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A B S T R A C T

This study proposes the integration of a new P-recovery strategy through the use of a side stream enhanced 
biological P removal (S2EBPR) process. To evaluate this alternative, a 150 L pilot-scale anaerobic/anoxic/aer
obic (A2O) plant was operated with a side-incorporated reactor (10 or 23 L) to work as an anaerobic side stream 
sludge fermenter (SSSF). The P removal performance and possible P-recovery under different hydraulic residence 
time in the SSSF were evaluated. The integration of the SSSF in the A2O configuration provided an excellent 98 % 
P-removal and allowed to create in the SSSF a stream with a very high soluble phosphate concentration (up to 
196.5 ± 10.9 mgP/L). The supernatant of the wasted activated sludge (WAS) discharged from the SSSF contained 
as soluble phosphate up to 40 % of the total P input to the plant.

1. Introduction

Phosphorus (P) is a crucial element for biological processes, yet its 
excessive quantities in aquatic ecosystems results in eutrophication. The 
global P demand is steadily rising due to population growth and the 
increased agricultural fertilizers requirements. As a finite resource, 
concerns about P scarcity have emerged [1]. Some claim that P reserves 
can stand for at most 300 years [2], while others adopt a more conser
vative perspective according to the assumption of ‘peak phosphorus’ 
[3]. Regardless, there is a consensus on the need to optimize P utilization 
which includes implementing P-recovery strategy in P cycles. Recov
ering P from wastewater offers a sustainable approach to reduce reliance 
on mined P while preventing its excessive discharge into waterways [4]. 
Studies suggest that approximately 15 – 20 % of the global P demand 
could be satisfied through P-recovery from municipal wastewater [5,6]. 
Consequently, developing sustainable and efficient methods for P 
removal and recovery from wastewater is imperative.

Enhanced biological phosphorus removal (EBPR) is a cost-effective 
and efficient method for P removal from wastewater compared to 
chemical precipitation. It necessitates alternating anaerobic and aerobic 
(or anoxic) conditions to cultivate polyphosphate-accumulating organ
isms (PAO). PAO can uptake carbon sources, mainly volatile fatty acids 
(VFA), under anaerobic conditions by using the energy derived from 
intracellular polyphosphate (poly-P) hydrolysis, glycolysis and tricar
boxylic acid cycle to covert VFA as polyhydroxyalkanoates (PHA), 

which are stored intracellularly [7]. Subsequently, PAO are capable to 
use the stored PHA as carbon source and energy resource under aerobic/ 
anoxic conditions to grow, replenish internal glycogen reserves and 
accumulate P as poly-P [8]. One important objective in EBPR systems is 
to enhance PAO activity and prevent the proliferation of other com
petitors such as glycogen accumulating organisms (GAO), which do not 
contribute to the bio–P release/uptake processes [9,10].

However, real/full-scale EBPR systems often face challenges due to 
low influent carbon source, excessive nitrite/nitrate load from the 
external recycle or hydraulic shocks [11,12]. Optimizing key opera
tional parameters, such as carbon/nitrogen/phosphorus (C/N/P) ratio 
[13], dissolved oxygen (DO), sludge retention time (SRT) [14] and 
properly designed configuration [15], operation [16] and control [17], 
are crucial for efficient EBPR. To address carbon limitations, external 
carbon source supplementation [18] or on-site primary/secondary 
sludge fermentation can be implemented [19]. The side stream 
enhanced biological P removal (S2EBPR) process integrates a side- 
stream sludge fermenter (SSSF) into a conventional EBPR configura
tion, offering an improved EBPR operation by generating additional VFA 
and reducing external carbon needs [19]. Generally, a proportion (4 % −
30 %) of return activated sludge (RAS) is diverted to the SSSF and its 
effluent is returned to the mainstream receiving influent [15,20]. 
S2EBPR can lead to more efficient C/N/P-removal compared to con
ventional EBPR process and, consequently, the number of full-scale 
applications of S2EBPR facilities worldwide is increasing [21]. For 
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instance, a full-scale pilot study proved that both P-removal and deni
trification were improved when 100 % of RAS was diverted to the SSSF 
[19]. Sabba et al. [22] conducted pilot and modelling studies of S2EBPR, 
showing that the RAS diversion ratio of roughly 20 %-25 % would lead 
to an optimal P effluent. Lv et al. [23] operated a 44 L lab-scale S2EBPR 
under 4 different RAS diversion ratios (13.3 %, 10.0 %, 8.0 % and 6.7 
%), revealing that RAS diversion ratios above 10.0 % had a negative 
effect on P-removal performance.

In view of P-recovery, within conventional EBPR processes, the pri
mary opportunity for P-recovery lies in the wasted P-enriched sludge 
[24]. This sludge typically originates from the external recycle line and 
exhibits a high poly-P content due to the activity of PAO. While the EBPR 
process achieves high P removal efficiencies (approximately 90–95 % 
influent P is incorporated into the sludge), effective P-recovery neces
sitates additional treatment of the sludge stream aiming to maximize the 
release of intracellular poly-P from the P biomass [25]. Another poten
tial avenue for P-recovery is in the mainstream line itself [26]. However, 
it has been pointed out that there is a maximum amount (around 60 %) 
that can be extracted from the mainstream P configuration without 
hindering PAO activity [27]. The so-called mainstream P-recovery can 
enhance P-removal performance even with influents with a relatively 
low chemical oxygen demand (COD) to P ratio. Compared to sludge- 
based recovery, mainstream P-recovery offers advantages since the 
presence of calcium (Ca2+), magnesium (Mg2+), and/or silicate ions in 
sludge can hinder the transition of P from the solid to liquid phase, 
leading to significant variations in P-recovery efficiency (0–75 %, [6]).

The previous focus in the P-recovery field has been to generate P-rich 
supernatant that eases P precipitation and, thus, P-recovery. However, 
values of 30–70 mg/L are typically reported [28]. There are even less 

studies focused on P-recovery in a S2EBPR process. Zhu et al. [29]
proposed an AAO-SBSPR (anaerobic/anoxic/oxic-sequencing batch side 
stream P recovery) process for achieving high P-recovery rate (up to 65 
%). In this configuration, a controlled portion of the influent carbon 
substrate was directed to the side stream P-recovery reactor. The impact 
of P-extraction on the intracellular P content of the mainstream sludge 
was controlled, enabling stable process operation at high P-recovery 
rates. Lately, Zhang et al. [30] demonstrated through a 150 L pilot plant 
that the VFA produced in the SSSF was used in-situ for PAO leading to a 
stream with a high P content (above 100 mg/L), but the potential and 
stability of this P-recovery process was lack of investigation.

Therefore, this work aims to demonstrate the possibility of using the 
S2EBPR configuration to aid P recovery. It comprehensively studies 
different operating conditions of the SSSF reactor to produce a highly 
enriched P-concentrated stream that can be used for P-recovery, 
significantly increasing the amount of P recovered compared to other 
configurations.

2. Materials and methods

2.1. Equipment and operation parameters

S2EBPR (Fig. 1) is a modification of the classical A2O configuration, 
the latter consisting of three continuous stirred tank reactors: anaerobic 
(R1, 28 L), anoxic (R2, 28 L), aerobic (R3, 90 L) and a settler (50 L). An 
additional SSSF (10/23 L) was integrated to the A2O plant to collectively 
form a S2EBPR configuration. The SSSF was a continuous stirred tank 
reactor that received part of RAS and was operated under anaerobic 
conditions to promote sludge fermentation. The A2O reactors were 

Fig. 1. Schematic diagram of the S2EBPR configuration implemented in this work.
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monitored on-line with DO (HACH CRI6050), pH (HACH CRI5335) and 
temperature probes (Axiomatic Pt1000) connected to multimeters 
(HACH CRI-MM44). Data acquisition and process control was performed 
through the AddControl software (LabWindows CVI, National In
struments) developed in our research group for process monitoring and 
control [31]. The system was operated at room temperature (22 ± 2 ℃). 
The flow between reactors, wasted activated sludge (WAS) and RAS was 
regulated by means of fixed speed peristaltic pumps (Watson Marlow 
520-FAM) with timed on-time managed by the AddControl software. 
The biomass for inoculation was obtained from the municipal waste
water treatment plant (WWTP) of Manresa (Catalonia, Spain).

The plant was operated (Fig. 1) with influent flowrate QIN = 147 L/d, 
internal recycle QIR = 450 L/d, and external recycle QER = 105 L/d. The 
whole experimental period was divided into six operational periods 
(Table 1), where periods II − VI were used to study the feasible P-re
covery from the SSSF. Different SSSF hydraulic residence times 
(HRTSSSF) were established by adjusting the flowrate of RAS diverted to 
this reactor (QSSSF_input). WAS was discharged from the SSSF at QWA = 3 
L/d to maintain the desired SRT (17 to 24 days), but it also contained the 
P to be recovered. The HRTSSSF was in the range of 1–––2.5 days in 
alignment with previous studies [19,30]. The higher HRT tested of 2.5 
days in the 10 L SSSF resulted in QSSSF_input = 4 L/d, QWA = 3 L/d and 
consequently QSSSF_output = 1 L/d, which was considered to be the lowest 
flowrate from the SSSF to the anaerobic reactor that could have a sig
nificant impact on converting the A2O configuration to an S2EBPR 
configuration. The HRTSSSF was adjusted when the plant reached 
pseudo-steady state, defined as the point at which the P concentration in 
the SSSF stabilised at around 10 % of its mean value. In the final 
experimental phase (period VI), a larger SSSF (23 L) was used to 
investigate the impact of increasing the RAS diversion ratio towards the 
SSSF (QSSSF_input) on S2EBPR performance while maintaining a constant 
HRTSSSF. The pH measured in the SSSF was in the range of 6.1–6.8 
during all periods (Fig. S1).

The synthetic plant influent was made by diluting a concentrated 
solution with a tap water stream to a total flow rate of 147 L/d. The 
composition of the concentrated solution followed a previous study [25]
and is shown in table S1. The influent COD concentration (CODIN) was 
600 mg/L, with a COD load (CODLOAD) of 88.5 g/d and a COD ratio of 
1:1 of sodium propionate and sodium acetate. The phosphorus in the 
influent (PIN) was 10 mg P-PO4

3-/L and the load of P (PLOAD) was 1.48 g/ 
d, while the influent ammoniacal nitrogen (NINF) was 40 mg N-NH4

+/L 
and the nitrogen load (NLOAD) 5.9 g/d.

The reported SRT in A2O and S2EBPR configurations was calculated 
as Eqs. (1) and (2). 

SRTA2O =
VANA⋅XANA + VANOX⋅XANOX + VAER⋅XAER

QWA⋅XAER + QEF⋅XEF
(1) 

SRTS2EBPR =
VANA⋅XANA + VANOX⋅XANOX + VAER⋅XAER + VSSSF⋅XSSSF

QWA⋅XSSSF + QEF⋅XEF
(2) 

Where VANA, VANOX, VAER and VSSSF (L) were the volumes of the 
anaerobic, anoxic aerobic and SSSF reactors, XANA, XANOX, XAER and 
XSSSF (g/L) their total suspended solids (TSS) concentrations, and XEF (g/ 
L) the TSS in the effluent. QWA was the WAS flowrate from the aerobic 
reactor in the A2O configuration, and from the SSSF for the S2EBPR. QEF 

(L/d) was the effluent flowrate.

2.2. Performance indicators

Regarding the removal performance for P, N and COD (PREM, NREM 
and CODREM, g/d), they were calculated as Eqs. (3)–(5), where PDIS_EF, 
TNDIS_EF, CODDIS_EF (g/d) are the soluble P, N and COD discharge in the 
effluent, PIN, NIN, CODIN (g/L) the concentrations of P, N and COD in the 
influent and PEF, TNEF, CODEF (g/L) the concentrations of soluble P, TN 
(sum of N-NH4

+, N-NO3
- and N-NO2

- ) and COD in the effluent. 

PREM = PLOAD − PDIS EF = PIN⋅QIN − PEF⋅QEF (3) 

TNREM = NLOAD − TNDIS EF = NIN⋅QIN − TNEF⋅QEF (4) 

CODREM = CODLOAD − CODDIS EF = CODIN⋅QIN − CODEF⋅QEF (5) 

The fate of NLOAD was calculated with equations (S1-S9) of the Supple
mentary Information (SI), with i) NEFFS and NWASS as soluble N dis
charged in the effluent and WAS, ii) NEFFB and NWASB as N in the biomass 
in the effluent and WAS, iii) NLIQUID as the total soluble N, iv) NBIOMASS 
as the total N in the biomass, v) NEFF and NWAS as the total nitrogen in 
the effluent and WAS, and vi) NDENITRIFIED as the N denitrified in form of 
N2.

Similarly, the fate of the inlet CODLOAD was calculated with equa
tions (S10-S18) of the SI, with i) CODEFFS and CODWASS as soluble COD 
discharged in the effluent and WAS, ii) CODEFFB and CODWASB as COD in 
the biomass in the effluent and WAS, iii) CODLIQUID as the total soluble 
COD, iv) CODBIOMASS as the total COD in the biomass, v) CODEFF and 
CODWAS as the total COD in the effluent and WAS, and vi) CODMINER

ALIZED as COD oxidised as CO2.

2.3. Chemical analysis

Liquid samples for analysis of soluble phosphate, COD, ammonium, 
nitrate and nitrite were withdrawn from every reactor almost daily. 
After the filtration with 0.22 µm filters (Millipore), phosphate was 
analysed by a phosphate analyser (115 VAC PHOSPHAX sc, Hach- 
Lange); ammonium concentration by kits (LCK303, 304, Hach); nitrate 
and nitrite were detected with Ionic Chromatography (DIONEX ICS- 
2000). COD samples during period III were measured by the multi N/ 
C pharma series equipment (2100S/1, Analytikjena). COD samples 
during period I, II, IV, V and VI were measured by commercial kits (LCK 
314, 714, Hach) and a spectrophotometer (DR3900, Hach-Lange). 
Sludge samples were withdrawn from the reactors and effluent for the 
analysis of mixed liquor volatile suspended solids (VSS) and TSS by a 
heating oven (UF75, Memmert) and a high temperature muffle furnace 
(12/PR300, Hobersal). The sludge volume index (SVI) was calculated as 
volume (mL) of sludge from the aerobic reactor after settling for 30 mins 
over the TSS (g/L) measured on the same day. The analytical method
ologies employed have previously been demonstrated to be reliable, and 
thus no replicates were conducted in general, as the results would be 
deemed sufficiently robust.

Table 1 
Operational conditions for each experimental period.

Period Day operation Process VSSSF (L) RAS diversion rate to SSSF (%) HRTSSSF (d) WAS position WAS flow (L/d)

I 1–28 A2O − − − Aerobic 7
II 29–81 S2EBPR 10 4.8 2 SSSF 3
III 82–141 S2EBPR 10 6.3 1.5 SSSF 3
IV 142–155 S2EBPR 10 9.0 1 SSSF 3
V 156–230 S2EBPR 10 3.8 2.5 SSSF 3
VI 231–293 S2EBPR 23 8.3 2.5 SSSF 3
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2.4. P-recovery opportunities

During the S2EBPR process, there were three potential locations for 
P-recovery: i) aerobic WAS, ii) SSSF effluent or iii) anaerobic WAS. In 
this study, P-recovery through aerobic WAS was discarded due to the 
requirement for additional treatment to release intracellular poly-P for 
efficient P-recovery [25,30]. The P-recovery efficiency from SSSF 
effluent (PRESSSF, %) was calculated as Eq. (6), where PSSSF (g/L) 
referred to the soluble P concentration in the SSSF effluent. 

PRESSSF(%) =
PSSSF⋅QWA

PLOAD
⋅100% (6) 

The P-recovery efficiency from anaerobic WAS stream (PREANA, %) was 
theoretically calculated assuming the same SRT as in S2EBPR. The 
theoretical WAS flowrate from anaerobic reactor (QWA_ANA, L/d) to 
maintain the current SRT was calculated by Eq. (7). The PREANA (%) was 
calculated according to the PANA (g/L) concentration as shown in Eq. (8). 

QWA ANA =
XSSSF⋅QWA

XANA
(7) 

PREANA(%) =
PANA⋅QWA ANA

PLOAD
⋅100% (8) 

Visual MINTEQ [32] was then used to simulate the P-recovery potential 
in WAS stream of period V (HRTSSSF of 2.5 d) under different concen
trations of Mg2+, N-NH4

+ and Ca2+ following our previous work [25].

3. Results and discussion

3.1. Long-term performance evaluation of the S2EBPR system

The pilot-scale S2EBPR was operated for 293 days in addition to the 
first 70 days as A2O start-up period. The performance of soluble P-PO4

3-, 
N and COD removal during the experimental period are shown in Fig. 2

and Table 2. Fig. 3 shows the biomass concentration in the mainstream 
and side stream and biomass status along all periods. During the A2O 
operation (Period I), the P-PO4

3-removal efficiency increased over time 
up to an average of 85.6 ± 5.4 %.

3.1.1. P dynamics at different HRTSSSF
Once the SSSF was integrated (period II, i.e. 4.8 % of the RAS 

diverted to the SSSF and HRTSSSF = 2 d), PSSSF (Fig. 2a) showed a first 
peak after 10 days (day 40) indicating the significant effect of the SSSF 
on the biomass and leading to a high P-release. This resulted in a slight 
biomass loss and a lower PSSSF that did not compromise the S2EBPR 
performance. The PSSSF rose again after mixing conditions were 
improved (stirring speed was increased from 280 rpm to 300 rpm) and 
the walls were cleaned. Then, the PSSSF reached an average of 184.3 ±
11.2 mg/L in the last days of period II. The integration of the SSSF 
resulted in an improvement of PAO activity and PANA increased from 
47.8 ± 4.2 mg/L (Period I, A2O) to 59.8 ± 6.4 mg/L (Period II), while 
the effluent P decreased from 0.21 ± 0.08 mg/L to 0.02 ± 0.02 mg/L. 
That led to a higher P-removal efficiency of 98.6 ± 1.1 % vs 85.6 ± 5.4 
%. This extra anaerobic period in the SSSF with continuous VFA pro
duction seemed to promote the competitive advantage of PAO over GAO 
[15]. VFA were rapidly utilized within the SSSF, maintaining a low 
steady state VFA concentration despite its continuous production.

The HRTSSSF was decreased to 1.5 d in period III (i.e. 6.3 % of the RAS 
diverted to the SSSF) to better understand the influence of SSSF on 
S2EBPR performance. It resulted in a decrease in PSSSF (113.4 ± 13.8 mg 
/L, days 84–109), associated with a sludge bulking event, the cause of 
which was not determined. The decrease in HRT increased the organic 
load, which would have triggered the production of excess EPS, resulting 
in viscous bulking (i.e. non-filamentous bulking) [33]. The diversion of 
carbon to EPS affects the settleability properties and hinders the P- 
removal performance of the whole S2EBPR system [23,30]. After 
manual removal of all floating biomass (day 110), the plant took 11 days 
to recover the previous biomass levels (Fig. 3), and no additional viscous 
bulking episodes were detected despite similar operational conditions. 

Fig. 2. Phosphorus fate throughout the experimental operation as A2O (Period I) and S2EBPR (Periods II-VI). (a) Concentrations in the influent and reactors. (b) P 
load in the input (PLOAD), P load removed (PREM), soluble P load discharged in the effluent (PDIS_EF) and soluble P load in the WAS (PWAS).
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The biomass concentration stabilized over the next 20 days and the SSSF 
reached an average PSSSF of 113.4 ± 13.8 mg P/L (Fig. 2a). PANA 
remained at 56.4 ± 5.2 mg/L and the plant was able to remove 98.3 ±
1.0 % of P. Despite the decrease in PSSSF, the decrease of HRTSSSF did not 
show a significant effect on the mainstream S2EBPR performance.

The HRTSSSF was then decreased to 1 d (period IV, i.e., 9.0 % of the 
RAS) to push the system to its limits and, as expected, PSSSF was dras
tically reduced to 75 mg/L in a single day (day 143) and remained 
around 67.7 ± 7.0 mg/L for the following 11 days (days 144–155). 
Again, this change in the SSSF performance did not compromise the 
overall S2EBPR performance and PANA remained at 57.6 ± 4.9 mg/L and 
P-removal efficiency at 98.9 ± 0.3 %. Integration of an SSSF appeared to 
improve the overall P-removal efficiency over a wide range of SSSF 
performance levels.

The HRTSSSF was then increased to 2.5 days (period V, i.e. 3.8 % of 
the RAS diversion), achieving the maximum PSSSF levels of this study of 
around 200 mg/L. PANA also increased up to 62.1 ± 5.5 mg/L, without 
compromising the high P-removal efficiency of 98.8 ± 0.4 %. Finally, 
period VI was conducted in a 23 L SSSF, maintaining the same HRTSSSF 
but with a higher RAS diversion ratio (i.e. 8.3 % of the RAS), to reveal 
the effect of a higher SSSF volume on the S2EBPR performance. It took 
23 days to reach steady state (days 235–257), and then stabilized for 
more than a month. PSSSF reached an average of 195.5 ± 10.7 mg/L, 
with a high P-removal efficiency of 97.9 ± 1.1 %. These results were 

similar to those of period V (Table 2), which reveals the positive relation 
between P concentration and HRTSSSF. independently of the SSSF size.

The major outcome of this almost one-year experimental period in a 
pilot-scale S2EBPR plant is that a stream with a high P concentration can 
be generated (about 200 mg P/L), which is extremely suitable for P- 
recovery (see Section 3.3). The highest PSSSF concentration was 196.5 ±
10.9 mg/L during period V. This is the highest P concentration reported 
from a side stream RAS fermenter to date. High P values were obtained 
within a wide range of HRTSSSF. Vollertsen J et al. [34] reported average 
P concentrations of 28 mg/L and 41 mg/L from side stream hydrolysis 
tanks in two different full-scale plants. The most recent study by Lv et al. 
[23] reported an average P of 131.8 ± 4.9 mg/L in the side stream 
reactor when diverting 8 % of RAS in a 44 L lab-scale S2EBPR. Moreover, 
we also showed that high PSSSF values were also maintained in the larger 
SSSF reactor and, thus, that PSSSF is dependent mostly on HRT. On the 
other hand, a larger SSSF requires a higher RAS diversion ratio for a 
certain HRTSSSF which may hinder the energy balance of the system.

3.1.2. COD and N removal performance
Independently of the good P-removal performance, Table 2 presents 

the dynamics of N and COD removal throughout the operational periods. 
N removal performance in the A2O period showed an average of 79.1 ±
1.8 %. The SSSF produced a stream with 7 to 24 mg/L N-NH4

+. The 
differences in global N removal efficiencies were within the range of 
experimental deviations observed during pilot plant operation (Table 2), 
and therefore the SSSF integration did not show any remarkable effect 
on N removal in this study.

The COD concentration in the SSSF reactor (CODSSSF) increased with 
the HRTSSSF as the biomass fermentation process was promoted. Not all 
the COD produced by sludge fermentation was used by PAO and the 
SSSF effluent contained COD in the range of 60 to 180 mg /L besides the 
high P concentration. The highest CODSSSF concentration (177.3 ± 19.9 
mg/L) was obtained under the highest HRTSSSF. The diversion of organic 
matter to the mainstream may be of interest if additional COD is 
required to achieve the targeted nutrient removal, but it must also be 
considered that the SSSF effluent contains a certain concentration of 
nitrogen from biomass decay. In the present case, no COD limitation was 
observed, as the influent COD was sufficiently high.

3.1.3. Biomass evolution
Besides good P, N and COD removal performance, the biomass 

showed relevant changes during all the periods (Fig. 3, Table S2). The 
solids in the SSSF were always higher than that in the mainstream due to 
the use of the concentrated stream from the settler. On average for the 
10 L SSSF reactor, VSSSSSF was 1.83 ± 0.12 times VSSAER, and TSSSSSF 
was 1.72 ± 0.10 times TSSAER. These ratio values are consistent with 
theoretical calculations based on the input flowrate of the settler and the 
output flowrate of the settled biomass, around 1.74. Fig. S2(a) repre
sents the ratios VSSSSSF/VSSAER and TSSSSSF/TSSAER with respect to 
HRTSSSF. A careful analysis reveals some interesting trends (except for 
the operation at HRTSSSF = 1 d during Period IV, which had a shorter 
operating time, and the system probably did not reach a steady state). 
VSSSSSF/VSSAER has a slight trend to decrease with HRT, probably 
related to the increased biomass decay at higher HRTs. On the other 
hand, the decreasing trend for TSSSSSF/TSSAER is more pronounced due 
to the increased poly-P hydrolysis at higher HRT.

The highest biomass concentration in the SSSF was VSS = 5.45 ±
0.37 g/L and TSS = 6.23 ± 0.48 g/L in period VI (HRTSSSF = 2.5 days, 
table S2). The highest VSS concentration in the mainstream (2.83 ±
0.10 g/L) was observed in period II with the first integration of the SSSF. 
The VSS/TSS ratio in AER averaged 0.85 ± 0.01 in the A2O period and 
decreased to 0.81 ± 0.01 when the SSSF was integrated, indicating 
higher PAO activity during S2EBPR (Table S2). The VSS/TSS ratio in the 
SSSF was always higher than that of AER and showed a positive corre
lation with HRTSSSF (Fig. S2(b)). This trend was clearly related to the 
anaerobic hydrolysis of poly-P in the SSSF, which increased with 

Table 2 
P, N and COD removal performance for each experimental period at pseudo 
steady state.

Period 
I

Period 
II

Period 
III

Period 
IV

Period 
V

Period 
VI

PLOAD (g/d) 1.48 ±
0.00

1.48 ±
0.00

1.48 ±
0.00

1.48 ±
0.00

1.48 ±
0.00

1.48 ±
0.00

PSSSF (mg/ 
L)

− 184.3 
± 11.2

113.4 
± 13.8

67.7 ±
7.0

196.5 
± 10.9

195.5 
± 10.7

PANA (mg/ 
L)

47.8 ±
4.2

59.8 ±
6.4

56.4 ±
5.2

57.6 ±
4.9

62.1 ±
5.5

69.8 ±
10.5

PDIS_EF (g/ 
d)

0.21 ±
0.08

0.02 ±
0.02

0.03 ±
0.02

0.02 ±
0.00

0.02 ±
0.01

0.04 ±
0.03

Absolute P 
removal (g/ 
d)

1.26 ±
0.08

1.46 ±
0.02

1.45 ±
0.02

1.46 ±
0.00

1.46 ±
0.01

1.44 ±
0.03

P removal 
efficiency 
(%)

85.6 ±
5.4

98.6 ±
1.1

98.3 ±
1.0

98.9 ±
0.3

98.8 ±
0.4

97.9 ±
1.1

NLOAD (g/d) 5.9 ±
0.0

5.9 ±
0.0

5.9 ±
0.0

5.9 ±
0.0

5.9 ±
0.0

5.9 ±
0.0

NH4
+-NSSSF 

(mg/L)
− 21.5 ±

1.8
15.8 ±
5.4

7.1 ±
0.7

23.9 ±
2.7

22.4 ±
0.9

TNDIS_EF (g/ 
d)

1.2 ±
0.1

1.4 ±
0.1

1.1 ±
0.3

1.3 ±
0.2

1.6 ±
0.3

1.1 ±
0.5

Absolute N 
removal (g/ 
d)

4.7 ±
0.1

4.5 ±
0.1

4.8 ±
0.3

4.6 ±
0.2

4.3 ±
0.3

4.8 ±
0.5

N removal 
efficiency 
(%)

79.1 ±
1.8

76.6 ±
1.9

81.5 ±
4.6

78.5 ±
2.9

72.9 ±
5.3

81.4 ±
8.4

CODLOAD 

(g/d)
88.5 ±
0.0

88.5 ±
0.0

88.5 ±
0.0

88.5 ±
0.0

88.5 ±
0.0

88.5 ±
0.0

CODSSSF 

(mg/L)
− 109.7 

± 12.0
66.4 ±
18.9

85.0 ±
8.5

177.3 
± 19.9

159.3 
± 26.6

CODDIS_EF 

(g/d)
0.8 ±
0.3

1.1 ±
0.3

4.2 ±
1.0

1.1 ±
0.1

1.0 ±
0.3

0.8 ±
0.1

Absolute 
COD 
removal (g/ 
d)

87.7 ±
0.3

87.4 ±
0.3

84.3 ±
1.0

87.5 ±
0.1

87.5 ±
0.3

87.7 ±
0.1

COD 
removal 
efficiency 
(%)

99.1 ±
0.3

98.7 ±
0.4

95.3 ±
1.1

98.8 ±
0.1

98.9 ±
0.3

99.1 ±
0.1
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increasing HRTSSSF, in agreement with Fig. S2(a).
The findings from our experiments on sludge bulking agree with 

existing literatures. Previous works identify operational fluctuations 
(food to microorganism (F/M) ratio, influent loads, nutrient limitations 
or deficiencies, and low DO concentrations) as key factors in bulking 
during EBPR [33,35,36]. The integration of SSSF technology may 
intensify some of these factors, potentially leading to a deterioration in 
solids settleability. Indeed, we observed a substantial SVI increase (from 
42 to around 100 mL/g) after SSSF integration. This SVI value was 
maintained throughout the operation with the 10 L SSSF and did not 
compromise plant performance. Moving to a larger SSSF resulted in an 
increase in SVI up to 190 ± 11 mL/g, probably due to the increased SRT 
which would have resulted in a lower F/M ratio and a decrease in the 
percentage of aerobic SRT from 55.2 ± 1.2 to 46.8 ± 0.8 % (Table S2), 
but it did not hinder EBPR performance. The effluent solids concentra
tion was not significantly affected by the implementation of the SSSF, 
with values in the range of 0.04 ± 0.02 g/L throughout the experimental 
period (Fig. S3).

The addition of the SSSF increased the overall amount of biomass in 
the plant compared to the A2O configuration, resulting in a higher SRT 
with a fixed QWA (Table S2). The SRT with the A2O configuration was 
14.9 ± 1.7 d (period I) and it increased up to 21.9 ± 3.0 d with the SSSF 
in Period V (HRTSSSF = 2.5 d). With the larger SSSF (23 L), the SRT 
increased again to 23.4 ± 1.4 d (HRTSSSF = 2.5 d, period VI) due to both 
the increase of VSS and the reactor volume.

3.2. Mass balances

3.2.1. Phosphorus mass balance
The P mass balance was calculated based on the flowrate and the 

average P-PO4
3-concentration in each unit when the system was at 

pseudo steady state in each operational period. The P was mostly dis
charged out of the system in the WAS from SSSF, with a smaller fraction 
of P in the effluent as soluble phosphate and contained in the suspended 
solids in this stream. The proportion of P discharged from effluent solids 
were generally low with longer HRTSSSF due to increased hydrolysis of 
poly-P (Fig. 4). The present study aimed to investigate the potential 
applicability of P-recovery strategies within the context of the S2EBPR. 
Thus, it is essential to know which phase contains a higher load of P as 

well as its concentration.
A positive correlation was observed between HRTSSSF and the extent 

of P release in both the anaerobic tank and the SSSF (Fig. S2(c)). The 
trend of higher P concentration at higher HRTSSSF is unlikely to be 
maintained and saturation of P concentration would probably be 
observed at higher HRT.

The high P release in the SSSF was due to the VFA generated in the 
SSSF via biomass decay/fermentation and subsequently consumed in- 
situ by PAO, since there was a minimal content of soluble P in QSSSF_input 
(0.001–0.003 gP/d). A P release of 0.785 g/d was observed in the 10 L 
SSSF at HRTSSSF of 2.5 days. This amount increased to 1.757 g/d when 
the 23 L SSSF was used with the same HRTSSSF, since similar PSSSF was 
obtained but the flowrate and volume were higher. A larger reactor may 
then cause too much P to be released and the plant ability to uptake all 
this P could be compromised. In a previous work [30], QWA was not 
extracted from the SSSF and hence QSSSF_output contained a high amount 
of P that was diverted again to the mainstream. That resulted in a sig
nificant rise in the P load and, thus, limitations in the P-removal per
formance of the S2EBPR system.

The amount of P from the anaerobic to the anoxic reactor varied from 
14.63 g/d (992.1 % to the input P load) at a HRTSSSF of 1 day to 17.69 g/ 
d (1198.9 % to the input P load) at a HRTSSSF of 2.5 days and 23 L. This 
flow comprises all the input P to the anaerobic reactor (i.e. QIN, QER and 
QSSSF_output) plus the amount of P released. The amount of P released in 
the anaerobic reactor relies on the organic load and the PAO activity. As 
observed, it increased with a higher HRTSSSF because of the enhanced 
PAO activity, for instance, 12.66 g/d at a HRTSSSF of 1 day to 13.17 g/ 
d at a HRTSSSF of 2.5 days. However, the higher value (15.02 g/d) 
observed in the case of the 23 L SSSF is most likely due to a higher 
amount of P coming from the SSSF with the higher QSSSF_output flowrate 
(6 L/d) (at the same concentration about 200 mg/L).

3.2.2. Nitrogen mass balance
N discharge can be divided into these three outputs (Table 3): NEFF 

including soluble N in the effluent (NEFFS) and in the biomass (NEFFB), 
NWAS including soluble N (NWASS) and in the biomass of the WAS 
(NWASB), and finally NDENITRIFIED as N2. When only focusing on the NEFFS, 
it seems that the addition of SSSF neither improved nor weakened the N 
removal performance. The SSSF integration provides a key benefit by 

Fig. 3. Evolution of the biomass during different operational periods. (a) TSS concentrations in the SSSF and aerobic tank, (b) sludge volume index of the aerobic 
reactor (SVI), and (c) sludge retention time (SRT).
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Fig. 4. P mass balance of each operational period at pseudo steady state. Data represent soluble P, except for EFFB and WASB, which refer to the P in the biomass of 
the effluent and WAS stream. Values without a sign are the P-PO4

3-load (g/d), values with a plus or minus sign represent P-PO4
3-release and P-PO4

3- uptake (g/d). Values 
in brackets stands for the percentage of P-PO4

3- discharge from each unit compared to the plant P-PO4
3- input (e.g. in (a), the anaerobic 1198.9 % is calculated from 

17.69/1.475).
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providing a reactor where the nitrate recycled into the SSSF is 
completely denitrified. This partial nitrate reduction can be critical 
because high nitrate levels in QER can hinder PAO activity in the sup
posedly anaerobic reactor of the mainstream. This aligns perfectly with 
the design principles of the S2EBPR, which aims to maintain EBPR 
despite changing influent conditions.

In the A2O period, N-removal reached 4.7 ± 0.1 g/d, resulting in a 
percentage of N in the effluent (NEFFS, %) of 20.9 ± 2.0 % compared to 
the total N input (5.90 g/d). Consequently, the NBIOMASS (%) remained at 
49.0 ± 4.0 % (Table 3). In S2EPBR, the proportion of NBIOMASS (%) 
tended to decrease particularly when operated with shorter HRTSSSF, for 
example, 43.0 ± 3.5 % in period V (2.5 d) vs 32.8 ± 1.7 % in period IV (1 
d). This is mainly related to the fact that less N-NH4

+ was released 
through cell decay/lysis in the SSSF at shorter HRTSSSF [37].

3.2.3. COD mass balance
Similarly, the potential COD discharge outlets are: 1) effluent 

(CODEFF), as dissolved in the liquid phase (CODEFFS) or contained in the 
biomass (CODEFFB), 2) WAS (CODWAS), as dissolved in the liquid phase 
(CODWASS) or contained in the biomass (CODWASB), and 3) mineralized 
COD (CODMINERALIZED). Table 4 summarises the COD mass balance 
under all operational periods. The additional carbon generated via hy
drolysis/fermentation in the SSSF were not considered as extra load to 
the mainstream since the COD load in QSSSF_output was always below 1 % 
of the total COD load.

Table 4 demonstrates near-complete COD removal throughout the 
experimental study. The effluent in the A2O period exhibited a low 
CODEFFS of 0.9 ± 0.3 % of the total influent CODLOAD, and this per
centage remained relatively constant during the S2EBPR periods. 
Regarding CODWASS, it was higher in the S2EBPR operation compared to 
the A2O period, but it did not affect the plant performance because QWA 
was much lower than QIN. The CODWASB showed a positive trend with 
HRTSSSF: 26.0 ± 1.4 % in period II (2 d) vs 14.4 ± 1.8 % in period IV (1 
d). This mainly relates to the decrease of the VSS along with the oper
ational HRTSSSF (see section 3.1.3). While reducing WAS solids pro
duction generally translates to lower OPEX and a smaller carbon 
footprint for the WWTP, it can also lead to decreased biogas production 
if these solids were used for energy recovery, as reported by Zhang et al. 
[30]. This trade-off arises because lower solids production implies less 
COD captured in the solids phase. Conversely, S2EBPR exhibited a 
slightly higher percentage of COD mineralization, likely due to VFA 
formation in SSSF that enhanced PAO activity. These VFA may be taken 
up by PAO and subsequently released into the mainstream, leading to 
increased overall COD utilization.

3.3. Possibilities of P-recovery

S2EBPR presents a novel avenue for P-recovery by facilitating the 
generation of a high-concentration P stream (i.e. QWA from the SSSF) 
while preserving the targeted P-removal efficiency. Compared to pre
vious literature reports, most research has focused on the side stream as 
the role of producing extra VFA to support low COD/P plants [19,21,38]
while only a few works discussed the P concentrations in the side stream 
reactor. Lv et al. [39] reported their findings on the effect of different 
RAS diversion ratios on P-removal performance in a S2EBPR and 
monitored a maximum P concentration about 132 mg/L when the RAS 
diversion ratio was 8 %. In our work, the highest P concentration 
reached 200 mg/L, making P-recovery more feasible.

Fig. 5 compares two possible P-recovery scenarios within the 
S2EBPR framework: 1) the WAS supernatant discharged from the SSSF 
and 2) the WAS supernatant discharged from the anaerobic tank 
(calculated as described in section 2.4). P-recovery efficiency in both 
scenarios were calculated by assuming that all the soluble P could be 
recovered.

Thus, the estimated PRESSSF would range from 13.8 % (HRTSSSF = 1 
d) to 40.0 % (HRTSSSF = 2.5 d). The proportion of P in the biomass 
(Fig. S4) exhibited an inverse relationship with HRTSSSF. Specifically, 

Table 3 
Fate of total nitrogen load in A2O and S2EBPR processes. Please refer to Section 2.2 for the definition of the acronyms.

Period NEFFS 

(%)
NWASS 

(%)
NEFFB 

(%)
NWASB 

(%)
NLIQUID 

(%)
NBIOMASS 

(%)
NEFF 

(%)
NWAS 

(%)
NDENITRIFIED 

(%)

A2O 20.9 ± 2.0 1.0 ± 0.1 11.5 ± 2.2 38.3 ± 2.1 22.0 ± 2.0 49.0 ± 4.0 31.8 ± 4.5 39.1 ± 2.8 29.1 ± 5.5
II 23.4 ± 1.9 1.1 ± 0.1 14.7 ± 3.6 34.1 ± 1.9 24.5 ± 1.8 49.1 ± 4.4 38.4 ± 1.9 35.2 ± 2.5 26.4 ± 4.0
III 18.5 ± 4.6 0.8 ± 0.3 14.6 ± 2.7 22.3 ± 4.0 18.9 ± 4.9 36.4 ± 2.9 32.6 ± 3.6 22.7 ± 4.3 44.7 ± 6.1
IV 21.5 ± 2.9 0.4 ± 0.0 14.8 ± 3.5 19.2 ± 2.2 21.9 ± 2.9 32.8 ± 1.7 34.9 ± 4.6 19.8 ± 0.0 45.3 ± 4.6
V 28.7 ± 1.8 1.2 ± 0.1 10.4 ± 1.9 32.1 ± 3.4 29.0 ± 0.6 43.0 ± 3.5 40.2 ± 1.7 31.8 ± 1.8 28.0 ± 2.9
VI 18.6 ± 8.4 1.1 ± 0.0 11.0 ± 2.1 33.6 ± 2.7 19.7 ± 8.4 43.3 ± 1.7 29.8 ± 3.0 33.8 ± 0.9 37.0 ± 7.3

Table 4 
Fate of the total COD input in A2O and S2EBPR processes. Please refer to Section 2.2 for the definition of the acronyms.

Period CODEFFS 

(%)
CODWASS 

(%)
CODEFFB 

(%)
CODWASB 

(%)
CODLIQUID 

(%)
CODBIOMASS 

(%)
CODEFF 

(%)
CODWAS 

(%)
CODMINERALIZED 

(%)

A2O 0.9 ± 0.3 0.04 ± 0.01 8.9 ± 1.7 29.3 ± 1.7 1.0 ± 0.3 38.2 ± 2.4 10.0 ± 1.4 29.3 ± 1.8 60.7 ± 2.3
II 1.3 ± 0.4 0.4 ± 0.0 11.0 ± 3.0 26.0 ± 1.4 1.6 ± 0.4 36.2 ± 4.3 12.1 ± 4.2 25.3 ± 1.3 62.5 ± 4.9
III 5.0 ± 1.1 0.2 ± 0.1 11.1 ± 2.0 17.0 ± 3.0 5.2 ± 0.5 28.2 ± 2.5 15.8 ± 2.3 17.6 ± 3.3 66.6 ± 2.3
IV 1.2 ± 0.1 0.3 ± 0.0 11.9 ± 2.4 14.4 ± 1.8 1.5 ± 0.1 25.0 ± 1.3 11.4 ± 1.2 15.1 ± 0.0 73.5 ± 1.2
V 1.1 ± 0.3 0.6 ± 0.1 7.9 ± 1.5 24.5 ± 2.6 1.6 ± 0.2 34.1 ± 3.8 9.0 ± 1.3 25.9 ± 3.4 64.3 ± 3.8
VI 0.9 ± 0.1 0.5 ± 0.1 8.4 ± 1.6 25.6 ± 2.1 1.4 ± 0.4 35.1 ± 3.6 10.4 ± 1.5 26.1 ± 2.2 63.5 ± 3.6

Fig. 5. The potential for P-recovery from the liquid phase of WAS discharged 
from the SSSF reactor and from the sludge of the anaerobic reactor during each 
operating period.
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the value decreased from 85.2 % at a HRTSSSF = 1 d to 58.8 % at HRTSSSF 
= 2.5 d. Higher dissolved P concentration in the liquid phase generally 
facilitates P-recovery because it simplifies the process by potentially 
eliminating the need for a posttreatment (i.e. poly-P hydrolysis) 
[40–42]. Consequently, P-recovery performance can be enhanced with 
extending the HRTSSSF. In this study, increasing the SSSF volume from 
10 to 23 L did not significantly affect the PRESSSF (40.0 % vs 39.8 %) due 
to the similar soluble P concentrations achieved in both scenarios (196.5 
± 10.9 mg/L in period V, 195.5 ± 10.7 mg/L in period VI, Table 2) and 
the constant WAS flowrate (QWA = 3 L/d). An increased QWA could 
enhance the P-recovery performance, but it would reduce SRT, and 
hence the long-term stability of the EBPR process should be experi
mentally verified.

Significantly, the PRESSSF of 40 % achieved in this study represents a 
promising cornerstone for future P-recovery applications. While the 
maximum P-recovery efficiency observed here falls short of the reported 
maximum potential range (below 60 %) [43], the SSSF effluent remains 
highly attractive due to its exceptionally high P concentration, reaching 
nearly 200 mg/L. This finding represents a significant contribution of 
this research. Not only does the SSSF integration facilitate the recovery 
of a high percentage of the influent P, but the increased P content also 
simplifies the subsequent P recovery steps (for instance, as struvite). 
Some studies have established minimum P concentration requirements 
for a techno-economically feasible struvite precipitation. Early works by 
Barat et al. [43] and Hao et al. [44] suggested a minimum of 25 mg P/L, 
while subsequent research reported a higher threshold of 50 mg/L [5]. 

Fig. 6. Simulated fraction of influent P-PO4
3- precipitated as struvite under varying concentrations of Mg2+, N-NH4

+ and Ca2+ using the WAS stream from HRTSSSF of 
2.5 d in the 10 L SSSF for: (a) 20 mgCa/L, (b) 60 mgCa/L.
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Further works indicated a need for even higher minimum concentra
tions, exceeding 100 mg/L for efficient struvite precipitation [4,45]. 
These values obviously are strongly dependent on the Mg2+, NH4

+ con
centrations and the pH of the effluent. This study achieved P concen
trations significantly higher than those previously reported, potentially 
enhancing the accessibility of P-recovery through struvite precipitation. 
On the other hand, PAO, even after hydrolysing a significant fraction of 
their poly-P reserves, still contain a significant fraction of the P load. As 
illustrated in Fig. S4, approximately 86 % of P remained within the 
biomass from the outputs of a conventional A2O process. While this 
percentage decreased considerably in the S2EBPR under 2.5 d HRTSSSF, a 
significant fraction around 58 % of P load was still discharged with the 
biomass, which suggests the need for further treatment to release them 
for enhanced P-recovery.

Fig. 5 reveals a difference in the P-recovery efficiency from the 
anaerobic tank (PREANA, %) compared to PRESSSF: PREANA values are 
generally lower. However, an exception occurred during the HRTSSSF of 
1 d. This discrepancy can be attributed to comparable PANA and PSSSF 
values (mg/L). To maintain the same SRT in the S2EBPR during this 
period, a higher waste from the anaerobic tank (QWA_ANA around 5 L/d) 
was necessary. This increased purge ultimately resulted in a higher 
PREANA.

PREANA exhibited a positive correlation with the increasing HRTSSSF 
and achieved 25.6 ± 2.7 % at a HRTSSSF of 2.5 d in the 10 L reactor, 
corresponding to an estimated QWA_ANA around 6 L/d. PREANA rose up to 
30.0 ± 2.4 % when using the 23 L SSSF under the same HRTSSSF, likely 
attributed to the increased flowrate entering the anaerobic tank 
(Table 2). Compared to our previous study evaluating PRE in a typical 
A2O plant (PREANA = 24.4 %, QWA_ANA = 7 L/d) [25], the current 
findings showed an improved PREANA, highlighting another positive 
influence of SSSF on P release even within the mainstream.

Fig. 6 illustrates a theoretical study on the P-recovery opportunities 
for QWA at a HRTSSSF of 2.5 d under varying concentrations of Mg2+, N- 
NH4

+ and Ca2+. The pH range investigated was 7.8–10.6 in align with 
previous research [25]. The results indicate that high Ca2+ or low Mg2+

and N-NH4
+ levels demoted struvite precipitation. Fig. S5 has shown that 

the presence of Ca2+ likely initiated the formation of hydroxyapatite 
(HAP) by preferentially binding with PO4

3− , thereby hindering struvite 
precipitation, which is in agreement with other related research that 
explored how Ca2+ generated competition in both modelling and 
experimental work [46,47]. Conversely, higher N-NH4

+ concentration 
(Fig. 6) promoted struvite formation and elevated the pH range at which 
greater struvite precipitation occurred. Mg2+, another crucial cation for 
struvite formation, preferentially reacted with PO4

3− to form Mg3(PO4)2 
particularly at lower N-NH4

+ concentrations, as corroborated by the 
additional simulation results presented in Fig. S6. These findings align 
with prior studies demonstrating that struvite, under certain conditions, 
precipitates when PO4

3− concentrations reach 100 mg/L in the presence 
of N-NH4

+ [4].
In practice, anaerobic digestion liquor serves as a potential source for 

NH4
+ enriched streams. Controlled mixing of these streams can facilitate 

the precipitation of struvite, promoting its efficient production. In fact, 
to reach stable precipitation and recovery of struvite, a properly 
designed control loop based on P concentration and manipulating Mg2+

and NH4
+ addition would be desirable to face the possible fluctuation of 

these concentrations. Moreover, it is worthy to mention that struvite is 
only one potential product to recover P as not all WWTPs are EBPR- 
based. In systems lacking EBPR but implementing chemical precipita
tion (e.g. A/B or modified Ludzack-Ettinger configuration), vivianite is 
another viable option, considering the common addition of iron as 
precipitation agent. However, successful vivianite recovery necessitates 
a well-designed system, and effective post-separation methods.

4. Conclusions

This work explored the long-term performance of a S2EBPR operated 

under different HRTSSSF. SSSF integration to a conventional A2O plant 
not only increased the P release and uptake activity, but also opened a 
new scenario for P-recovery. The main conclusions are described as 
below: 

• The S2EPBR showed higher P-removal efficiency up to 98 % than 
that to 86 % of the A2O period.

• The P-recovery potential from the SSSF was enhanced with the 
longer HRTSSSF, yielding around 40 % of the total P input recovered 
as soluble phosphate from the WAS discharged from the SSSF for 
HRTSSSF = 2.5 d (10 L SSSF).

• The P mass balance showed that less P was contained in the biomass 
at the longer HRTSSSF. 58.8 % of the total input P was contained in 
the biomass phase at HRTSSSF = 2.5 d (10 L SSSF) compared to 85.2 
% at HRTSSSF = 1 d (10 L SSSF).

• The SSSF integration does not only facilitate the recovery of a high 
percentage of the influent P, but the increased P content also sim
plifies the subsequent P recovery steps (for instance, as struvite).

Further studies to optimize the possibilities of recovering P in this 
S2EBPR, such as the effect of QWA, SRT or the relevance between RAS 
diversion ratio and the reactor size, are required to fully understand the 
underlying mechanisms of S2EBPR. Meanwhile, a more detailed analysis 
of COD composition consumption in the process will also be needed to 
reveal the corresponding PAO activity and denitrification evolution.
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