO2
- -N, NO3

- -N, and TP/ 
PO4

3-–P were measured using spectrophotometry-based test kits (LCK 
114, LCK 314, LCK 303, LCK 341, LCK 339, LCK 348, Hach Lange LCK, 
Germany). Mixed liquor suspended solids (MLSS), volatile suspended 
solids (MLVSS), and sludge volume index (SVI) were analyzed according 
to standard methods (APHA, 2012). DO, temperature, pH, and ORP were 
monitored using a portable meter (Endress+Hauser, The Netherlands). 
Volatile fatty acids (VFAs) were measured using a gas chromatograph 
equipped with a flame ionization detector (Agilent 7890 A, USA). Sol
uble EPS (S-EPS), loosely bound EPS (LB-EPS), and tightly bound EPS 

Fig. 1. Process flow diagram of (a) the control reactor (SBR.C) and (b) the integrated main reactor (SBR.M)-ASSR system.

Yobs =
ΔXSBRVSBR + ΔXASSRVASSR +

∑
(XSBRQSBR.waste + XASSRQASSR.waste + Xeff Qeff ) × Δt

∑
(SinQin − Seff QEff ) × Δt

(1) 
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(TB-EPS) were extracted using the two-step method (Guo et al., 2020a). 
The EPS concentration was calculated based on the carbohydrate and 
protein concentrations. Carbohydrate content was measured via the 
sulfuric acid method (Dubois et al., 1951) and protein content via a 
modified Lowry method (Frølund et al., 1995). The particle size distri
bution (PSD) of sludge samples was determined using a Bluewave laser 
diffraction particle size analyzer (Microtrac Inc., USA).

2.4.3. Microbial community analysis
Sludge samples from SBR.C, SBR.M, and ASSR were collected in 

triplicate at the end of the experimental period, after the SBR aerobic 
phase. The analysed samples included SBR.C (C1–C3), SBR.M (M1–M3), 
and ASSR (A1–A3). DNA was extracted using the FastDNA® SPIN Kit for 
Soil (MP Biomedicals, USA) following the manufacturer’s instructions. 
DNA quality and quantity were checked using a Qubit 3.0 fluorometer 
and the Qubit® dsDNA HS Assay Kit (Life Technologies, USA). The 

V3–V4 region of the bacterial 16S rRNA gene was amplified using 
primers 341 F (5′-CCTAYGGGRBGCASCAG-3′) and 806 R (5′-GGAC
TACNNGGGTATCTAAT-3′), and purified amplicons were sequenced by 
Novogene Co., Ltd. (Beijing, China) on an Illumina platform using 
2 × 250 bp paired-end sequencing. Sequence processing was performed 
in QIIME2. After quality filtering, trimming, denoising, merging of 
paired-end reads, and chimera removal, amplicon sequence variants 
(ASVs) were inferred using DADA2. Taxonomic assignment was per
formed against the SILVA 138.1 database using the QIIME2 classify- 
sklearn classifier. Alpha- and beta-diversity analyses were used to 
characterize microbial community diversity and composition among 
SBR.C, SBR.M, and ASSR. Predicted functional profiles were generated 
from the 16S rRNA gene data using PICRUSt2. Predicted gene families 
were assigned to Kyoto Encyclopedia of Genes and Genomes (KEGG) 
orthologs and summarized into metabolic pathway categories.

Fig. 2. Pollutant removal performance of SBR.C and SBR.M. (a, b) influent and effluent COD concentration and COD removal; (c, d) NH4
+-N, NO2

- -N, and NO3
- -N 

concentrations; (e, f) influent and effluent TP concentrations.
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3. Results

3.1. Reactor performance for pollutant removal

Both SBR.C and SBR.M maintained high and relatively stable tCOD 
removal throughout the operational period (Figs. 2a and 2b). The 
influent tCOD concentration averaged 450 ± 64 mg/L, while the 
effluent concentrations in both reactors were generally below 100 mg/L, 
corresponding to removal efficiencies of approximately 85–90%. SBR.M 
showed slightly greater temporal variation in effluent than SBR.C, but 
no persistent deterioration in organic matter removal was observed. The 
influent and effluent concentrations of NH4

+-N, NO2
- -N, and NO3

- -N are 
shown in Figs. 2c and 2d. The influent NH4

+-N concentrations were 
comparable between SBR.C and SBR.M, averaging 45 ± 14 and 44 
± 13 mg/L, respectively. The corresponding average NH4

+-N removal 
efficiencies were also comparable, at approximately 83 ± 41% in SBR.C 
and 82 ± 26% in SBR.M. However, the average effluent NO3

- -N con
centration was lower in SBR.M than in SBR.C, at 3.6 ± 5.8 and 9.6 
± 8.8 mg/L, respectively. Representative cycle profiles during early 
operation showed anaerobic sCOD consumption and phosphate release 
followed by aerobic phosphate uptake in both reactors (Figure S1). SBR. 
C showed greater ammonium oxidation and nitrate accumulation, 
whereas SBR.M exhibited anaerobic ammonium release and transient 
nitrite accumulation, followed by decreasing NO2

- -N and NO3
- -N con

centrations during the anoxic phase.
TP removal differed markedly between the two systems (Figs. 2e and 

2f). Removal efficiencies ranged from 23% to 90% in SBR.C, with an 
average of 48 ± 24%, and from 41% to 98% in SBR.M, with an average 
of 75 ± 24%. The highest TP removal in SBR.M was observed during 
approximately the first 80 d of operation, after which the performance 
became less pronounced. The PAO activity tests further demonstrated 
differences among the sludge samples (Figure S2). In SBR.C sludge, 
PO4

3-–P increased from 4.1 to 13.3 mg/L during the anaerobic phase, but 
no substantial phosphate uptake was observed during the subsequent 
aerobic phase. In SBR.M sludge, anaerobic phosphate release reached 
approximately 13.2 mg/L and was followed by aerobic phosphate up
take at a rate of 1.93 mg/L/h. ASSR sludge also released phosphate 
during anaerobic incubation, with the concentration increasing from 
98.2 to 113.4 mg/L. After exposure to aerobic conditions, the concen
tration decreased to approximately 80 mg/L within 2 h.

3.2. Observed sludge yield and transformations in the ASSR

The integration of the ASSR into the sludge return line substantially 
reduced sludge production in SBR.M compared with SBR.C (Fig. 3). 
Based on Fig. 3a, the slope-derived observed sludge yield was 0.288 g 
VSS/g COD for SBR.C and 0.166 g VSS/g COD for SBR.M, corresponding 
to an observed sludge yield reduction of approximately 42%. During 
most of the operational period, based on Fig. 3b, SBR.M consistently 
showed lower values than SBR.C.

The concentrations of COD, ammonium, and phosphate in the ASSR, 
presented in Fig. 4, also indicated substantial transformation of the 
sludge during anaerobic retention. Total COD decreased from 16 
± 2.7 g/L at the ASSR inlet to 14 ± 2.9 g/L at the outlet. In contrast, 
sCOD increased from 47 ± 12 to 208 ± 60 mg/L, and the NH4

+-N con
centration also increased from 12 ± 9 to 66 ± 20 mg/L across the ASSR. 
In addition, the PO4

3-–P concentration at the ASSR inlet averaged 11.3 
± 2.8 mg/L, whereas the outlet concentration ranged from approxi
mately 80 to 250 mg/L. After approximately day 70, phosphate release 
gradually declined, although the concentration remained elevated at 
approximately 125 mg/L at the end of the experiment. Volatile fatty 
acids (VFAs) were also detected in the ASSR, primarily as acetate and 
propionate. The total VFA concentration reached a maximum of 98 
± 1.5 mg/L on day 28 but subsequently declined after approximately 
day 75 and remained low during the later operational period. The de
clines in VFA concentration and phosphate accumulation occurred over 
a similar operational period.

Based on Fig. 3a, the sludge production rates were 1.02 ± 0.16 g 
VSS/d in SBR.C and 0.51 ± 0.22 g VSS/d in SBR.M, corresponding to a 
system-level difference of 0.51 g VSS/d. To evaluate how much of this 
difference was represented by solids transformation within the ASSR, a 
simplified flow-based VSS balance was applied. The average VSS con
centrations of the sludge entering and leaving the ASSR were 9.56 and 
8.92 g/L, respectively. At the constant sludge-interchange rate of 
200 mL/d, this inlet–outlet difference corresponded to an estimated net 
VSS decrease of approximately 0.13 g VSS/d. Thus, the net VSS decrease 
across the ASSR was equivalent to approximately 25% of the difference 
in sludge production between the two systems.

3.3. Sludge characteristics and settleability

3.3.1. MLSS, MLVSS, and sludge loading
The solids concentrations showed different temporal patterns among 

the three reactors (Figure S3). In SBR.C, MLSS and MLVSS remained 

Fig. 3. Comparison of sludge production and observed sludge yield in SBR.C and SBR.M. (a) Cumulative sludge production versus cumulative consumed substrate 
and (b) observed sludge yield over time.
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relatively stable at approximately 5–7 and 3.5–5 g/L, respectively, with 
an MLVSS/MLSS ratio of 0.75–0.80 (Figure S3a). In SBR.M, both MLSS 
and MLVSS gradually decreased during operation, accompanied by a 
slight decrease in the MLVSS/MLSS ratio (Figure S3b). The largest 
decrease was observed in the ASSR, where MLSS declined from 
approximately 16 to 6 g/L and MLVSS from approximately 10 to 4 g/L 
(Figure S3c). Although the volumetric sludge interchange was main
tained at 200 mL/d, the solids loading rate to the ASSR decreased from 
approximately 1.2–1.3 kg TSS/m3/d during the initial operational 
period (0–80 d) to 0.6–0.8 kg TSS/m3/d during the later period (80–175 
d). This decline coincided with the increase in SVI in SBR.M.

3.3.2. EPS composition, settleability, and particle-size distribution
The sludge settleability differed between the two SBRs (Fig. 5a). The 

SVI of SBR.C ranged between 45 and 173 mL/g, whereas SBR.M reached 
values in the range of 93–221 mL/g during the operational period. 
Despite the higher SVI in SBR.M, effluent suspended-solids concentra
tions remained comparable between the two systems, generally ranging 
from 60 to 120 mg/L. The total EPS concentration was lowest in the 
ASSR at 25.35 ± 0.17 mg/g VSS, compared with 38.72 ± 0.11 mg/g 
VSS in SBR.C and 45.86 ± 0.18 mg/g VSS in SBR.M (Fig. 5b). In 
contrast, the soluble EPS fraction increased from 3.35 ± 0.01 mg/g VSS 
in SBR.C to 3.51 ± 0.04 mg/g VSS in SBR.M and 3.67 ± 0.11 mg/g VSS 
in the ASSR. The differences in soluble EPS among the reactors were 
statistically significant (p < 0.05). The particle size distributions also 
differed among the reactors (Fig. 5c). The dominant particle-size peak 
was approximately 176 μm in SBR.C, compared with 48 μm in SBR.M 
and 40 μm in the ASSR.

3.3.3. Microbial community and predicted functional profiles
Fig. 6 presents the relative abundance of microbial communities at 

the family level, while Figure S4 presents microbial communities at the 
phylum and genus levels. The results showed that the dominant families 
in SBR.C included Chitinophagaceae (9.3%), Saprospiraceae (7.5%), 
Rhodocyclaceae (7.1%), Moraxellaceae (6.5%), and Comamonadaceae 
(5.8%). At the phylum level, it was dominated by Proteobacteria 
(41.8%) and Bacteroidota (28%), followed by Myxococcota (7.3%) and 
Gemmatimonadota (4.4%). Predatory Bdellovibrionota represented 
0.32% of the community. In contrast, SBR.M showed a different mi
crobial community profile from SBR.C. At the family level, Gemmati
monadaceae increased from 4.4% in SBR.C to 9.4% in SBR.M, while 
Saprospiraceae increased from 7.5% to 10.8%. In contrast, Chitino
phagaceae decreased from 9.3% to 1.2%. At the phylum level, compared 
to SBR.C, Proteobacteria decreased to 35.8%, whereas Gemmatimona
dota increased to 9.4%, Bdellovibrionota to 3.2%, and Patescibacteria to 
4.7%. Meanwhile, the ASSR community was dominated by Bacteroidota 
(41.1%), followed by Proteobacteria (24.4%), Patescibacteria (5.5%), 
and Bdellovibrionota (2.1%). The most abundant families included 
Saprospiraceae (13.4%), Gemmatimonadaceae (6.9%), Comamonada
ceae (6.8%), and Bacteroidetes_vadinHA17 (5.4%). At the genus level, 
Lentimicrobium (2.8%), Haliangium (2.9%), and Bdellovibrio (1.6%) 
were detected in the ASSR.

Several genera commonly associated with nitrogen and phosphorus 
transformations differed between SBR.C and SBR.M. Denitratisoma 
increased from 0.8% in SBR.C to 1.8% in SBR.M, while Pseudomonas 
increased from 0.3% to 0.9%. Thauera decreased from 2% to 1.2%. 
Nitrosomonas represented 0.6% of the SBR.M community, while Can
didatus Nitrotoga increased from 0.2% in SBR.C to 3.2% in SBR.M. 

Fig. 4. Sludge transformation in the inlet and outlet of the ASSR. (a) tCOD, (b) sCOD, (c) NH4
+-N, (d) PO4

3-–P and VFA concentrations during operational.
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Potential PAO-associated genera detected in SBR.M included Dechlor
omonas, which increased from 0.05% to 0.9%, and Gemmatimonas, 
which increased from 0.3% to 0.7%.

The predicted functional profiles derived from the 16S rRNA gene 
data also differed among the reactors (Figures S5 and S6). SBR.C showed 
a relatively greater predicted representation of biosynthetic and 

Fig. 5. Sludge characteristics and settleability. (a) sludge volume index, (b) extracellular polymeric substance fractions, and (c) particle size distribution.

Fig. 6. Family-level relative abundance of microbial communities in SBR.C, SBR.M, and the ASSR.
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cellular-maintenance functions, whereas SBR.M and the ASSR showed a 
relatively greater predicted representation of pathways related to 
organic matter degradation and energy conversion. These results 
represent inferred functional potential based on taxonomic composition 
rather than direct measurements of gene expression or metabolic 
activity.

4. Discussion

4.1. Organic and nutrient removal performance

The comparable tCOD removal in SBR.C and SBR.M indicates that 
the integration of the ASSR did not substantially impair the overall 
organic matter removal capacity of the SBR under the tested conditions. 
The slightly greater variability in the SBR.M effluent may have resulted 
from the return of soluble microbial products, soluble humic substances, 
and partially hydrolyzed EPS generated during anaerobic sludge trans
formation in the ASSR (Corsino et al., 2023). However, the absence of 
persistent COD accumulation in the effluent suggests that a substantial 
fraction of these returned compounds was subsequently degraded in the 
SBR. Similar studies by Peng et al. (2023) have shown that the inclusion 
of ASSR units in the sludge return line does not necessarily compromise 
COD removal.

The comparable average NH4
+-N removal efficiencies in SBR.C and 

SBR.M indicate that repeated sludge exposure to the anaerobic ASSR 
conditions did not substantially affect overall NH4

+-N removal in the 
integrated system, consistent with observations reported for other 
SBR–ASSR configurations (Huang et al., 2021). Despite the additional 
NH4

+-N load generated through sludge mineralization in the ASSR, the 
average effluent NH4

+-N concentration of SBR.M remained comparable 
to that of SBR.C. The lower effluent NO3

- -N concentration in SBR.M 
indicated less nitrate accumulation, but did not reveal whether this 
resulted from higher nitrate reduction or lower nitrate production. The 
COD mass balance showed that the sludge return from the ASSR added 
an additional COD load equivalent to up to 47% of the influent COD load 
to the SBR.M. The return flow may have contained soluble organic 
compounds released through sludge hydrolysis and intracellular storage 
compounds that could be used for denitrification in SBR.M (Morello 
et al., 2024b; Zhou et al., 2015). However, the biodegradable fraction of 
this COD or the proportion specifically used for denitrification was not 
determined. Therefore, ASSR-derived carbon is considered a plausible 
contributor to the lower nitrate accumulation in SBR.M. Because TN, 
organic nitrogen, gaseous nitrogen products, and pathway-specific 
conversion rates were not measured, the relative contributions of 
nitrification, denitrification, mineralization, and biomass assimilation 
could not be resolved.

This accumulation of NO3
- -N in SBR.C at the beginning of the 

anaerobic phase may result in lower TP removal compared to SBR.M. 
Wang et al. (2015) reported that residual nitrate allows denitrifying 
heterotrophs to compete with PAOs for readily biodegradable carbon, 
thereby reducing the amount available for anaerobic storage and sub
sequent aerobic phosphate uptake. With approximately 34 mg acetate/L 
in the influent and around 10 mg/L of NO3

- -N remaining at the start of 
the anaerobic phase, nitrate reduction could have consumed a sub
stantial fraction of the available acetate. The PAO activity test was 
consistent with weak EBPR performance in SBR.C, where anaerobic 
phosphate release occurred, but it was not followed by substantial aer
obic uptake. Because acetate was available throughout the batch test, 
the limited uptake was unlikely to result solely from short-term carbon 
limitation. Recurrent nitrate exposure and the long-term limited avail
ability of carbon for PAO storage metabolism may also have reduced the 
capacity for phosphate uptake (Zhang et al., 2024).

SBR.M achieved higher TP removal than SBR.C, particularly during 
the first 80 d of operation. The additional anaerobic exposure in the 
ASSR may have improved carbon availability for phosphorus cycling 
through sludge hydrolysis, fermentation, and subsequent cell internal 

carbon storage before the biomass was returned to SBR.M (Ferrentino 
et al., 2021; Zhao et al., 2021). PAO activity tests confirmed that the 
SBR.M-ASSR circulated biomass retained phosphorus storage capacity. 
Unlike SBR.C sludge, sludge in SBR.M showed anaerobic phosphate 
release followed by measurable aerobic uptake, while batch tests indi
cated phosphate uptake by ASSR sludge after transfer to aerobic 
conditions.

However, the higher TP removal was not sustained over the opera
tional period. Its decline after day 80 coincided with lower ASSR solids 
loading, VFA production, and phosphate release in the ASSR. The rela
tionship between deteriorating settleability, reduced ASSR solids 
loading, and phosphorus performance is discussed further in Section 4.3. 
Nevertheless, SBR.M maintained better TP removal than SBR.C after the 
decline in VFA production, indicating that soluble VFAs were not the 
only factor controlling phosphorus removal. Intracellularly stored car
bon and repeated circulation of PAO-capable biomass may also have 
contributed (Sun et al., 2021). Overall, the enhanced phosphorus 
removal was a transient operational response rather than a stable 
long-term outcome.

4.2. Interpretation of observed sludge yield reduction and associated 
mechanisms

The observed sludge yield was 42% lower in SBR.M than in SBR.C. 
This difference likely resulted from two co-occurring features of the 
tested configuration: the longer effective SRT of the SBR.M-ASSR com
bination and the repeated anaerobic–aerobic exposure of sludge circu
lated through the ASSR (Cheng et al., 2021). Longer biomass retention 
can reduce observed yield by increasing endogenous respiration, 
maintenance requirements, decay, and biomass turnover, while 
repeated redox transitions may alter the utilization and redistribution of 
organic carbon (Semblante et al., 2016b). Because the effective SRTs in 
the two systems were different, the respective contributions of biomass 
retention and ASSR exposure could not be quantified separately. 
Therefore, the lower observed yield should be interpreted as the net 
effect of the tested SBR–ASSR configuration rather than being attributed 
solely to direct solids destruction in the ASSR. These findings are 
consistent with previous studies demonstrating that ASSR integration 
can reduce observed sludge yield by 30–50% (Huang et al., 2019).

Anaerobic conditions in the ASSR promoted sludge degradation, as 
indicated by increased sCOD, NH4

+-N, VFA, and PO4
3--P concentrations, 

reflecting hydrolysis, fermentation, organic nitrogen mineralization, 
and the release of intracellularly stored phosphorus as phosphate 
(Foladori et al., 2015; Wang et al., 2020). However, tCOD decreased by 
only approximately 11%, indicating that organic matter was mainly 
redistributed from particulate biomass into soluble and mineralized 
fractions rather than extensively removed from the system (Jing et al., 
2026). Consequently, the average net VSS decrease measured across 
the ASSR was only approximately 0.13 g VSS/d, equivalent to about 
25% of the difference in sludge production between SBR.C and SBR.M. 
The remaining unaccounted 75% indicates that most of the reduction 
occurred through lower net biomass formation and greater biomass 
turnover throughout the integrated SBR.M-ASSR system. Organic com
pounds released in the ASSR remained within the system and, after 
being returned to SBR.M, may have been used for maintenance and 
energy generation, further mineralized, stored intracellularly, or recy
cled through lysis–cryptic-growth processes, with only part converted 
into new biomass (Corsino et al., 2023). To be able to fully understand 
the fate of the carbon fraction in this system, more detailed analysis 
should be performed, e.g., by labeled substrate tracking. However, these 
proposed system-level processes provide a plausible explanation for the 
remaining reduction in observed sludge yield.

The microbial communities differed among SBR.C, SBR.M, and the 
ASSR. These differences cannot be attributed exclusively to reactor 
operation because the inocula had different prior conditioning histories. 
Although both originated from the same WWTP, the ASSR inoculum had 
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previously been conditioned under anaerobic thermophilic conditions, 
which may have favored hydrolytic and fermentative populations dur
ing start-up (Monteiro et al., 2026). Nevertheless, approximately 90 d of 
acclimation, equivalent to about nine nominal ASSR retention times, 
together with continuous sludge exchange between SBR.M and the 
ASSR, likely imposed sustained selection under the respective reactor 
conditions. The observed communities therefore reflect both initial 
inoculum conditioning and subsequent long-term reactor selection, 
whose relative contributions could not be separated.

Within this interpretative scope, the greater relative abundance of 
Bacteroidota, Saprospiraceae, Bdellovibrionota, and other groups asso
ciated with polymer degradation in SBR.M and the ASSR was consistent 
with an environment favoring the transformation and reuse of biomass- 
derived organic matter (Cong et al., 2025; Semblante et al., 2017; Xu 
et al., 2018). Predicted functional profiles likewise indicated a greater 
representation of pathways related to organic-matter degradation and 
energy conversion in the integrated system. However, these predictions 
reflect inferred functional potential rather than measured metabolic 
activity and therefore provide supporting, but not conclusive, evidence 
for the proposed mechanisms underlying the lower observed sludge 
yield.

4.3. Sludge characteristics, floc deterioration, and operational trade-offs

The lower observed sludge yield in the integrated system was 
accompanied by poorer sludge settleability, with SVI values in SBR.M 
exceeding 200 mL/g. Nevertheless, effluent suspended-solids concen
trations remained comparable between SBR.C and SBR.M, COD removal 
was maintained, and effluent solids were included in the observed-yield 
calculation. Therefore, the lower yield cannot be attributed to unac
counted biomass washout. Corsino et al. (2023) similarly reported that 
poorer settleability in an ASSR system operated at long SRT, possibly 
associated with filamentous bacteria. Quiescent settling and controlled 
decanting were sufficient to retain sludge under the tested laboratory 
conditions. However, the reduced sludge compaction could require 
longer settling periods, lower decant rates, or greater separation ca
pacity at larger scale, making settleability deterioration an important 
scale-up constraint.

The changes in EPS composition and PSD provide a consistent 
explanation for this poorer settling behavior. The sludge from the ASSR 
contained the lowest total EPS concentration and the highest soluble EPS 
fraction, suggesting that part of the floc-associated matrix was solubi
lized during anaerobic retention, weakening floc cohesion (Corsino 
et al., 2020; Guo et al., 2020a). This was further supported by smaller 
particle sizes in SBR.M and ASSR (48 μm and 40 μm, respectively), 
compared to a dominant particle size of approximately 176 μm in SBR.C. 
The higher total EPS concentration in SBR.M may reflect the accumu
lation of less degradable EPS fractions due to sludge cycling or addi
tional EPS production in response to repeated redox transitions (Guo 
et al., 2020a; Zhao et al., 2023).

The deterioration in sludge settleability also affected ASSR opera
tion. At a constant sludge-interchange rate, the lower concentration of 
settled sludge withdrawn from SBR.M reduced the ASSR solids loading 
from approximately 1.2–1.3 to 0.6–0.8 kg TSS/m3/d, thereby 
decreasing the particulate organic matter and poly-P-containing 
biomass available for hydrolysis, fermentation, and phosphate release. 
This observation provides a plausible process-level link to the concur
rent decline in VFA production, phosphate release, and TP removal 
during the later operational period. Smaller flocs may also have altered 
internal oxygen and substrate gradients (Zou et al., 2025), although 
their effects on PAO and denitrifier activity could not be established 
from the available data. Overall, sludge reduction was achieved without 
deterioration in effluent suspended solids or COD removal under the 
tested conditions, but poorer sludge compaction and reduced ASSR 
loading lowered operational robustness and represent a significant en
gineering trade-off for scale-up.

4.4. Implications and scale-up considerations

From an engineering perspective, the main implication of this study 
is that the ASSR should be considered as an integrated sludge manage
ment unit rather than as an independent sludge destruction reactor. Its 
performance should be evaluated at the plant level, based on the net 
amount of sludge requiring further treatment and disposal while main
taining the required effluent quality. The design objective is not neces
sarily to maximize solids loss within the ASSR itself, but to achieve lower 
overall sludge production without compromising the operation of the 
main biological reactor.

Scale-up requires ASSR volume, sludge exposure to the anaerobic 
famine conditions, and settleability to be optimized together. In this 
study, the 2 L ASSR resulted from the design value of 10% biomass ex
change, volumetric loading rate of 1 kg/m3/d to the ASSR, MLSS con
centration in the SBR.M of 5 g/L and a target side-stream retention time 
of 10 d. The resulting fixed volumetric exchange ratio of 200 mL/d and 
ASSR-to-SBR volume ratio of 0.5 was a practical experimental configu
ration rather than a recommended full-scale ratio. Because the sludge 
concentration varied during operation, the fixed volumetric exchange 
resulted in a variable loading rate to the ASSR, ranging from 0.6 to 
1.3 kg TSS/m3/d. Full-scale design should therefore be based on the 
sludge mass in the activated sludge tanks, the sludge mass exchange 
ratio, and the duration and frequency of anaerobic exposure, rather than 
on reactor volume or volumetric interchange alone. Sludge pre- 
concentration, a smaller ASSR, and shorter retention times could 
reduce the required footprint, but their effects on sludge reduction and 
settleability must be evaluated simultaneously. Previous ASSR studies 
indicate that settleability responses depend on the selected retention 
time and interchange conditions and may deteriorate during long-term 
operation (Semblante et al., 2016a; Velho et al., 2016; Ye et al., 
2008). This means that volumetric exchange will lead to fluctuations in 
ASSR loading rates, similar to the observations in our study. Accord
ingly, sludge transfer should be controlled on a solids-mass basis and 
depending on the sludge concentrations in the return sludge line after 
final clarification.

A relatively large ASSR would increase the required footprint and 
capital investment, but its economic implication should not be assessed 
from reactor volume alone. The appropriate comparison is between the 
annualized capital expenditure (CAPEX) and operating expenditure 
(OPEX) of the ASSR and the avoided costs of sludge thickening, dew
atering, further treatment, transport, and disposal. Thus, increasing the 
total biological treatment volume up to 150% would not necessarily 
result in a proportional increase in total plant cost, because part of the 
additional expenditure may be offset by lower downstream sludge- 
management requirements. The economic feasibility of ASSR integra
tion will depend on whether these avoided costs exceed the annualized 
cost of the additional side-stream unit. Therefore, a plant-wide techno- 
economic assessment is required to determine this balance and to 
identify the combination of ASSR volume, solids loading, and retention 
time that provides the lowest overall treatment cost.

5. Conclusions

The main conclusions of this study are: 

• Integrating the ASSR with the SBR reduced the observed sludge yield 
by 42%, while maintaining comparable COD and ammonium 
removal. Comparable effluent suspended solids, included in the 
solids balance, confirmed that the lower yield was not caused by 
sludge washout.

• The net VSS decrease across the ASSR explained only part of the 
lower observed sludge yield, while the remaining difference likely 
resulted from lower net biomass formation and greater biomass 
turnover under the longer effective SRT and repeated anaero
bic–aerobic exposure of the integrated system.
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• ASSR operation initially increased VFA production and phosphate 
release, which coincided with higher phosphorus removal. These 
benefits weakened as the solids loading to the ASSR decreased. At the 
same time, sludge reduction was accompanied by smaller flocs and 
SVI values above 200 mL/g. Although this did not increase effluent 
suspended solids concentrations under the tested conditions, poorer 
settleability reduced operational robustness and represented the 
main engineering trade-off.

• The ASSR-to-SBR volume ratio of 0.5 resulted from the selected 10 
d side-stream retention time and is not a full-scale design recom
mendation. Future work should define the operating window for 
solids loading, retention time, and sludge interchange that maintains 
sludge reduction with acceptable settleability and a smaller ASSR 
volume, in order to establish design parameters for full-scale 
application.
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