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Abstract: Pilot-scale experimental measurements and simulations were utilised to evaluate the
nutrient removal efficiency of three submerged membrane bioreactor designs. This study compared
setups with post- and pre-denitrification processes. A 625 L pilot plant for treating primary effluent
provided the operational data necessary for calibrating the activated sludge model, specifically for
chemical oxygen demand and nitrogen removal under steady-state flow. Identical influent conditions
were maintained for all configurations while varying the sludge retention times (from 5 to 100 d),
hydraulic retention times (ranging from 4 to 15 h), return activated sludge flow rates (between
0.1 and 3.0), and aerobic volume fractions (from 0.3 to 1.0). The pilot plant tests showed high
COD and ammonia removal (above 90%) but moderate total nitrogen removal (above 70%). The
simulation results successfully forecasted the effluent concentrations of COD and nitrogen for each
configuration. There were noticeable variations in the kinetic parameters, such as mass transfer
coefficients and biomass decay rates, related to the activated sludge model. However, increasing the
sludge retention time beyond 20 d, hydraulic retention time beyond 8 h, return activated sludge rates
above 2.0, or aerobic volume fractions beyond 0.4 did not significantly enhance nutrient removal.
The post-denitrification setup showed a clear benefit in nitrogen removal but required a greater

oxygen supply.
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1. Introduction

Increasing stringent regulation on wastewater treatment plant (WWTP) effluent has
spurred the search for new and improved treatment processes. Traditional biological
nutrient removal (BNR) systems rely on activated sludge processes involving anaerobic,
anoxic, and aerobic reactors. In the aerobic stage, ammonia is transformed into nitrate, and
then into nitrogen gas in the anoxic stage. Phosphorus is released in the anaerobic reactor
and taken up during the anoxic and aerobic phases. Even though BNR systems remove
nutrients from wastewater, they struggle to achieve strict limits in nutrient discharges. This
challenge highlights the need for extensive studies to better understand the behaviour of
microbial communities within BNR systems [1].

The combination of BNR with submerged membrane bioreactors (SMBRs) is consid-
ered an alternative for new or redevelopment of conventional activated sludge (CAS) plants
because it operates at higher biomass concentrations, allowing for a small plant footprint
with solid-free effluent [2,3]. This combination can be performed at high sludge retention
times (SRTs), which promotes efficient nutrient removal. Nevertheless, some researchers
have identified that soluble microbial products (SMPs) released by bacteria during the
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treatment process are a vital contributor to membrane fouling, which increases operational
costs for WWTDPs utilising SMBRs due to frequent membrane cleaning [2,4-9]. Studies have
shown that aerobic membrane bioreactors can operate efficiently at shorter SRT values
(10-25 d) without compromising performance, while extended SRTs beyond 40 d offer no
additional benefits and may increase membrane biofouling by reducing microbial activity
and altering EPS and SMP concentrations [10,11].

Fouling can be minimised by optimising operational parameters such as hydraulic
retention time (HRT), organic loading rate (OLR), and SRT [4]. It has been reported
that decreasing HRT and increasing SRT lead to reduced levels of SMPs, resulting in
lower membrane fouling [3]. Additionally, some researchers have explored various SMBR
configurations for BNR systems to increase removal efficiency while keeping membrane
fouling low [7,12]. Nevertheless, mathematical modelling of BNR in SMBRs involving
SMPs and fouling is a complicated task due to over-parameterisation [2]. Therefore, it is
necessary to explore existing simple models and test their ability to adequately simulate
BNR using SMBRs.

The mathematical models developed by the IWA are widely recognised as the stan-
dard for studying, advancing, and optimising activated sludge systems [13,14]. The most
renowned of these is the ASM 1, which outlines the processes of organic matter oxidation
and nitrification—denitrification. Stoichiometric and kinetic parameters from conventional
activated sludge plants have been applied to design submerged membrane bioreactors.
Nevertheless, differences in biokinetic parameters have been observed between conven-
tional activated sludge and submerged membrane bioreactor installations. These differ-
ences arise from long SRTs and high concentrations in biomass in SMBRs, which results in
changes in the floc structure influence on mass transfer [15-18] and changes in the microbial
population in SMBRs [2—4,19,20]. At higher solid retention times, sludge flocs tend to be
more compact and physically stable compared to those formed at lower sludge retention
times [21]. Research has indicated that floc sizes in submerged membrane bioreactors
are generally smaller than in conventional activated sludge systems [22,23]. The size and
structure of flocs are key factors in mass transfer, influencing the half-saturation constants of
nitrifying organisms [15,22]. Moreover, the lack of grazing organisms in systems operating
at high SRTs has been shown to impact microbial population dynamics and contribute to
reduced biomass decay [19,24-26].

Most studies on SMBRs tend to concentrate on sludge characteristics, nutrient removal
efficiency, and membrane performance, often lacking kinetic data. While valuable efforts
have been made to provide biokinetic parameters, they have not followed the established
framework for biological nutrient removal models (for instance, reference [27]). Despite
practical knowledge of using activated sludge and SMBRs for nutrient removal in the
process design, significant optimisation potential remains. In this research, a comparison
of three distinct configurations for nutrient removal using the submerged membrane
bioreactor operation was conducted. Initially, pilot-scale experimental measurements
assessed biological nitrogen and phosphorus removal under varying operational conditions.
Both pre-denitrification and post-denitrification setups were tested across anaerobic, anoxic,
and aerobic zones. The data collected were then used to calibrate a steady-state model,
based on an activated sludge model [28], utilising the GPS-X® version 4.0.1 software
package from Hydromantis Inc (Hamilton, ON, Canada.). Simulations were subsequently
carried out, using the verified model, to comprehensively assess the three configurations
under different SRTs, HRTs, RAS rates, and aerobic volume fractions, while maintaining
consistent influent wastewater quality. This analysis aims to highlight the factors that
most significantly impact SMBR nutrient removal performance, rather than to provide
stoichiometric or kinetic parameters for process design.
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2. Materials and Methods
2.1. Pilot Plant

The experiments were conducted in an SMBR pilot plant installed at the City of Guelph
WWTP (Canada). The pilot plant primarily comprises a rectangular plastic bioreactor with
an active volume of 0.5 m?, which could be configured into two or three compartments
arranged in series alongside a membrane tank (SMBR) with a 0.125 m? active volume dedi-
cated to biosolid-liquid separation. The SMBR was configured with dead-end membrane
modules (ZW—10®, Zenon Environmental Inc., now part of General Electric, Oakville, ON,
Canada) featuring a pore size of 0.2 um. The plant was fed with primary effluent, and the
solid retention time was regulated by removing excess sludge from the SMBR.

Configuration No. 1 mirrors the A?2/O™ process, featuring an anoxic/anaerobic/oxic
sequence, as concentrated sludge, rich in nitrogen oxides, is returned from the submerged
membrane bioreactor to the first stage. Configuration No. 2 is a modified version of
the three-stage Bradenpho biological nutrient removal system, where sludge is recycled
from the submerged membrane bioreactor to both the anaerobic and anoxic zones [29].
Configuration No. 3 employs a post-denitrification process similar to that outlined in
reference [30]. Figure 1 shows the schematic representation in GPS-X, while Appendix A
presents sample points employed in this research.

Z1 - Anoxic Z2 - Anaerobic Z3 — Aerobic SMBR
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Figure 1. Schematic of the ASM model setup in GPS-X for Configurations (a) No. 1, (b) No. 2, and
(c) No. 3.
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The operational conditions for each configuration are summarised in Table 1.
Table 1. Operating conditions.
Run No.
Parameter Units

1 2 3 4
Configuration No. 1 2 2 3
SRT d 53+9 17 £2 36+9 31+3
HRT h 79 £05 62+03 6.0+0.2 69 +03
Duration of pilot plant operation d 392 83 64 72
Influent flow L/h 577 48+ 6 48 +£7 67 £3
Total reactor volume L 461 302 292 462
Volume fractions (%)
Anaerobic 37 30 29 18
Anoxic 18 30 29 37
Aerobic (including SMBR) 45 40 42 45
Recycling ratio
RAS1 31£07 1.0+ 0.3 1.1£03 -
RAS2 - 32+09 31+£08 3.0£03
RAS3 - - - 1.1+04

Note: values represent y & 0.

2.2. Wastewater Characterisation

Applying the ASM 1 to emerging wastewater treatment technologies like SMBRs
requires experimental data on activated sludge and wastewater properties. Samples were
collected twice weekly from the influent, permeate, and reactor zones across all configura-
tions. Influent characterisation involved measuring TSS, VSS TCOD, SCOD, NH3, nitrogen
oxides (NO,~ and NO; ™), TN, TP, SP, and alkalinity. The average results from these mea-
surements across four experiments are summarised in Table 2. These values represent
averages calculated from data collected after steady-state conditions were achieved for
each configuration. For activated sludge characterisation in each reactor zone, parameters
such as MLSS, MLVSS, total and soluble COD, NHj3, NO,~, NO;3 7, total nitrogen, and
phosphate were measured. Most of the analytical techniques used in this work followed
Standard Methods [31]. Nitrate was determined with specific HACH kits—Test’' NTube—
Hach (Loveland, CO, USA), while TN was determined by using a TOC analyser Model
TOC-Vesh — Shimadzu (Kyoto, Japan) coupled with a TNU (TNM-1, Shimadzu).

Table 2. Influent wastewater composition.

Run No.
Parameter Unit

1 2 3 4
Configuration No. 1 2 2 3
Temperature °C 18.7 £ 4.1 [106] 18.6 2.8 [72] 22 £ 1.8 [56] 20.6 £ 3 [71]
pH 7.5+ 0.3[75] 7.3 + 0.2 [60] 7.3 + 0.2 [54] 7.5+ 0.2[16]
Alkalinity mgCaCO3/L 530 + 58 [22] 531 £ 62 [27] 474 £ 65 [20] 455 + 47 [25]
TSS g/L 0.21 +0.07 [21] 0.22 £+ 0.28 [29] 0.28 +0.36 [21] 0.15 + 0.04 [24]
VSS g/L 017 +£0.06[21] 012+0.15[25] 017 +025[20]  0.10 & 0.04 [24]
COD mg/L 371 £97 [22] 262 £ 73 [29] 236 £ 56 [20] 320 + 86 [23]
TN mgN/L 62.3 +17.8 [27] 60.6 = 14.1 [29] 44.1 £ 13.2[20] 39.2 +7.3[24]
NH; mgN/L 427+11.6[26]  59.5+152[29]  40.7 + 14.5[20] 30 + 7.9 [25]
NO,~ mgN/L 1.0 £ 0.9 [26] 048 £0.37[29]  0.14+028[20]  0.26 & 0.22 [25]
NO;~ mgN/L 1.8 £ 2.0 [26] 0.79 £+ 0.96 [29] 0.27 = 1.08 [20] 1.50 £ 2.11 [25]
TP mgP/L 6.10 + 1.9 [19] 5.6 + 2.7 [29] 5.2 + 1.8 [20] 6.4 + 2.6 [26]
Soluble nitrogen fraction Y% 88 + 0.6 [10] 92 + 13 [27] 88 + 29 [16] 82 + 21 [22]
Soluble phosphorous % 17 + 16 7] 21 + 11 [29] 6 + 4[20] 9+ 10[25]
fraction

Note: values represent y £ o [ #].
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An initial step in calibrating the ASM 1 involves identifying the various organic com-
ponents in wastewater: 51, Sg, X}, and slowly biodegradable organic matter. Wastewater
characterisation was performed according to the methodology outlined in reference [32], as
shown in Table 3.

Table 3. Influent COD, nitrogen, and phosphorous fractions.

Parameter Run No-

1 2 3 4
COD fractions (%)
e  Total soluble 42 38 35.9 39
e Inert soluble 9 9 10.3 9
e  Inert particulate 20 19 12.8 17
e  Readily biodegradable 33 29 25.4 30
e  Slowly biodegradable 38 43 51.5 45
Soluble nitrogen fraction (%) 88 92 88 82
Soluble phosphorous fraction (%) 17 21 6 9

Notes: values are presented as yielding in percentage.

2.3. Calibration Methodology

GPS-X® version 4.0.1 (Hydromantis Inc.) was the software package used for the pilot
plant steady-state simulation. A mixed reactor was assumed to be the compartment type
for all zones. The submerged membrane bioreactor was modelled as a thoroughly stirred
tank reactor, complemented by an external membrane separation process featuring a high
recirculation rate (see Figure 1). Moreover, the SMBR was regarded as an ideal biomass
separator, eliminating all biomass and debris particles while ensuring no degraded particle
substrate remained. Consequently, it was assumed that all particle biomass and substrates
were solely removed via the wastage flow.

The model employed for C-O and N-REM was the IAWQ ASM 1 [28]. Calibration was
conducted following the stepwise procedure outlined in reference [33] and the BIOMATH
protocol described in reference [34], taking into account the available data from the pilot
plant. Data collected from the pilot plant were averaged, assuming that this average
reflects steady-state conditions. Minor variations in operational parameters and influent
characteristics were applied within the ranges reported in Tables 1-3 to align with the
measured data for inorganic suspended solids and sludge retention time. Since the sludge
retention time was fixed according to the mass balance of the pilot plant, the concentration
of inert solids in each reactor zone was primarily influenced by the adjustment of the
VSS/TSS ratio, the fs;, and RAS. By adjusting the inert COD fraction, the model could
accurately predict the soluble chemical oxygen demand in the effluent.

The model was calibrated to match the average concentrations of solids, dissolved
oxygen, chemical oxygen demand, and nitrogen compounds in each reactor and the effluent,
allowing for the derivation of stoichiometric and kinetic parameters for activated sludge
modelling. Both manual and mathematical optimisation techniques can be utilised for
model calibration using the GPS-X® software. In this study, a manual calibration approach
was adopted. The initial estimates for stoichiometric and kinetic parameters were taken
from the default values provided in GPS-X® for the ASM 1. Subsequent adjustments to
these parameters during calibration were made to minimise the discrepancies between the
predicted and observed values.

2.4. Simulation

Steady-state simulations of the pilot plant’s performance were conducted at a tem-
perature of 20 °C, employing the kinetic and stoichiometric parameters derived from the
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calibrated steady-state model, with an influent flow rate of 60 L/h and the average influent
characteristics presented in Table 4. Additionally, a constant dissolved oxygen concentra-
tion of 2.0 mg/L was maintained in the aerobic zone. The nutrient removal efficiency for
each configuration was assessed by keeping the operating parameters constant while vary-
ing the parameters under investigation within specified ranges. The conditions for each
simulation are detailed in Table 5. The aerobic volume fractions utilised were consistent
with those applied during the experimental trials, as shown in Table 1.

Table 4. Mean influent characteristics.

Parameter Unit Value Fraction Value
Chemical oxygen mgCOD/L 340  VSS/TSS 0.78
demand
TKN mgN/L 34 Total soluble COD fraction 0.39
NH;j; mgN-NH, /L 28 Inert fraction of soluble COD 0.17
Nitrogen oxides mgN/L 0.5 Fraction of slow COD 0.62
Alk mgCaCO3/L 490 VFA fraction of soluble COD 0.00
TP mgP/L 6.0 Orthophosphate fraction 0.80
sp mgP/L 4.0 NHj fraction 1.00

XCOD/VSS 1.76
BODs/BODy 0.66

Table 5. Operating parameter conditions for analysing N-REM behaviour.

. . SRT HRT RAS Aerobic
Variable Operating Parameter @ (h) (L/h) Fraction
SRT 5-100 6 120 Table 1
HRT 20 4-15 120 Table 1
RAS 20 6 6-360 Table 1
Aerobic volume fraction 20 6 120 0.3-1

3. Results and Discussion
3.1. Calibration

Prior to evaluating the performance of the submerged membrane bioreactor pilot plant
using the model, the steady-state Activated Sludge Model 1 was calibrated via the GPS-X®
software to establish the stoichiometric and kinetic parameters for each configuration.
During the calibration process, operational parameters such as sludge recycling, wastage,
and influent wastewater characteristics were adjusted to align the predicted concentrations
of mixed liquor solids with the observed values. The adjusted values for sludge waste,
return activated sludge, and influent characteristics are presented in Table 6. Variations
from the average sludge waste and recycling flows were anticipated due to daily short-
duration wastage and variability in return activated sludge. COD fractions were estimated
once for each pilot trial; therefore, the results in Table 3 should not be regarded as averages
for the entire study period. Consequently, modifications were made to the inert fraction of
COD to reconcile the available solid data.

After adjusting the MLVSS concentrations, the chemical oxygen demand and nitrogen
profiles and effluent quality were utilised to refine the model parameters further. The
stoichiometric and kinetic parameters derived from the calibration process of the ASM 1
are summarised in Table Al. The measured and simulated results for Runs No. 1 to 4 are
compiled in Tables A2—-A5. These tables indicate that the results for suspended solids, am-
monia concentrations, and nitrate profiles closely align with the measured data. However,
the filtered COD profiles did not correspond well with the measured values. Nearly all
chemical oxygen demand was consumed in the first reactor, resulting in denitrification that
was reliant on decay reactions and the utilisation of slowly biodegradable substrates. The
concentration values for nitrogen oxides were estimated by adjusting the anoxic hydrolysis
rate factor and the saturation coefficient for oxygen. Applying separate yields for aerobic
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and anoxic heterotrophs did not significantly influence the COD or nitrate profiles. Notably,
the influent ammonia concentrations for Configurations No. 1 and No. 2 (Runs No. 1 to
No. 3) exceeded 40 mg/L. High influent ammonia levels can impact model predictions
since the Monod equation may not accurately represent the nitrification kinetics under
such conditions [35]. Nevertheless, a close correspondence between the simulated and
measured NHj3 and nitrate profiles was observed, as detailed in Tables A2-A5.

Table 6. Adjusted operating parameters and influent fractions for Activated Sludge Model 1.

Run
Parameter
1 2 3 4

Flows (L/h)
Sludge waste 0.25 (0.27) 0.55 (0.51) 0.27 (0.27) 0.50 (0.47)
RAS1 120 (176) 250 (201) 230 (202) -
RAS2 - 152 (154) 147 (149) 204 (201)
RAS 3 - - - 120 (74)
Influent fractions
XCOD/VSS 1.88 1.88 1.74 1.76

0.29 0.29 0.33 0.39
Soluble COD (042+£0.18) (038+0.11) (036 +£0.12)  (0.39 = 0.14)
Inert COD 0.25 (0.18) 0.25 (0.18) 0.31 (0.22) 0.17 (0.19)
VSS/TSS 0.85 (0.81) 0.85 (0.71) 0.73 (0.74) 0.78 (0.73)

Note: values highlighted in blue colour were measured in pilot plant trials.

The initial stoichiometric and kinetic parameters for chemical oxygen demand and
nutrient removal were sourced from reference [28] as default values for the Activated
Sludge Model 1; it is noteworthy that the most sensitive parameters were selected to
minimise the number of modifications during the steady-state calibration process. The
parameters adjusted during the steady-state calibration are listed in Table A1. Yy values
were derived by fitting the VSS data, with the assumption that the formation of autotrophic
biomass in the bioreactor was minimal compared to heterotrophic biomass.

The obtained Yy values were lower than typical values due to the higher sludge reten-
tion time tested across all configurations. This phenomenon is attributed to microorganisms
primarily utilising available substrates for maintenance purposes [19,36]. Similar yield
coefficients for heterotrophic organisms have been reported in SMBR processes [27,36,37].

The decay rate for heterotrophic biomass (by) was found to be lower than the values
typically reported for conventional activated sludge processes [38,39]. Research has indi-
cated that the decay rate of heterotrophic bacteria can decrease in the absence of grazing
organisms in activated sludge, falling below 0.1 d~! [38,40]. Conversely, reference [19]
found that submerged membrane bioreactor systems are almost devoid of protozoa and
metazoans. Hence, the by values determined for activated sludge from submerged mem-
brane bioreactor systems operated at a high sludge retention time are expected to be lower
than those typically used in the ASM 1.

Table A1 also indicates that the decay rates for autotrophic organisms (b4) are higher
than those generally assumed for the ASM 1. Recent studies have reported b, values
significantly higher than those commonly utilised in modelling and design [33]. Decay rates
ranging from 0.15 to 0.40 d ! have been documented when denitrification is incorporated
into conventional nitrifying activated sludge systems, accounting for predation effects [25].
The impact of high sludge retention time and complete retention of autotrophic biomass on
nitrification rates remains an area of ongoing research due to the widely varying results
reported in the literature [33,41,42]. One possible explanation for the elevated decay values
is that heterotrophic bacteria may outcompete autotrophic bacteria without predation.

Despite the adjustments made to the 14, the nitrogen oxide concentration in the efflu-
ent did not decrease sufficiently to match the measured data. Consequently, the coefficients
Kop and Koy needed to be adjusted to accurately predict the profiles of ammonia and
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nitrogen oxides across the three configurations. The Koy and Kp4 values presented in
Table Al deviate from typical values, likely due to the specific hydraulic conditions in the
submerged membrane bioreactor pilot plant. Submerged membrane bioreactor processes
operate at high concentrations of mixed liquor suspended solids, which increase sludge
viscosity and alter the oxygen mass transfer rate. Consequently, the simultaneous nitrifica-
tion and denitrification processes can be affected by limitations in oxygen diffusion within
the floc [43]. Significant alterations in oxygen saturation coefficients during the calibration
of activated sludge models have also been noted in the literature [22,34,43]. Reference [22]
examined the influence of membrane separation and mass transfer on nitrifier kinetics
by conducting parallel runs of SMBR and CAS plants. The authors observed substantial
differences in the half-saturation constants for oxygen (Kp4) between the two processes,
with an average value of 0.18 gO, /m? for the submerged membrane bioreactor, which is
consistent with the findings of this study. Reference [22] attributed the lower Kp4 value to
the small floc size in the submerged membrane bioreactor, where diffusion resistance can
be largely neglected.

The disparities between the generally accepted biokinetic parameters in the Activated
Sludge Model 1 and those obtained in this investigation are crucial for the modelling and
design of SMBRs. Increasing SRT elevates solid concentration and induces changes in the
microbial community within the activated sludge, which are reflected in the stoichiometric
and kinetic parameters.

3.2. N-REM Performance

The kinetic and stoichiometric parameters outlined in Table Al and the influent
wastewater characteristics presented in Table 4 were employed to assess the nutrient re-
moval performance of each SMBR process configuration. The impact of sludge retention
time on the simulated NH3; and NOs ™ effluent from all configurations is illustrated in
Figure Al. In contrast, the variations in heterotrophic and autotrophic biomass concentra-
tions are shown in Figure A1. The total effluent COD consistently approximates the soluble
inert COD value (23 mgCOD/L) since complete solid removal is assumed to occur within
the submerged membrane bioreactor. The trends depicted in Figure A2 demonstrate that
effluent ammonia levels decrease as the SRT increases for all configurations, stabilising after
SRT =20 d. Figure A2 indicates that increasing the SRT beyond 20 d leads to a slight rise in
both heterotrophic and autotrophic biomasses, resulting in no significant improvement in
nitrogen removal. Configuration No. 1 exhibits a notable advantage in ammonia nitrogen
removal, demonstrating the lowest NHj effluent at lower sludge retention time values.
However, Configurations No. 1 and No. 3 show higher nitrate effluent concentrations,
while Configuration No. 2 consistently maintains a NO3 ™~ concentration below 1.5 mgN/L.

Oxygen uptake during the aerobic process was derived from model simulations.
Figure A3 illustrates the variation in oxygen consumption with sludge retention time for
all configurations. Oxygen consumption in Configuration No. 2 is approximately 20%
lower than in Configurations No. 1 and No. 3. This lower oxygen uptake in Configuration
No. 2 can be attributed to nitrate serving as an electron acceptor during organic carbon
oxidation, reducing the requirement for DO. Configurations No. 1 and No. 3 exhibit higher
oxygen consumption due to the lower sludge production and higher ammonia removal
rates. After SRT = 60 d, oxygen uptake becomes similar across the three configurations. The
initial differences during short SRT periods are primarily due to variations in the maximum
growth rate of autotrophs.

Additionally, Figure A3 highlights the nitrification and denitrification performance.
Configuration No. 1 clearly shows the highest NH; and NO3;~ removal rates. It is
also observed that the nitrification and denitrification rates become nearly constant after
SRT = 20 d. Increasing the sludge retention time leads to an accumulation of inert biomass
and higher operational costs in SMBRs. If no significant improvements are seen beyond
20 d, this duration should be considered the maximum recommended SRT.
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Various studies in the literature support these findings. Yilmaz et al. (2023) [10]
found that shorter SRT values (10-20 d) can be employed in aerobic membrane biore-
actors without compromising performance. Additionally, other pilot studies identified
optimal operating conditions with SRTs ranging between 20 and 25 d [11,44]. Moussa
et al. (2005) [45] developed a mathematical model that describes the interactions among
heterotrophic and autotrophic bacteria and predators in wastewater treatment. Their val-
idated model indicates that the active biomass peaks at an SRT of 40 d, suggesting that
further increases do not enhance performance [45]. Conversely, reference [46] presented a
mathematical model predicting membrane biofouling in submerged membrane bioreactor
systems, indicating that increased sludge age diminishes microbial activity. The simulation
revealed no significant reduction in extracellular polymeric substance (EPS) and soluble
microbial product (SMP) concentrations after 20 d of SRT [46]. Comparable observations
have been reported in the literature [3,47].

Experimental studies have also corroborated some of these results. Reference [48]
explored the effects of sludge retention time (ranging from 3 to 20 d) on organic and nitrogen
removal in an anoxic/oxic SMBR for treating domestic wastewater. The authors found that
nearly complete organic removal was achieved regardless of sludge retention time, while
denitrification performance depended on the operating SRT. Notably, Ng et al. (2006) [48]
reported that SRT did not influence nitrification, which contrasts with the model results
presented herein. In contrast, other investigations observed that nitrification decreased
at a 2 d SRT but remained unaffected at higher sludge retention times when studying
the performance of a submerged membrane bioreactor pilot plant treating municipal
wastewater at SRTs between 30 and 2 d [23]. Variations in metabolic activities and floc
structure are believed to play a significant role in nitrification performance at shorter
SRTs [15,23].

Figure A4 illustrates the impact of hydraulic retention time on nutrient performance
across all analysed configurations. With an influent flow rate of 60 L/h and a sludge
retention time set to 20 d, hydraulic retention time was increased from 4 to 15 h by adjusting
the volumes of each reactor zone accordingly. Figure A4 shows that the total concentrations
of heterotrophic and autotrophic biomasses remained unchanged with varying HRTs, with
decreasing biomass concentration as HRT increased. Configuration No. 3 exhibited no
variation in effluent NHz and NO3; ™~ concentrations with changes in hydraulic retention
time. Conversely, Configuration No. 2 demonstrated the most significant reduction in NHs
and increased NOj3 ™~ effluent concentrations as HRT was increased.

HRT can be optimised based on influent characteristics and reactor arrangements [16,47,49].
Figure A5 illustrates the effects of hydraulic retention time ranging from 4 to 15 h on oxygen
uptake, nitrification, and denitrification for Configurations No. 1 to No. 3. Oxygen uptake
was higher for Configurations No. 1 and No. 3 due to the presence of an aeration zone
before the submerged membrane bioreactor, while Configuration No. 2 displayed lower
oxygen consumption. At an HRT of eight hours, the nitrification and denitrification rates
were relatively similar across all configurations. Therefore, if no significant improvements
are noted by increasing HRT beyond 8 h, this duration should be the upper limit suggested
for the analysed configurations.

Figure A6 illustrates the effects of RAS from the membrane tank on nutrient perfor-
mance across the tested submerged membrane bioreactor configurations. With an influent
flow rate of 60 L/h, SRT and HRT were set to 20 d and six hours, respectively, maintaining
the aerobic volume fraction consistent with that of the pilot plant tests. The return acti-
vated sludge flow rate increased from 0.3 to 6 times the influent flow. No changes in total
biomass were observed with varying RAS levels, as shown in Figure A6. However, the
MLSS concentration profile within the pilot plants did change due to RAS, influencing the
effluent concentration. Figure A6 indicates that NHj3 effluent remained relatively constant
for Configuration No. 1 while increasing with higher RAS values in Configurations No. 2
and No. 3. Ammonia concentrations stabilised for RAS values exceeding 2.0, while nitrate
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effluent concentrations continued to decrease with increasing RAS. However, at RAS values
above 3.0, no significant decrease in NO3 ™~ concentration was observed.

Figure A7 illustrates the variations in oxygen uptake, nitrification, and denitrification
in relation to RAS. As depicted in the graphs, increases in RAS above 2.0 had minimal
impact on the rates, which remained constant. Therefore, maintaining RAS between two
and three is suggested for the analysed configurations.

The effects of aerobic volume fraction on submerged membrane bioreactor nitrogen
removal performance were simulated based on the settings outlined in Table 5. The total
volume of 0.36 m® was divided into zones according to the selected aerobic fraction, with
the membrane maintained at a minimum volume of approximately 0.3 m3. Sludge wasting
was adjusted to achieve a 20-day sludge retention time. Figure A8 shows that the total
biomass remained constant regardless of the selected aerobic fraction. As anticipated,
increases in the aerobic volume fraction led to decreased effluent NH3 concentrations. To
achieve an effluent ammonia concentration of 2.0 mgN /L, Configuration No. 2 required
an aerobic fraction of 0.7, whereas Configurations No. 1 and No. 3 needed 0.3 and
0.4, respectively.

Figure A9 illustrates the variations in oxygen uptake, nitrification, and denitrification
rates as a function of aerobic volume fraction. Configurations No. 1 and No. 3 demonstrated
a clear advantage in nitrogen removal but required a higher oxygen supply. In contrast,
Configuration No. 2 exhibited the lowest oxygen uptake, necessitating an increased aerobic
volume fraction to enhance ammonia removal. Overall, oxygen uptake remained relatively
stable, while substantial fluctuations in nitrification and denitrification rates were observed
when aerobic fraction values fell below 0.4 or exceeded 0.8. Consequently, the optimal
operational range for the aerobic volume fraction should be set between 0.40 and 0.80 for
all configurations.

It is important to note that this research only explored stoichiometric and kinetic
parameters calibrated based on average wastewater and sludge characteristics. Some
discrepancies between the measured and simulated data may have arisen due to chemical
additions in the wastewater treatment plant and daily variations in sludge wasting. Addi-
tionally, the model assumes each reactor zone functions as a thoroughly stirred tank reactor,
even though some intermixing occurs between the zones in the pilot plant. Moreover, the
yield coefficient was maintained constant while the sludge retention time varied during
the simulation, whereas the heterotrophic yield coefficient decreased with increasing SRT,
potentially impacting nutrient removal performance. Despite its limitations, this study
provides kinetic and stoichiometric parameters for the Activated Sludge Model 1 that are
applicable to conventional activated sludge systems.

The findings from this study highlight essential operational and economic considera-
tions for WWTPs using SMBRs. WWTPs can operate at shorter SRTs (10-20 d), preserving
high nutrient removal efficiency while lowering membrane fouling, as reported by other
researchers [2—4]. These circumstances minimise the frequency and expense of chemical
cleaning procedures by reducing the buildup of SMPs and EPSs, which are the leading
causes of fouling [20]. This improvement increases operational stability and reduces aera-
tion energy consumption, raising the plant’s total cost-efficiency. However, because influent
quality and flow rates vary in real-world settings, care must be taken while scaling up
SMBR systems. Robust control mechanisms are essential for scalable SMBR systems to
modify sludge management, aeration, and recirculation dynamically.

4. Conclusions

The N-REM performance of three distinct submerged membrane bioreactor config-
urations was assessed through pilot plant tests and computer simulations based on the
Activated Sludge Model 1. The submerged membrane bioreactor configurations were oper-
ated with a solid retention time ranging from 17 to 53 d, achieving an MLSS concentration of
16 gMLSS/L. Steady-state calibration was conducted to derive the kinetic and stoichiomet-



Environments 2024, 11, 260

11 of 23

ric parameters necessary for model-based performance evaluation. The model successfully
predicted the tested configurations” MLSS, NH3, and NO3 ™ concentration profiles.

During model calibration, discrepancies were noted between the biomass decay and
mass transfer parameters used as default values for conventional activated sludge and
submerged membrane bioreactor systems. The literature suggests that a smaller floc
size and the absence of grazing organisms may significantly influence the biokinetics
of activated sludge in SMBRs. Configuration No. 1 demonstrated consistent ammonia
removal, producing a higher nitrate effluent concentration due to the aerobic conditions
in the last two reactor zones. Configuration No. 2 exhibited moderate nitrogen removal,
characterised by a low bioreactor volume, reduced oxygen requirements, and simplified
operation. Configuration No. 3 capitalises on post-denitrification by placing the anoxic
reactor downstream of the aerobic zone, effectively reducing the nitrate concentration
before recycling it to the anaerobic zone. A drawback of this configuration is its moderate
bioreactor volume coupled with higher energy demands for oxygen supply.

For optimal operation across all configurations, it is recommended that SRT values
below 20 d, HRT values above six hours, RAS ratios above 2.0, and an aerobic volume
fraction between 0.4 and 0.8 are maintained.

The results underscore the critical factors influencing the nitrogen removal performance
in SMBRs. Further investigations are warranted to optimise the biological removal process,
specifically focusing on the effects of reducing hydraulic retention time, employing multi-stage
designs, and enhancing aeration through the addition of more membrane modules.
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Nomenclature

The following abbreviations are employed in this article:

Alk Alkalinity

ASM1 Activated Sludge Model

BNR Biological nutrient removal

by Decay rate of X sy d1

by Rate constant for lysis and decay (d~1)
CAS Conventional activated sludge
COD Chemical oxygen demand

c-O Carbon oxidation

DO Dissolved oxygen

fs1 Inert soluble COD fraction

K Substrate half-saturation coefficient
Kon Inhibition coefficient for oxygen

K, Hydrolysis rate constant

Koa Saturation coefficient for oxygen

ky Substrate half-saturation coefficient

HRT Hydraulic retention time
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MLSS Mixed liquor suspended solids
MLVS  Mixed liquor volatile suspended solids
NHj; Ammonia

NO,; ™~ Nitrite

NO3~ Nitrate

N-REM  Nitrogen removal

OLR Organic loading rate

RAS Return activated sludge

SCOD  Soluble chemical oxygen demand
SMBR Submerged membrane bioreactor
SMP Soluble microbial product

SRT Sludge retention time

Sy Inert soluble COD

Ss Readily biodegradable COD

SpP Soluble phosphorus

TCOD  Total chemical oxygen demand
N Total nitrogen

TNU Total nitrogen unit

TSS Total suspended solids

P Total phosphorus

\E) Volatile suspended solids

WWTP  Wastewater treatment plant

Xa Autotrophic organisms

Xy Heterotrophic organisms

X Inert particulate matter

Xs Hydrolysis of particulate substrate
Y4 Yield of autotrophic biomass

Y Yield coefficient

HA Maximum growth rate of Xy
Ul Maximum growth on substrate

u Mean

o Standard deviation

# Number of readings

NO3 Reduction factor for denitrification
Appendix A

Table A1l. Stoichiometric and kinetic parameters of the Activated Sludge Model obtained during the

calibration stage for all Runs.

Default Run No.
Parameter Units Values
(20°0O) 1 2 3 4
Heterotrophic organisms: Xy
Yy gCOD/gCOD 0.67 0.38 0.40 0.52 0.30
7% day~! 6.00 6.00 6.00 6.0 5.00
by day~! 0.62 0.40 0.20 0.20 0.20
Ks gCOD/m3 20 25 20 20 25
Kon g0, /m3 0.20 0.30 1.00 3.00 0.10
Hydrolysis of particulate substrate: Xg
K}, day~! 3.00 3.50 3.50 3.50 3.00
ky gCOD/gCOD 0.03 0.03 0.03 0.03 0.14
NO3 - 0.40 0.75 0.75 0.75 0.30
Autotrophic organisms: X4
Yu gCOD/gN 0.24 0.25 0.25 0.25 0.25
A day~! 0.80 0.50 0.80 0.80 1.00
ba day~! 0.04 0.12 0.40 0.40 0.20
Koa g0, /m? 0.40 0.20 0.17 0.17 0.15
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Table A2. Mean daily results in Configuration No. 1 at T =20 °C and SRT = 53 d for Run No. 1.

Results
Parameter Z1—Anoxic Z2—Anaerobic Z3—Aerobic SMBR Effluent
M S M S M S M S M S

TSS (gSS/ md) 13,370 12,666 13,240 12,654 13,710 12,644 18,990 18,634
VSS (gMLVSS/ m3) 9426 9117 9348 9105 9766 9095 13,483 13,399
Inert solids (gSS/ m3) 3944 3549 3893 3549 3944 3549 5507 5235
CODg, (mg/L) 55 36 51 31 46 30 32 29 32 29
NH; (mgN/L) 14 13 9 8 5 3 0.6 0.44 06 044
Nitrogen oxides (mgN/L) 1.0 0.7 1.0 0.3 42 4.3 7.8 7.5 16 7.5
DO (mg/L) 0.13 0.06 0.13 0.08 1.0 1.0 2.0 2.3

Note: M—measured value and S—simulated value.

Table A3. Mean daily results in Configuration No. 2 at T =19 °C and SRT = 17 d for Run No. 2.

Results
Parameter Z1—Anaerobic Z2—Anoxic SMBR Effluent
M S M S M S M S

TSS (gSS/ m?) 4740 4845 6660 6038 7230 7193

VSS (gMLVSS/ m?) 3570 3730 4870 4645 5350 5532

Inert solids (gSS/ m?) 1170 1115 1790 1394 1880 1661

CODq, (mg/L) 58 25 59 23 57 22 26 22
NH;3 (mgN/L) 22 17 10 7.1 2.3 24 1.5 24
Nitrogen oxides (mgN/L) 24 3.1 6.5 8.3 13 13 17 13
DO (mg/L) 0.16 0.18 0.22 0.21 4.8 4.5

Note: M—measured value and S—simulated value.

Table A4. Mean daily results in Configuration No. 2 at T =19 °C and SRT = 36 d for Run No. 3.

Results
Parameter Z1—Anaerobic Z2—Anoxic SMBR Effluent
M S M S M S M S
TSS (gSS/ m3) 9480 9063 11,920 11,764 13,770 14,164
VSS (gMLVSS/ m?) 6470 6247 8060 8105 9340 9758
Inert solids (gSS/ m3) 3010 2816 3860 3659 4430 4407
CODy,) (mg/L) 25 27 28 24 28 24 20 24
NH; (mgN/L) 16 16 8.5 7.4 2.13 3.3 1.8 3.3
Nitrogen oxides (mgN/L) 0.9 0.9 29 39 7.7 7.4 9.5 7.4
DO (mg/L) 0.05 0.14 0.08 0.12 3.9 35

Note: M—measured value and S—simulated value.

Table A5. Mean daily results in Configuration No. 3 at T =20 °C and SRT = 31 d for Run No. 4.

Results
Parameter Z1—Anaerobic Z2—Aerobic Z3-Anoxic SMBR Effluent
M S M S M S M S M S

TSS (gSS/ m?) 6780 6441 9370 9974 9610 9969 11,980 13,223
VSS (gMLVSS/ m?) 4620 4374 6230 6761 6390 6756 7970 8958
Inert solids (gSS/ m? ) 2200 2067 3200 3213 3300 3213 4100 4265
CODg, (mg/L) 45 38 28 24 39 24 39 24 23 24
NH;3; (mgN/L) 10 11 4.0 44 3.0 35 2.0 1.1 05 1.1
Nitrogen oxides (mgN/L) 0.5 0.1 3.0 4.6 4.0 3.9 7.0 6.5 80 6.5
DO (mg/L) 0.06 0.02 1.3 1.2 0.05 0.05 5.1 4.9

Note: M—measured value and S—simulated value.
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Figure A1. Configurations and runs of unit processes: (a) Configuration No. 1—Run 1; (b) Configuration
No. 2—Run 2; (c) Configuration No. 2—Run 3; and (d) Configuration No. 3—Run 4.
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