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A B S T R A C T   

This study presents the effects on carbon and nutrient removal, membrane fouling and greenhouse gas (GHG) 
emissions of an Oxic-Settling-Anaerobic (OSA) – Membrane Bioreactor (MBR) pilot plant fed with real waste-
water. The influence of three sludge return internal ratios (IR) was investigated by testing 45, 75 and 100%. The 
results showed that with the increase of IR, the biological sludge production substantially decreased by 85.8% 
due to the combination of cell lysis and endogenous metabolism. However, a worsening of ammonia removal 
efficiencies occurred (from 94.5 % to 84.7 with an IR value of 45 and 100%, respectively) mostly due to the 
ammonia release caused by cell lysis under anaerobic conditions. The N2O emission factor increased with the rise 
of IR (namely, from 2.17% to 2.54% of the total influent nitrogen). In addition, a variation of carbon footprint 
(CF) (0.78, 0.62 and 0.75 kgCO2eq m− 3 with 45, 75 and 100% IR, respectively) occurred with IR mainly due to 
the different energy consumption and carbon oxidation during the three periods. The study’s relevance is to 
address the optimal operating conditions in view of reducing sludge production. In this light, the need to identify 
a trade-off between the advantages of reducing sludge production and the disadvantages of increasing membrane 
fouling and GHG emissions must be identified in the future.   

1. Introduction 

There is a great concern regarding the production of excess sewage 
sludge (Mannina et al., 2023a,b). In 2020, in Europe, about 13 million 
tons of dry matter of biological sewage sludge were produced by urban 
wastewater treatment plants (WWTPs) (Collivignarelli et al., 2021). 
Since the management and disposal of excess sludge can strongly 
contribute to the total plant operational costs (up to 60%) (Etienne and 
Yu-Tung, 2012). In this regard, efforts have been made in the scientific 
and industrial community to study and identify processes and technol-
ogies that can reduce sewage sludge production in WWTPs. Several 
technologies have been proposed to minimise excess sludge production 
based on chemical, physical, thermal and biological processes (Zhang 
et al., 2021a,b). The last represents the most interesting from an envi-
ronmental point of view because they are more sustainable than 
chemical processes (Collivignarelli et al., 2021). Among biological 
processes, the oxic-settling-anaerobic (OSA) process represents a 
promising alternative (Morello et al., 2021). This process configuration 
is based on a modification of the conventional activated sludge (CAS) 

layout by placing an anaerobic reactor in the return activated sludge 
(RAS) line (Chudoba et al., 1992). In this reactor, the sludge is subjected 
to conditions with low oxygen and substrate, and then it is recirculated 
to the main reactor (Semblante et al., 2014). Excess sludge reduction in 
the OSA process occurs through different mechanisms, including 
uncoupled metabolism, biomass decay, extracellular polymeric sub-
stances (EPS) destruction, bacterial predation, and selection of 
slow-growing bacteria (Ferrentino et al., 2021). Compared to other 
technologies, the OSA process is readily applied to existing CAS plants 
without requiring any physical or chemical pre-treatment (Semblante 
et al., 2014). Literature suggests that depending on the return internal 
ratio (IR) from the settler to the anaerobic reactor, the reduction of 
sewage sludge production compared to CAS can vary from 10% to 60% 
with strong implications in terms of operational cost reduction (among 
others, Romero-Pareja et al., 2017; Ferrentino et al., 2021). According to 
the literature, an effective sludge yield reduction can be achieved by 
combining the OSA system with a membrane biological reactor (MBR) 
(Fida et al., 2021). The typical operational conditions of MBR (e.g., high 
sludge retention time) can favour some mechanisms such as uncoupled 
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metabolism, biomass decay, and selection of slow-growing bacteria 
(Semblante et al., 2014, 2016; Fida et al., 2021). Indeed, the application 
of the OSA process using MBR reported in the literature suggests 
excellent results in terms of sewage sludge reduction with a reduction of 
up to 40% (Cosenza et al., 2023; Mannina et al., 2023a,b). From a 
practical point of view, integrating an OSA configuration with an 
existing MBR system could represent an easy solution for plant operators 
in view of further decreasing the excess sludge production. However, 
some relevant operational aspects have been neglected in previous 
studies applying the OSA process with MBR. For example, two critical 
elements, such as the influence on greenhouse gas (GHG) emissions and 
the consequent effect on the plant carbon footprint (CF) have been 
neglected (Culaba et al., 2022). A literature study showed a reduction of 
GHG emissions of around 23% than CAS but without MBR (Liu et al., 
2021). Despite OSA’s potential beneficial role, previous literature 
studies were obtained by applying life cycle assessment analysis based 
on emission factors without any measured data. As far as the authors are 
aware, no studies exist on assessing plant performances in pollutant 
removal and greenhouse gas emissions for OSA-MBR treating real 
wastewater, emphasising the attention on CF. Moreover, since mem-
brane fouling still represents a critical issue of MBR systems (Zhang and 
Jiang, 2019; Chen et al., 2019; Zhang et al., 2021a,b; 2022), the 
assessment of the relationship between fouling tendency IR to the 
anaerobic reactor in an OSA-MBR process is pivotal. In light of the 
above, the paper presents a comprehensive study to assess the effects of 
three different IRs on pollutant removals, membrane fouling and 
greenhouse gas emissions for an OSA-MBR pilot plant fed with real 
wastewater. 

2. Material and methods 

2.1. Pilot plant configuration 

An MBR pilot plant was built at the Water Resource Recovery Facility 
of Palermo University (Mannina et al., 2021a, 2021b) and was fed with 
real wastewater. Using a pre-denitrification scheme, the OSA-MBR 
configuration was conceived for carbon and nitrogen removal (Fig. 1). 
Therefore, the pilot plant was characterised by the following units: one 
anoxic reactor (V = 110 L) and one aerobic reactor (V = 240 L), followed 
by a membrane bioreactor (V = 48 L) with an ultrafiltration hollow fibre 
membrane module (Fig. 1) (hollow fibre porosity of 0.03 μm and 
membrane surface of 1.4 m2). The membrane reactor had a 
clean-in-place (CIP) system for ordinary backwashing. 

An oxygen depletion reactor (ODR) (V = 53 L) was inserted in the 
internal recycling line between the aerobic and anoxic reactors in view 
of depleting the dissolved oxygen concentration before entering the 
anoxic reactor. To realise the OSA configuration, an anaerobic side- 
stream reactor (ASSR) (V = 275 L) was inserted in the RAS line. 

2.2. The experimental campaign and analytical methods 

The experimental campaign was divided into periods: Period I, II, 
and III. All periods were operated according to OSA-MBR configuration 
(with HRT = 6 h) but changing the IR of the MBR reactor to OSA tank: 
45%, 75% and 100% in Periods I, II and III, respectively. 

The operational parameters, such as DO, pH and oxidation-reduction 
potential (ORP), were monitored daily using specific probes connected 
to a multimeter (WTW 3340). Other parameters, such as chemical ox-
ygen demand (COD), ammonia nitrogen (NH4

+-N), nitrate (NO3
− N), ni-

trite (NO2
− N), orthophosphate (PO4

3—P), total suspended solid (TSS) and 
volatile suspended solid (VSS) concentrations, biological oxygen de-
mand (BOD) and Total Nitrogen (TN) were measured twice a week 

Fig. 1. Schematic layout of OSA-MBR system.  

Table 1 
Average values of the main influent and operational features for each experimental Period; SD = Standard Deviation.     

Period I Period II Period III 

Parameter Symbol Units IR = 45% IR = 75% IR = 100% 

Average SD Average SD Average SD 

Total COD TCOD [mg L− 1] 1152 207 1210 431 1187 220 
Soluble COD sCOD [mg L− 1] 142 46 184 53 229 71 
Total Nitrogen TN [mg L− 1] 38 6 32 2 28 3 
Ammonium NH4–N [mg L− 1] 25 4 31 9 27 4 
Phosphate PO4–P [mg L− 1] 9 3 13 6 7 3 
Flow Rate QIN [L h− 1] 17.9 2 16.6 2 18.2 2 
Food/Microorganism Ratio F/M [gCOD/gTSS d] 0.23 0.14 0.30 0.05 0.23 0.14 
Sludge Retention Time SRT [d] 53 18 65 6 65 5  
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according to Standard Methods (APHA, 2012). Respirometric tests have 
been performed once per week to analyse the kinetic parameters, ac-
cording to Di Trapani et al. (2014). The sludge volume index (SVI) was 
evaluated in the aerobic mixed liquor once a week. Furthermore, 
extracellular polymeric substances (EPS) and soluble microbial products 
(SMP), both in terms of carbohydrates and proteins, have been analysed 
according to literature (Mannina et al., 2017) one time per week in the 
mixed liquor of anoxic, aerobic, ASSR and MBR tanks. According to 
Mannina et al. (2017), total EPS were the sum between bound EPS and 
SMP as carbohydrates and proteins (EPSp, EPSc, SMPp, SMPc). Nitrous 
oxide (N2O–N) concentration in the liquid and gaseous phase of all the 
reactors has been measured two times per week by using a gas chro-
matograph equipped with an Electron Capture Detector (ECD) according 
to Mannina et al. (2016a,b). Moreover, the N2O–N fluxes have also been 
quantified using each reactor’s off-gas flow rate measurement. 

2.3. Wastewater features and operation 

The experimental campaign was divided into three Periods. Table 1 
summarises the average and standard deviation (SD) quality and 
quantity features of the influent wastewater and the plant operational 
conditions (regarding sludge retention time – SRT and Food/Microor-
ganism Ratio – F/M) for each experimental Period. 

2.4. Excess sludge production quantification 

The sludge reduction was calculated by the reduction of biological 
sludge production calculated in the three periods. The biological sludge 
was calculated as the difference between the total sludge production 
(Tsludge) and the primary sludge (Psludge), according to Mannina et al. 
(2022). The TSS concentrations in the reactors were kept almost con-
stant between the different periods. 

The observed yield coefficient (Yobs) was calculated as the ratio be-
tween the cumulative mass of TSS produced and the cumulative mass of 
COD removed, according to literature (Mannina et al., 2002) (eq. (1)). 

Yobs =
ΔX

Qi • (TCODin − TCODout)

(
gSST gCOD− 1) (eq 1) 

TCODin and TCODout are concentrations in the influent and effluent, 
respectively. Qi is the daily influent flow rate, and ΔX is the daily excess 
sludge production. 

2.5. Membrane fouling 

Membrane fouling was quantified by monitoring the transmembrane 
pressure (TMP) (kPa) and the permeate flux (J) (m3 m− 2 s− 1) every day 
to calculate the total membrane resistance (RT) to filtration, according to 
Equation (2). 

RT =
ΔP

μ • J
(
m− 1) (eq 2)  

where ΔP [kPa] is the TMP variation and μ [Pa s] is the permeate vis-
cosity. 

A resistance in series (RIS) model was applied according to the 
literature (Di Bella et al., 2018) (Equation (3)). 

RT =Rm +RC + RP
(
m− 1) (eq 3)  

where Rm, RC and RP represent respectively the intrinsic resistance due 
to the clean membrane, the resistance due to the cake layer and the 
resistance due to the pore fouling. 

Membrane fouling was controlled by performing physical and 
chemical cleanings. Physical and chemical cleanings required the 
membrane to get off from the MBR tank. Physical cleaning was done by 
manually removing the solids from the membrane surface and flushing 
with clean water. After each physical cleaning, the membrane was 

submerged into a tank with clean water, and the total resistance after 
membrane cleaning (RT1) was measured according to Equation (2). 
Since the cake layer was removed, RT1 represented the sum between Rm 
and RP. Therefore, the RP was obtained by subtracting from RT1 the Rm 
value. Subsequently, the membrane was submerged into the mixed li-
quor, and the total resistance after the first cycle was acquired (RT2) 
according to Equation (2). Consequently, according to Equation (3) the 
RC value was evaluated as in Equation (4). 

RC =RT2 − Rm − RP
(
m− 1) (eq 4) 

Chemical cleanings were performed by using a 4% sodium hypo-
chlorite solution according to the manufacturer’s suggestion. 

2.6. Greenhouse gas measurement, carbon footprint and effluent quality 
calculation 

N2O–N concentration was measured both in the liquid and in the 
gaseous phase. The sampling procedure described by Mannina et al. 
(2018) was adopted. N2O–N concentration was analysed by using a Gas 
Chromatograph (GC) (Thermo Scientific™ TRACE GC) equipped with an 
Electron Capture Detector (ECD). 

In view of evaluating the amount of influent nitrogen converted into 
N2O–N, the N2O–N emission factor (EFN2O) was quantified according to 
the literature (Tsuneda et al., 2005; Mannina et al., 2016a,b). 

CF has been quantified as the sum of three contributions: direct, 
indirect and derived emissions. Direct emissions (DE) refer to the 
amount of CO2 directly related to the organic carbon oxidation (CO2, 

OrgOx), endogenous respiration (CO2,Endog.) and N2O emission (CO2eq, 

N2O). This latter has been quantified as equivalent CO2 by multiplying 
the N2O emission by its global warming potential (GWP). CO2,OrgOx, CO2, 

and Endog have been quantified according to Boiocchi et al. (2023). 
In view of quantifying CO2eq the measured data have been used 

(Equation (5)). 

CO2,N2O =Qg • Cg,N2O • GWPN2O
(
kgCO2eq

/
d
)

(eq 5)  

where Qg [m3/d] is the average gas flow, Cg,N2O [kgN2O/m3] is the 
average gaseous measured N2O concentration emitted and GWPN2O 
[kgCO2eq/kgN2O] is the N2O global warming potential, equal to 298 
according to IPCC (2022). 

Indirect emissions (IE) are due to the CO2 generated from energy 
consumption (CO2eq,En) and sludge management (treatment, trans-
portation and disposal) (CO2eq,Sludge). This latter has been quantified 
according to Equation (6). 

CO2eq,Sludge =Msludge • FCSludge
(
kgCO2eq

/
d
)

(eq 6)  

where Msludge [ton/day] is the mass of wasted sludge per day and 
FCSludge [kgCO2eq/ton] is the emission factor due to the sludge man-
agement (equal to 714.74 kgCO2eq/ton according to Zhao et al. (2023)). 

Derivative emissions (DerE) have been quantified as originating from 
the pollutants discharged into receiving water bodies (Equation (7)). 

DerE=CO2eq,effBOD + CO2eq,effN2O
[
kgCO2eq

/
d
]

(eq 7) 

Each contribution of Equation (7) has been quantified according to 
Boiocchi et al. (2023), considering the N2O measured data of the treated 
effluent. 

The effluent quality index (EQI) expressed as the mass of pollutant 
(PU) discharged daily has been calculated according to Equation (8). 

EQI =
1

T • 1000
•

∫ t1

t0
(βCOD • TCOD+ βTN • TN + βPO • PO4 − P) • Qout • dt

(eq 8)  

where βCOD, βTN and βPO represent the weighting factor of the effluent 
concentration of TCOD, TN and PO4–P, respectively. The 1, 20 and 50 
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values have been adopted here for βCOD, βTN and βPO (Mannina and 
Cosenza, 2015). 

3. Results and discussion 

3.1. Pilot plant performance 

Fig. 2 shows the pilot plant performance results obtained for each 
experimental Period regarding TCOD, sCOD, NH4–N, TN and PO4–P 
removal. Regarding the TCOD, the results showed that despite the 
influent variability, the IR increasing from Period I to Period III did not 
affect the removal efficiency (Fig. 2a). Indeed, the average TCOD 
removal efficiency was equal to 97.6% (±0.3), 94% (±3.5) and 96.3% 
(±1.4) for Period I, Period II and Period II, respectively. This result was 
mainly attributed to the capability of the membrane to retain all the 
substances having an average diameter higher than 0.03 μm. This result 
seems to align with previous literature, which suggested that the in-
crease of IR from 0 to 22% does not compromise the effluent quality in 
an MBR system (Fida et al., 2021). However, in this study, different to 
the existing literature, a detailed analysis was performed, discriminating 
IR’s effect on the biological and physical COD removal. Indeed, Fig. 2b 
shows the trend of influent and effluent sCOD profile concentration. 

Further, in Fig. 2b, the trend of the sCOD profile concentration inside 
the MBR tank (before filtration) is also shown. Using the sCOD con-
centration inside the MBR, it was possible to discriminate between the 
biological and physical removal of sCOD. Data revealed that the bio-
logical removal of sCOD was influenced by the increase of IR from 
Period I to Period II (Fig. 2b). Indeed, the average sCOD removal effi-
ciency was equal to 76% (±5), 43% (±10) and 67% (±15) for Period I, 
Period II and Period III, respectively. This result was likely debited to 
cell lysis due to the increase of IR, which increased the amount of sCOD 
to be removed, thus reducing the sCOD removal efficiency with the IR 
increase. This result was evident in terms of NH4–N. As shown in Fig. 2c, 
the IR increase influenced nitrification efficiency. Indeed, the average 
nitrification efficiency decreased from 95.5% (±3.8) for Period I to 
85.7% (±8) for Period III (average value of 94% ± 3.3 for Period II). The 
decrease in nitrification efficiency could be attributed to the ammonia 
release due to the cell lysis and to the inability of the autotrophic bac-
teria to oxidise all the available ammonia. Indeed, as discussed in the 
respirometry section, autotrophic biomass was not particularly stressed 
by the increase in IR value. Similar results were obtained in a previous 
study (Fida et al., 2021). The decrease of the ammonia oxidation led to 
the consequent decrease of TN removal with the IR increasing. Indeed, 
the average TN removal efficiency decreased from 74% to 61% from 

Fig. 2. Influent and effluent concentrations, as well as the removal efficiencies during experiments of TCOD (a), sCOD (b), ammonia (c), TN (d) and phosphorus I.  
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Period I to Period III. Regarding the PO4–P (Fig. 2e), the removal effi-
ciency strongly decreased with the IR increase. Indeed, the average 
PO4–P removal efficiency was 42% (±13) for Period I, 24.2 % (±10) for 
Period II and 18.3% (±11) for Period III. According to the literature, this 
result could be related to PO4–P release inside the OSA reactor and the 
nutrient release due to the cell lysis (Semblante et al., 2016). Indeed, 
sporadic measurements of PO4–P inside the anoxic reactor revealed an 
increase of 20%, 28%, and 35% compared to the influent concentration. 

3.2. Sludge reduction 

In Fig. S1 (Supplementary Information) the trend of TSS and VSS 
concentrations measured over the three experimental periods in the 
influent wastewater and inside all the reactors are reported. The average 
TSS concentration of the influent wastewater was 536 mg L− 1, 520 mg 
L− 1 and 670 mg L− 1 for Period I, II and III, respectively. The average 
TSS/VSS in the influent wastewater was 65% for Periods I and II and 
50% for Period III. The fluctuations of influent TSS concentration 
influenced its concentration inside the reactors. In particular, the 
decrease of TSS concentration in the influent wastewater during the first 
days of Period II influenced the TSS concentration inside all the reactors, 
which slightly decreased. The average TSS concentration was main-
tained in the anoxic reactor at around 2800 mg L− 1 on average. In the 
aerobic reactor, the TSS concentration was around 3000 mg L− 1 

(Fig. S1c). While inside the ASSR and MBR compartments, the average 
TSS concentration was maintained at approximately 3500 mg L− 1 

(Figs. S1d–e). It was noted that the average VSS/TSS ratio decreased 
with the increase in IR in all the reactors (Fig. S1). In the anoxic reactor, 
the VSS/TSS ratio decreased from 89% (Period I) to 74% (Period III) 
(with a value of 79% during Period II) (Fig. S1b). In the aerobic reactor, 
the VSS/TSS ratio decreased from 85% (Period I) to 75% (Period III) 
(with a value of 78% during Period II) (Figure SI1c). At the same time, a 
very similar reduction of VSS/TSS occurred in ASSR and MBR reactors 
with average values of around 85% (Period I), 80% (Period II) and 75% 

(Period III) (Figs. S1d–e). The volatile destruction obtained in all the 
reactors with the IR increase indicates cell lysis, thus justifying the 
nutrient release discussed above. This result agrees with previous liter-
ature. For example, Fida et al. (2021) obtained a VSS/TSS reduction 
inside the anoxic reactor of an MBR system aimed at nutrient removal. 
Semblante et al. (2016) tested the effect of IR in a sequential batch 
reactor (SBR) OSA system and found that the IR increase led to cell lysis 
and the decrease of VSS/TSS, especially inside the anoxic reactor. 
However, unlike the previous literature, the results obtained here show 
a reduction of the VSS/TSS ratio inside all the reactors. This was mainly 
debited to the high SRT values over the three experimental periods (53 
days – Period I and 65 days – Periods II and III) favouring the endoge-
nous metabolism and the consequent VSS reduction (Metcalf, 2015). 

Table 2 summarises the observed biomass yield coefficient at the 
environment temperature (Yobs,T) and 20 ◦C (Yobs,20), the percentage of 
biological sludge reduction, and the cumulative TSludge and PSludge for 
each experimental Period. It was noticed that the higher the IR value, 
the lower the total and biological excess sludge production was 
(Table 2). In comparison with Period I (OSA-MBR, IR = 45%), Period III 
(OSA-MBR, IR = 100%) showed a reduction of 88% in biological excess 
sludge production (Table 2). This result was also confirmed by the 
decrease of the average Yobs from Period I to II and III (0.20, 0.14 and 
0.12 gTSS/gCOD, respectively) (Table 2). 

Despite the variability of the influent wastewater quality, the results 
obtained here regarding biomass yield coefficient are almost in line with 
those obtained in literature studies carried out with synthetic waste-
water. For example, Ferrentino et al. (2018), under 100% IR, obtained a 
Yobs value of 0.12 g TSS gCOD− 1. However, Ferrentino et al. (2018) 
obtained a lower sludge reduction, accounting for 66% when the IR was 
increased; this result was likely related to the higher SRT established. 

3.3. Sludge properties 

To evaluate the effect of IR on the sludge properties, the bound EPS 
(both as carbohydrates and proteins – EPSc and EPSp) and SMP (both as 
carbohydrates and proteins – SMPc and SMPp) were measured in the 
mixed liquor of all the reactors coupled with the SVI, evaluated in the 
aerobic mixed liquor. In Table 3 the average and standard deviation data 
of EPS, SMP and SVI are reported. 

The IR did not influence the average SVI value. Indeed, the average 
SVI value was equal to 153 mL gTSS− 1 – Period I, 120 mL gTSS− 1 – 
Period II and 138 mL gTSS− 1 – Period III. The high SVI values obtained 
during all the experimental periods were likely due to the high SRT 
value, which could have promoted the growth of filamentous bacteria, 
as highlighted by Zhang et al. (2019). 

In terms of EPS, a progressive reduction of the total EPS with the IR 
increasing occurred, as average. Specifically, the total amount of EPS in 

Table 2 
Observed biomass yield coefficient at the environment temperature (Yobs,T) and 
corrected at 20 ◦C (Yobs,20) and percentage of biological sludge reduction for 
experimental Periods I, II and III.   

Period 

I II III 

Yobs,T [gTSS/gCOD] 0.2 0.14 0.12 
Yobs,20 [gTSS/gCOD] 0.25 0.20 0.15 
T [◦C] 28.6 27.9 28.2 
Biological sludge reduction [%] – 86 88 
Cumulative TSludge [gTSS] 673 46.3 45.7 
Cumulative PSludge [gTSS] 482 8 13  

Table 3 
Specific average and SD concentration of each EPS fraction and SVI for each reactor and experimental Period.  

Period  SMPP SMPC EPSP EPSC SVI 

mg gTSS− 1 mg gTSS− 1 mg gTSS− 1 mg gTSS− 1 mLgTSS− 2 

Mean SD Mean SD Mean SD Mean SD Mean SD 

I Anoxic 1.04 0.85 1.65 1.06 82.85 25.66 6.37 1.46 – – 
Aerobic 1.76 1.55 3.66 2.33 79.66 33.98 6.13 1.63 153 40 
OSA 0 0 0.87 0.35 76.05 20.26 5.36 1.04 – – 
MBR 0 0 1.74 0.69 74 23.02 6.14 1.74 – – 

II Anoxic 31.61 7.79 6.19 2.52 54.2 1.25 0 0 – – 
Aerobic 57.13 6.36 8.1 6.86 43.3 25.2 0 0 120 14 
OSA 7.24 5.25 8.07 2.2 59.67 12.2 0.01 0.02 – – 
MBR 13.55 10.09 9.49 9.19 25.9 4.98 4.35 6.15 – – 

III Anoxic 7.73 8.99 4.17 5.89 48.88 4.42 9.26 10.26 – – 
Aerobic 3.16 1.03 3.71 4.32 47.43 8.23 9.03 10.61 138 18 
OSA 8.04 7.78 1.67 0.53 27.28 2.66 6.66 4.98 – – 
MBR 14.59 3.93 12.58 2.59 30.98 6.27 4.42 4.12 – –  
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all the reactors was equal to 347 mg gTSS− 1, 329 mg gTSS− 1 and 240 mg 
gTSS− 1 for Period I, Period II and Period III, respectively (average 
values). This result was mainly related to the reduction of EPS com-
pounds (both EPSc and EPSp), thus suggesting that the EPS destruction 
occurred with the increase of IR (Table 3), likely due to the increase of 
the amount of biomass staying under anaerobic conditions (Ferrentino 
et al., 2018). The EPS destruction is also corroborated by the increase of 
SMP concentration with the IR increase, as demonstrated in literature by 
Cheng et al. (2021), who obtained an increase in SMP and cell lysis 
under anaerobic conditions. The total SMP (expressed as the sum of 
SMPc and SMPp) increased on average from 10.72 mg gTSS− 1 to 56 mg 
gTSS− 1 from Period I to Period III. 

3.4. Heterotrophic and autotrophic biomass kinetics 

Table 4 summarises the average values of the heterotrophic and 
autotrophic kinetic parameters obtained in the three experimental pe-
riods. From the observation of data reported in Table 4, it can be noticed 
that the heterotrophic biomass yield showed a slight decrease in the 
experimental periods, from 0.39 gVSS g− 1COD to 0.38 and 0.35 gVSS 
g− 1COD in Periods I and III, respectively. This decrease agrees with the 
observed YH values. This result highlighted that increased sludge recir-
culation through the anaerobic reactor enhanced the decrease in sludge 
production. Referring to the heterotrophic decay rate, it was observed a 
decrease in the achieved values in the different experimental periods; 
this result, coupled with the decrease of EPS content and the simulta-
neous increase of SMP released in the anaerobic reactor, could suggest 
that sludge reduction was ascribable to cell lysis and EPS destructura-
tion, while endogenous decay and uncoupled metabolism could be 
considered secondary. Referring to the heterotrophic growth rate, a 
significant decrease was observed from Period I (2.54 d− 1) to Period II 
(1.2 d− 1). In contrast, from Period II to Period III, it showed a slight 
increase, related to the fact that when 100% of sludge was recycled to 
the anaerobic reactor, the actual retention time in this reactor slightly 
decreased. The removal rate, the net growth rate and the heterotrophic 
active fraction showed similar behaviour. Regarding autotrophic spe-
cies, the results of respirometry batch tests highlighted a slight increase 
in biomass yield from Period I through Periods II and III, thus indicating 
that the increase of sludge percentage fed to the anaerobic reactor did 
not exert stress on biomass yield. In contrast, the decay rate remained 
almost constant in Period I and II, while it showed a slight increase in 
Period III, when 100% of the sludge was recycled through the anaerobic 
reactor. Moreover, the maximum autotrophic growth rate decreased 
from 0.25 d− 1 to 0.21 d− 1 in Period I and Period II, respectively, thus 
highlighting a stress effect on biomass growth rate. Nevertheless, in 
Period III, the maximum growth rate increased again from 0.21 d− 1 to 
0.23 d− 1, suggesting that an acclimation of autotrophic biomass 
occurred, likely related to the plant operational conditions. The 
maximum removal rate, as well as the nitrification rate, showed a 
decreasing trend from Period I to Periods II and III, thus suggesting a 
general stress effect on nitrifiers species, mainly due to the increased 
percentage of sludge fed to the anaerobic reactor, even if it was not 
observed a dramatic stress effect on autotrophic species. 

3.5. Membrane fouling 

In Fig. 3 the total membrane resistance (RT) and the results obtained 
by applying the RIS model (related to the last physical cleaning 

Table 4 
Summary of the main heterotrophic and autotrophic kinetic and stoichiometric 
parameters as average values (in brackets the standard deviation).  

Parameter Symbol Units Heterotrophic    

IR 45% IR 75% IR 100%    

OSA- 
MBR 

OSA- 
MBR 

OSA- 
MBR 

Max. growth 
yield 

YH [gVSS 
g− 1COD] 

0.39 
(±0.04) 

0.38 
(±0.06) 

0.35 
(±0.02) 

Decay rate bH [d− 1] 0.80 
(±0.05) 

0.68 
(±0.21) 

0.59 
(±0.04) 

Max. growth 
rate 

μH [d− 1] 2.54 
(±0.42) 

1.20 
(±0.34) 

1.28 
(±0.87) 

Max. removal 
rate 

νH [d− 1] 7.33 
(±1.87) 

3.14 
(±0.46) 

3.77 
(±2.72) 

Net growth 
rate 

μH- bH [d− 1] 1.96 
(±0.39) 

0.52 
(±0.43) 

0.69 
(±0.91) 

Active 
fraction 

fX [%] 25.10 
(±7.42) 

19.40 
(±4.35) 

23.49 
(±6.05) 

Parameter Symbol Units Autotrophic    

IR 45% IR 75% IR 100%    

OSA- 
MBR 

OSA- 
MBR 

OSA- 
MBR 

Max. growth 
yield 

YA [gVSS 
g− 1NH4–N] 

0.11 
(±0.02) 

0.16 
(±0.03) 

0.21 
(±0.03) 

Decay rate bA [d− 1] 0.12 
(±0.01) 

0.12 
(±0.06) 

0.14 
(±0.01) 

Max. growth 
rate 

μA [d− 1] 0.25 
(±0.04) 

0.21 
(±0.03) 

0.23 
(±0.02) 

Max. removal 
rate 

νA [d− 1] 2.69 
(±0.40) 

1.35 
(±0.07) 

0.87 
(±0.31) 

Nitrification 
rate 

NR [mgNH4 L− 1 

h− 1] 
5.95 
(±0.76) 

2.36 
(±1.81) 

2.06 
(±2.76)  

Fig. 3. Total resistance (a) and RIS model application results (b) for each Period.  
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performed within each Period) are reported. Results of Fig. 3 show that 
the IR increase (from 45% to 100%, from Period I to Period III) strongly 
influenced the membrane fouling. The average RT value during Period I 
was 0.82 1013 m− 1 (Fig. 3a). The average RT value increased to 0.88 
1013 m− 1and 1.6 1013 m− 1 during Period II and Period III, respectively. 
It is worth noting that due to the increase of the membrane fouling with 
the IR increasing, the amount of physical and chemical cleanings 
required during the three experimental Periods considerably changed. 
Specifically, during Period I, only two physical cleanings were required 
to maintain membrane resistance within the acceptable range suggested 
by the manufacturer (TMP below 0.7 bar). During Period II, six physical 
and one chemical cleaning were required. Finally, during Period III 
seven physical and two chemical cleanings were performed. 

The RIS model application confirmed that the IR value increase 
adversely impacted membrane fouling. Indeed, as shown in Fig. 3b, the 
amount of resistance due to the pore fouling (Rp) progressively increased 
(74%, 81%, to 92% for Period I, II and III, respectively) with the increase 
of IR. This result was mainly debited to the increased SMP favouring 
irreversible fouling due to their colloidal dimension (Cosenza et al., 
2013). The increased amount of membrane cleanings required with 
increased IR could have important economic implications in the MBR 
operation. Therefore, a trade-off between the advantages of reducing 
sludge production and the disadvantages of increasing membrane 
fouling must be identified. The results obtained here apparently contrast 
with Fida et al. (2021), who affirmed that the IR value did not affect the 
membrane resistance. However, the results presented by Fida et al. 

(2021) revealed an increase in RT with the increase in IR. The key dif-
ference with this study is that Fida et al. (2021) have investigated a 
different range of IR values (11%, 16.5 and 22%). 

3.6. Greenhouse gases 

Fig. 4 reports the gaseous and dissolved N2O–N concentration results 
for each reactor during Periods I, II and III. Data from Fig. 4 shows that 
the highest gaseous N2O–N concentration measured in the headspace of 
the different reactors occurred in the aerated reactors (aerobic and MBR) 
for each Period. The average values of the N2O–N concentration in the 
aerobic off-gas were 0.12, 0.18 and 0.21 mg N2O–N L− 1 in Period I, II 
and II, respectively. In contrast, for the MBR compartment, the average 
N2O–N concentrations in the off-gas were 0.12, 0.16 and 0.17 mg N2O–N 
L− 1 in Periods I, II and II, respectively. This result suggests that the role 
of the nitrification process in N2O–N emission is crucial. Indeed, three 
main N2O–N production pathways have been identified in the literature: 
hydroxylamine (NH2OH) oxidation, nitrifier denitrification, and het-
erotrophic denitrification (Kampschreur et al., 2009). The first two 
pathways occur inside the aerobic reactor mainly due to the ammonia 
oxidising bacteria (AOB) activity (White and Lehnert, 2016; Zhu-Barker 
et al., 2015). Further, from Period I to Period II, the gaseous N2O–N 
concentration in each reactor increased (Fig. 4a and b). This result is 
likely attributed to the influence of the prolonged anaerobic conditions 
within the OSA reactor on the autotrophic biomass growth, as confirmed 
by the respirometry results (and consequently on the nitrification 

Fig. 4. Gaseous N2O–N concentration for each reactor in Periods I (a), II (b) and III (c) and dissolved N2O–N concentration for each reactor in Periods I (d), I(e) and 
III (f). 
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process). From Period I to Period III, the average values of the gaseous 
N2O–N concentration increased in all the reactors, especially in the OSA 
reactor, where denitrification influence could negatively affect GHG 
emissions. In terms of dissolved N2O–N concentrations, results similar to 
those discussed for the gaseous form were obtained. 

In terms of emission factors, the highest emission occurred during 
Period II. Indeed, 2.17%, 2.74% and 2.54% of the total influent nitrogen 
were emitted as N2O during Periods I, II and III, respectively. 

3.7. Carbon footprint and effluent quality 

Fig. 5 shows the trend of both EQI and CF for each experimental 
Period. The measured EQI was compared with the EQI of legislation. 
This latter was calculated using effluent pollutant concentrations 
(TCOD, TN and P-PO4), the limits imposed by the Italian Regulation 
(Legislative Decree No. 152/2006). 

From data reported in Fig. 5a, it can be observed that except for 
Period I, the measured EQI was always higher than that obtained 
considering the Regulation limits. Specifically, during Period I, the EQI 
was equal to 0.18 kgPU d− 1, around 20% lower than that obtained 
considering the regulation limits (0.23 kgPU d− 1). During Periods II 
(0.32 kgPU d− 1) and III (0.24 kgPU d− 1), the calculated EQI was higher 
than that obtained considering the regulation limits (Fig. 5a). The in-
crease of EQI during Periods II and III was mainly due to the discussed 
decrease in TN and PO4 removal efficiencies. 

By analysing Fig. 5b, it can be observed that the CF value varied 
during the three periods. The CF values were 0.78, 0.62, and 0.75 
kgCO2eq m− 3 during Period I, II, and III, respectively. The increase in CF 
during Period III was mainly related to the rise of indirect emissions due 
to the higher energy consumption than in the previous periods. Indeed, 
the energy consumption during Period I was 48.24 kWh d− 1. This value 
increased to 48.84 and 49.5 kWh d− 1 during Periods II and III. The in-
crease in energy consumption is due to the higher frequency of the pump 
recirculating the sludge from MBR to the OSA reactor. Compared to the 
others, the reduction of CF during Period II is due to the lower contri-
bution due to the oxidation of the organic substance (CO2,OrgOx) caused 
by the lower carbon consumption during denitrification. 

4. Conclusions 

This study showed that: i. the highest (88%) biological sludge 
reduction was obtained under the operation with IR of 100%, with 
heterotrophic observed yield coefficient of 0.15 gTSS/gCOD; ii. the 
sludge reduction was due to the cell lysis and endogenous metabolism; 
iii. with the increase of IR, a worsening in terms of membrane fouling 
(therefore operating costs) and greenhouse gas emissions occurred 
simultaneously. However, the CF was maintained almost equal to that 
obtained under the operation with an IR of 45%. Therefore, a trade-off 
between the advantages of reducing sludge production and the disad-
vantages of increasing membrane fouling and GHG emissions must be 
identified in the future. Further developments should be devoted to 

optimising the operational features of OSA-MBR systems, minimising 
excess sludge production, controlling fouling tendency, and decreasing 
GHG emissions. 
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