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Abstract

As an emerging wastewater treatment technology, the membrane-aerated biofilm reactor
(MABR) process is increasingly being coupled with anaerobic anoxic aerobic (AAQO) process.
However, there is currently a lack of systematic research and clear consensus on which
of these two arrangements is more significant in improving overall process efficiency in
practical applications. This study established GPS-X models of the conventional AAO
process and two AAO-MABRs (anoxic or aerobic) under different concentrations of influent
and effluent water quality conditions, and systematically compared their effluent quality,
operation cost and greenhouse gas emissions. The results indicate that, compared with
the conventional AAO process, the AAO-MABR coupled process improved the denitri-
fication rate by 37.46%~47.71% (Anoxic), reduced energy consumption by an average of
0.11 kWh/m3, and lowered the operating cost by 0.036 USD/m?. In terms of carbon emis-
sion intensity, the AAO-MABR process achieved an average reduction of 0.67 kgCOseq/ mS.
Notably, the AAO-MABR (Anoxic) configuration exhibited superior robustness under
varying influent and effluent conditions, yielding the lowest average operational cost
(0.047 USD/m?) and carbon intensity (0.61 kgCO,eq/m3). This study provides a reference
for the practical application of MABR process, especially for the upgrading of traditional
AAO processes.
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distributed under the terms and emissions [1]. As a high-energy-consuming sector, WWTDPs therefore have considerable
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influenced by operating conditions, treatment processes, and influent water quality [2].
Among these factors, the evaluation and selection of appropriate treatment processes play
a pivotal role in the design and construction of WWTDPs. Selecting suitable processes that
balance resource recovery, economic efficiency, and environmental protection can improve
operational performance, reduce costs, and promote sustainable wastewater management.

The anaerobic anoxic aerobic (AAO) process is widely applied in wastewater treatment
plants because of its simple configuration, stable performance, and ease of operation [3].
However, the low influent chemical oxygen demand (COD) concentration, together with
the consumption of organic matter in the anaerobic tank, greatly limits the availability
of carbon sources [4]. This limitation often necessitates the addition of external carbon
sources (e.g., acetate, ethanol) to enhance nitrogen removal [5]. The production and
utilization of these commercial organic carbon sources contribute more than 20% of the total
carbon footprint of wastewater treatment and impose considerable economic costs [6]. In
contrast, the MABR process is a novel wastewater treatment technology that integrates gas-
separation membranes with fixed biofilm systems [7]. This process offers new possibilities
for enhancing biological treatment capacity and reducing energy consumption, and it
has demonstrated advantages in pollutant removal and N,O mitigation [8]. Therefore,
it is regarded as a promising innovation in wastewater treatment [9]. Currently, the
MABR process is usually operated in a coupled form with other processes [10,11]. The
influence of longitudinal heterogeneity on N,O generation within MABR and PN/A
processes has been explored from a modeling standpoint by Chen et al. [12]. In another
significant study, Lu et al. [13] demonstrated that integrating PN/anammox/n-DAMO
into an MABR framework enables efficient nitrogen removal. Beyond these, applications
combining MABR with conventional processes like AAO have also been reported. It is thus
evident that a prominent trend in current research is the extensive exploration of coupling
MABR with various other technologies. Notably, in the context of AAO systems, MABR
is typically implemented in one of two distinct treatment units: the anoxic zone or the
aerobic zone. However, systematic research and clear conclusions regarding which of these
two configurations contributes more significantly to overall process efficiency in practical
applications are currently lacking.

The effluent quality index (EQI), operating cost index (OCI), and greenhouse gas
emissions (GHG) are three key objectives for evaluating the sustainability of wastew-
ater treatment. However, inevitable trade-offs among these objectives hinder effective
decision-making in process selection [14,15]. To comprehensively assess and balance these
objectives, multi-objective evaluation methods should be incorporated into the selection
and decision-making processes. Pareto optimality is one of the most suitable decision-
making theories for solving multi-objective optimization problems, where a Pareto-optimal
state represents an ideal allocation of resources in which no objective can be improved
without deteriorating another [16,17]. In recent years, numerous studies have adopted the
concept of Pareto optimality and applied multi-objective optimization algorithms, such
as Non-dominated Sorting Genetic Algorithm (NSGA) and Particle Swarm Optimization
(PSO), to process control and optimization in wastewater treatment plants, thereby enhanc-
ing overall operational performance [18,19]. Given the complexity of wastewater treatment
processes, process modeling and simulation provide an efficient pathway for plant design
and technology selection [20]. Among the available tools, GPS-X offers advantages in model
formulation, dynamic simulation, and interpretation of results [21]. Liao et al. simulated
tens of thousands of scenarios using GPS-X software, providing an effective approach for
achieving low-carbon and economical WWTP operations [22]. Therefore, in this study,
GPS-X was selected to construct process models and ensure the accuracy and reliability of
the generated Pareto solution sets.
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This study aims to comprehensively evaluate the operational efficiency and carbon
emission reduction potential of the AAO process and the AAO-MABR coupled process, and
to compare their performance based on three key indicators: effluent quality, operating cost,
and carbon emissions. GPS-X simulation software was first employed for process modeling
and simulation to obtain the fundamental data required for evaluation. Subsequently, a
multi-objective evaluation system was established, and the values of the three indicators
for each process under baseline conditions were calculated to generate a set of Pareto-
optimal solutions. Finally, the non-dominated sorting method was applied for multi-
objective process comparison to identify the Pareto-optimal scenario. The results of this
study provide practical guidance for wastewater treatment plants in selecting appropriate
treatment processes to support future carbon neutrality goals.

2. Materials and Methods
2.1. Framework of Selection Methods

In this study, a multi-objective evaluation and selection framework for wastewater
treatment processes was developed based on four key criteria: direct carbon emissions,
indirect carbon emissions, operational cost, and energy consumption. The GPS-X simulation
software, version 8.0.1 (Hydromantis, Hamilton, ON, Canada) was employed to model
and calibrate three process configurations: (1) the conventional AAO process; (2) the AAO-
MABR process with the anoxic tank replaced by an MABR; (3) the AAO-MABR process
with the aerobic tank replaced by an MABR, enabling comparison of their operational and
environmental performance. Each model was calibrated to satisfy the effluent standards
specified for the corresponding influent conditions.

The EQI and OCI for each process were calculated using the integrated cost accounting
and water quality modules of GPS-X. Additionally, the carbon emissions of each process
were quantified based on intermediate operational parameters derived from the simulation
results. The obtained results were used to construct a Pareto set comprising four perfor-
mance indicators: indirect carbon emissions per cubic meter of treated water, direct carbon
emissions per cubic meter, operational cost per cubic meter, and energy consumption per
cubic meter.

The Pareto front was visualized in three dimensions, using indirect carbon emissions,
operational cost, and energy consumption as the primary performance indicators. In the
final step, a non-dominated sorting algorithm was applied to classify the data points within
the Pareto set, and the optimal process for each scenario was identified from the first
non-dominated front.

2.2. Process Influent and Effluent Scenario Settings

To enhance the representativeness of the evaluation, multiple scenarios were estab-
lished by varying the influent water quality and effluent discharge standards. Three influent
conditions representing typical pollutant concentrations in municipal wastewater across
China were selected to ensure general applicability. The effluent standards were deter-
mined based on the most widely adopted Discharge Standard of Pollutants for Municipal
Wastewater Treatment Plants (GB18918-2002 [23]), specifically the Grade I-A standard. In
addition, a stricter discharge standard corresponding to Class IV of the Environmental
Quality Standards for Surface Water (GB3838-2002 [24]) was further considered. The com-
binations of influent and effluent conditions adopted in the evaluation are summarized in
Table 1. For clarity, H, M, and L denote high, medium, and low influent concentrations,
respectively, while A and IV represent the Grade I-A and Class IV effluent standards.
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Table 1. Scenario settings for influent and effluent water quality.
Influent /L Effluent L
Water Quality Indicators nfluent (mg/L) uent (mg/L)
H M L A IV
COD 1000 500 250 50 30
BOD 400 220 110 10 10
SS 350 200 100 10 10
TN 85 40 20 15 10
NH;"-N 64 30 15 5 1.5
TP 15 8 4 0.5 0.3

2.3. Process Simulation

Three wastewater treatment processes were constructed and simulated using GPS-X
software. The model input variables included influent conditions, reactor configuration
parameters, and stoichiometric and kinetic coefficients, while the output variables included
effluent quality, sludge production, and other operational performance indicators. In
addition, GPS-X was able to calculate and display intermediate variables such as the influent
and effluent characteristics for each unit, in-reactor water quality, energy consumption, and
operational costs. Following the study by Hu et al. [25], the conventional AAO process
was modified by replacing the anoxic tank with an MABR, hereafter referred to as the
AAO-MABR (anoxic) coupled process. Similarly, as reported by Wang et al. [26], the aerobic
tank in the traditional AAO process was replaced with an MABR, forming the AAO-MABR
(aerobic) coupled process. For all processes, the structural and operational parameters
of each treatment unit were adjusted within the ranges reported in engineering practice
and literature [27,28] to achieve the desired effluent quality, while the stoichiometric and
kinetic parameters were maintained at their default values. The design and operational
parameters of each process unit are summarized in Table 2, and a schematic representation
of the model is illustrated in Figure 1.

Table 2. Parameters of process operation.

Process Facilities Value Unit
Anaerobic tank 1000 m3
Anoxic tank 1000 m3
AAO Aerobic tank 1000 m3
DO 1.0 [25,27] mg/L
Anaerobic tank 1000 m3
MABR 1000 m3
AAO-MABR DO(MABR) 0.2 mgO§ /L
(Anoxic) Aerobic tank 1000 m
DO 1.0 [25,27] mgO,/L
Carrier outer diameter 0.001 m
Carrier length 2.0 m
Liquid film thickness 0.05 mm
Anaerobic tank 1000 m
Anoxic tank 1000 m
MABR 1000 m3
AAO-MABR
(Aerobic) DO(MABR) 2.0 [25,27] mg/L
Carrier outer diameter 0.001 m
Carrier length 2.0 m
Liquid film thickness 0.005 mm
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Figure 1. Process conceptual model. (a) AAO process (b) AAO-MABR (Anoxic) process (c) AAO-
MABR (Aerobic).

In MABR-integrated systems, DO levels are typically selected based on specific process
objectives and influent characteristics. For instance, in the AAO-MABR process, the DO
concentration in the aerobic zone is generally maintained at 2.0-2.5 mg/L [25]. In contrast,
the MABR-PN/A process employs a significantly lower DO concentration (<0.5 mg/L)
to suppress the activity of nitrite-oxidizing bacteria (NOB), thereby favoring stable nitrite
accumulation [27]. Consequently, selecting DO concentrations tailored to the specific
process configuration is critical for optimizing performance. Accordingly, in this study,
the bulk DO setpoints for the aerobic and anoxic zones containing MABR units were
established at 2.0 mg/L and 0.2 mg/L, respectively (Table 2). This strategy preserves
the unique stratified biofilm structure, thereby creating favorable conditions for efficient
simultaneous nitrification and denitrification (SND).

To ensure the accuracy of GPS-X in simulating wastewater treatment processes, the
simulation results were systematically validated against operational data from full-scale
WWTPs. The comparison aimed to verify that the model is capable of providing reliable
predictions and analyses for practical engineering applications. The results demonstrated
that GPS-X can accurately represent the operational performance of wastewater treatment
facilities with a high degree of accuracy, thereby serving as a powerful tool for process
design and operational optimization. By employing GPS-X, engineers and researchers
can efficiently simulate and evaluate wastewater treatment schemes and anticipate po-
tential operational issues before project implementation. This capability enables the de-
velopment of corresponding mitigation strategies, thereby reducing risks and costs in
full-scale operation.

2.4. Evaluation Criteria

We adopted the calculation methods from previous studies to compute EQI, OCI,
and GHG. Here, we only provide a brief introduction and the corresponding calculation
formulas [22]. EQI is employed to evaluate the overall pollutant discharge load in the daily
average effluent. As an integrated indicator, the EQI provides a more intuitive assessment
of the overall effluent quality of the treatment process. The EQI is calculated according to
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Equation (1). In the GPS-X software, the EQI values of each process can be directly obtained
from the component output results.

EQI = Qi wiS; )
i=1

where

Q—Wastewater treatment plant effluent flow rate, m3/d;
n—The number of pollutants examined in the EQI assessment;
wi—Proportion weight of pollutants in EIQ;

Si—The concentration of the i-th pollutant in EQI.

OCl is adopted to characterize the economic performance of each process. In this
study, the operational cost primarily included energy and chemical costs. The total OCI was
calculated according to Equation (2). Similarly to the EQI, the OCI values for each treatment
process were directly obtained from the component output results in the GPS-X software.

OCI = Care + Cene + Cdisp 2)

where

OCI—Operating costs, in USD/m?;

Care—Energy cost, electricity fee 0.093 USD/kWh;

Ccne—Pharmaceutical cost, carbon source cost 0.34 USD/kg, PAC cost 0.15 USD/kg.
Caisp—Sludge disposal cost, with sludge transportation cost at 80 USD/t.

GHG emission intensity served as the primary metric to evaluate the carbon footprint
of the wastewater treatment process. The system boundary encompassed all direct and in-
direct emissions generated from the influent inlet to the effluent discharge. Direct emissions
primarily consisted of N,O and CHy generated during biological treatment, while indirect
emissions were mainly associated with electricity consumption and chemical usage. Direct
emissions were quantified based on GPS-X simulation outputs, whereas indirect emissions
were calculated using the emission factor method (Equations (3) and (4)). Total GHGs
were determined utilizing the built-in carbon footprint module within the GPS-X platform.
However, emissions stemming from equipment maintenance, material transportation, and
non-operational personnel activities were excluded from the analysis. Additionally, specific
unit operations, such as membrane cleaning and sludge disposal, were omitted from the
system boundary.

GHG = Q(Cj, — Cout)-EF-GWP (3)

GHG = AD-EF-GWP (4)

where

GHG—Greenhouse gas emissions, measured in kgCOseq/m?;

AD—Emission source activity data, unit depends on the calculated emission source;
EF—Emission factor, unit depends on the unit of activity data;

Cin—Concentration of influent pollutants, mg/L;

Cout—Concentration of effluent pollutants, mg/L;

GWP—Global warming potential, GWP CH, is 25 kgCOyeq/kgCHs, GWP N,O is
298 kgCOzeq/ngZO

2.5. Non-Dominated Sorting Method

Since this study focuses solely on multi-objective ranking and selection rather than
generating new datasets via complex optimization algorithms, the core concept of Pareto
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optimality served as the theoretical foundation. Specifically, the non-dominated sorting
approach—originally proposed in the NSGA-II algorithm—was adopted as the core logical
framework for the evaluation process. A loop-based exhaustive sorting method was used to
perform the non-dominated sorting procedure. During the iterative process, each scenario
was compared with all others to determine the dominance relationships among them. In
each iteration, the scenarios that were not dominated by any others were identified as the
optimal set for that iteration. This iterative process continued until no further dominance
relationships existed among the remaining scenarios. To perform the non-dominated
sorting and visualize the Pareto front, Python (version 3.8.10) was used to conduct Pareto
ranking and generate the corresponding plots.

3. Results and Discussion
3.1. Characteristics of Process Effluent Quality

Figure 2 presents the effluent quality results of the three wastewater treatment pro-
cesses across six influent—effluent scenarios. Since this study primarily focuses on the
carbon emission characteristics of each process, it is essential to ensure the scientific rigor
and comparability of subsequent analyses involving operational cost, carbon emissions,
and energy consumption. To achieve this, the effluent qualities of all processes were main-
tained close to the Grade I-A standard specified in the Discharge Standard of Pollutants for
Municipal Wastewater Treatment Plants (GB18918-2002) and the Class IV water standard
defined in the Environmental Quality Standards for Surface Water (GB3838-2002). This
approach thus established a unified performance benchmark for subsequent evaluation.

(@024 }
022 F
402
E 020 |
=
5 0.18
e
Zous
Bo.14
g
Zo12
o
= 0.10
L
5 0.08
= 0.06
M 0.04
0.02
0.00

I H-A I -V | (b) s
B M-A M-IV 018 - E3
L-A L-IV
0.16 ’ i
0]
% L L
> iJ
2 0.14 J._
‘5 \_._J 2
2 == -
o0 0.12
=
0.10
i
0.08 - .
AAO AAO-MABR (Anoxic) AAO-MABR (Aerobic)

AAO-MABR(Anoxic) AAO-MABR(Aerobic)

Figure 2. Effluent water quality characteristics of wastewater treatment process. (a) The ton of
effluent EQI (b) Significance analysis of EQI for influent water in each scenario (“ns” stands for “not
significant” under this sample size, “*” indicates p < 0.05).

The MABR module facilitates the formation of a stratified biofilm characterized by an
inner aerobic zone and an outer anoxic layer, driven by the counter-diffusion of oxygen and
substrates. This unique architecture enables the simultaneous removal of COD, TN, and
NH,*-N, thereby significantly enhancing overall process performance [29]. Furthermore, a
study has shown that hybrid MABR systems can achieve simultaneous nitrification and
denitrification [28,30]. Reported removal efficiencies for total COD, NH4*-N, and TN
reached approximately 85%, 88%, and 68%, respectively, confirming the robust pollutant
removal capability of this configuration [8]. Meanwhile, we found in our simulation experi-
ment that the TN removal rate of the AAO-MABR (anoxic) process was 5.63% higher than
that of the AAO-MABR (aerobic) process, indicating that under anoxic conditions, MABR is
more conducive to simultaneous nitrification and denitrification. Finally, the AAO-MABR
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(Anoxic) system demonstrated a statistically significant improvement in performance com-
pared to the conventional AAO system (p < 0.05, Bonferroni-corrected), with a median
reduction of 16.1% in measured values (Figure 2b). This consistent enhancement across
all replicates suggests robust operational stability under anoxic conditions. In contrast,
although the AAO-MABR (Aerobic) system exhibited a greater median reduction (19.4%),
the high variability in measurements (IQR: 0.086-0.164) resulted in a lack of statistical
significance. Notably, specific replicates achieved superior performance, highlighting the
potential of the MABR process to significantly enhance the conventional AAO system.

3.2. Process Operating Cost Characteristics

Figure 3 presents the operational cost evaluation results for the three wastewater
treatment processes under six different influent—effluent scenarios. Because the simulation
software used in this study can only estimate the costs associated with energy consumption
and chemical dosing during the process design stage, the analysis focuses on three core
components of operational expenses: energy consumption, chemical usage, and auxil-
iary materials. In terms of operational cost per cubic meter of treated water (Figure 3),
the overall cost level of the AAO-MABR coupled processes—both Anoxic and Aerobic
configurations—is significantly lower than that of the conventional AAO process, indicat-
ing a distinct economic advantage. The operational cost ranges of the three processes were
0.03-0.19 USD/m? for the conventional AAO process, 0.026-0.069 USD/m? for the AAO-
MABR (Anoxic) process, and 0.027-0.12 USD/m? for the AAO-MABR (Aerobic) process.
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Figure 3. Total operating cost per ton of water under different scenarios.

Further analysis of cost variations for the same process under different effluent stan-
dards shows that operational costs under the surface water Class IV standard are generally
higher than those under the Grade I-A discharge standard. This trend is consistent with
the findings of previous studies [26], which have shown that higher effluent quality stan-
dards require greater energy and chemical input to enhance pollutant removal efficiency,
thereby leading to increased operational costs. Notably, under the H-IV influent—effluent
scenario, the disparity in operational cost per cubic meter of treated water among the three
processes was most pronounced. The conventional AAO process exhibited the highest
cost (approximately 0.19 USD/m?3), followed by the AAO-MABR (Aerobic) process, while
the AAO-MABR (Anoxic) process had the lowest cost (0.069 USD/ m3). This result is
primarily attributed to aerobic biofilms in the anoxic tank generating the nitrates required
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35. 2%

for denitrification. When most nitrification occurs within the biofilm rather than in the
suspended phase, overall economic efficiency can be maximized [31]. These findings sug-
gest that when the wastewater treatment system operates under higher influent loads, the
AAO-MABR (Anoxic) process offers a pronounced economic advantage, positioning it as
the most cost-effective strategy under such operating conditions.

Figure 4 illustrates the energy consumption profiles of the investigated processes under
the Surface Water Class IV effluent scenario. In the conventional AAO process, aeration
constitutes the predominant energy sink, followed by pumping. Conversely, the AAO-
MABR configurations (both Anoxic and Aerobic) exhibit a balanced energy distribution,
with comparable contributions from aeration and pumping. Consequently, the AAO-MABR
coupled processes demonstrate significantly lower total operational energy costs compared
to the conventional AAO system, underscoring their superior energy efficiency. As an
emerging biological treatment technology, the MABR process has been shown to reduce
energy consumption by up to 70% relative to conventional activated sludge systems [32].

- Aeration
Pumping
Mixing
Other

(C) 6.8%

22. 6%

AAO-MABR(Anoxic) AAO-MABR(Aerobic)

36.1% 34.8%

% 4.6
10. 6%

16. 9%

AAO-MABR(Anoxic) AAO-MABR

(Aerobic)
41. 1%
40. 4%
(i)
12. 1% 8.
23 1% 27.1%
g AAO-MABR(Anoxic) AAO-MABR(Aercbic)
R ] 41. 7%

Figure 4. Specific energy consumption proportions of three processes. (a—c) Energy consumption pro-
portions of each process under H-IV scenario. (d—f) Energy consumption proportions of each process
under M-IV scenario. (g-i) Energy consumption proportions of each process under L-IV scenario;
processes in the figure are from left to right: AAO, AAO-MABR (Anoxic), AAO-MABR (Aerobic).

Notably, under low-influent-concentration scenarios, the energy consumption struc-
ture of all processes undergoes a marked change, as illustrated in Figure 4g—i. In these
cases, pumping replaces aeration as the dominant energy consumer, accounting for
more than 40% of the total energy use. Accordingly, energy optimization strategies for
systems operating under low-influent conditions should prioritize the pumping stage.
Adopting high-efficiency pumps and optimizing hydraulic design can effectively reduce
pumping energy consumption, thereby enhancing overall energy management under all
operating conditions.
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Direct carbon emissions

3.3. Characteristics of Carbon Emissions from Industrial Processes

Figure 5 presents the total, chemical, and electricity-related carbon emission intensities
for the three processes. As illustrated in panel (a), carbon emission intensities varied
significantly across the different processes and scenarios. Moreover, carbon emissions from
chemical use and electricity consumption show a strong correlation with operational costs.
Consequently, elevated influent pollutant concentrations and stricter effluent discharge
standards drive up operational costs, thereby resulting in higher carbon emissions. As
shown in Figure 5a, both total and indirect carbon emission intensities peaked under the
H-IV scenario.

Indirect carbon emissions

@) 5 % (b) Carbon emission of chemical Carbon emission of electrcity
e =
-
%_ > o >
@, T e L5 %
O 2.0 5 >
O o s
< 2
=1 < > S
g £ = 8
2 1.5F > E % < <
S T 2 > 1.0OF <
c < S 3, z
2 = £0 > *
—_ o (@) o
[<5 > <.( T
S LoF <z 2E > 4 > 3
2 T < =] < 2 =
S 3z > z E 5 gz
7] 4 < 3 < 2 8 05f = >
é = s = > 2 =3 =
> - > 2 |o < 4 < -
c 00 <3 3|8 3 3
o - - (%]
E 8
S o
£
0.0 . . . 2 0.0 , . - y -
AAO AAO-MABR(AnoXic) AAO-MABR(Aerobic) O AAO AAO-MABR(Anoxic)  AAO-MABR(Aerobic)

Figure 5. Carbon emission intensity. (a) Carbon emission intensity per ton of effluent. (b) Carbon
emission intensity of chemical and electric.

Overall, the coupled AAO-MABR process demonstrated lower carbon emission in-
tensities than the conventional AAQO process. This reduction can be primarily attributed
to the inherently lower energy demand of the MABR. Numerous studies have shown
that electricity-related carbon emissions account for a substantial share of the total car-
bon footprint in wastewater treatment [33]. Simulation results further indicate that the
AAOQO process requires supplemental external carbon dosing to enhance denitrification and
achieve comparable effluent nitrogen removal [34]. This external carbon addition, however,
indirectly increases the overall carbon emission intensity. The average carbon emission
intensity of the conventional AAO process across the six scenarios was 1.28 kgCO,eq/m?,
which is generally consistent with the 1.0 kgCO,eq/m? reported by Su et al. [35]. In
contrast, the AAO-MABR processes exhibited an average carbon emission intensity of
0.63 kgCO,eq/m3, representing a substantial reduction relative to the conventional AAO
process. This reduction is attributed not only to lower energy consumption but also to
the distinctive structural and microbial features of MABR systems, which significantly
contribute to the mitigation of NoO emissions. As reported previously, MABR has strong po-
tential for reducing N, O emissions due to its distinctive biofilm stratification, whereby N,O
generated in the inner biofilm layers can be subsequently consumed in the outer aerobic
regions [36]. Compared with conventional biological treatment alternatives, hybrid MABR
systems can markedly reduce greenhouse gas emissions while simultaneously improving
nitrogen removal efficiency [11]. For example, Liao et al. reported an electricity-related car-
bon emission intensity of 0.79 kgCO,eq/m? for the AAO-MABR process [37]. This is largely
due to the fact that, compared with conventional biofilm-based technologies, MABR can
reduce N,O emissions by up to two orders of magnitude during nitrification—denitrification
and autotrophic nitrogen removal [38].
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In summary, the integrated AAO-MABR process achieves markedly lower indirect
carbon emission intensity and effectively mitigates direct N,O emissions, demonstrating

significant potential for low-carbon wastewater treatment.

3.4. Multi-Objective Comparison and Selection Results
Operational costs, energy consumption, and carbon emissions are critical determinants
in the upgrading and selection of wastewater treatment processes. Accordingly, the specific
operational cost, along with direct and indirect carbon emissions, were selected as key
indicators for the Pareto-based multi-objective evaluation. A total of 18 datasets were
classified into six scenarios, each comprising data for the three treatment processes under
identical influent and effluent conditions. The objective was to identify the optimal process
for each scenario. The Pareto front (Figure 6) was constructed using direct carbon emissions,
indirect carbon emissions, and operational cost per cubic meter as the primary variables.
Table 3 summarizes the Pareto-based selection results for the three treatment processes
across the six scenarios. Among these, the optimal processes under the H-A, H-IV, and

L-A scenarios were AAO-MABR (Aerobic) and AAO-MABR (Anoxic), whereas in the
remaining three scenarios, the AAO-MABR (Anoxic) process consistently exhibited superior
performance. Notably, the conventional AAO process consistently underperformed across
all six evaluated scenarios, aligning with the results discussed above. Overall, as shown in
Table 3, the AAO-MABR (Anoxic) process exhibited outstanding performance across all
scenarios, demonstrating broader adaptability to varying influent conditions and superior

operational as well as environmental outcomes.

2 cost per ton ol'\vulcr(ku('!\'Y m?)

Operatin,

¢,
/,//)

Figure 6. Pareto comparison results.

Since the influent quality of actual wastewater treatment plants generally resembles
the M-scenario influent conditions in this study, the OCI and GHG characteristics under
this scenario were analyzed in detail. Comparison of the biochemical process parame-
ters revealed that, regardless of whether the MABR unit was configured in the anoxic or
aerobic zone, both nitrification and denitrification occurred to varying extents within the
system. In the AAO-MABR (Anoxic) process under the M scenario, the ammonium load
was 0.036 kg/ (m3-d), and the nitrification rate reached 0.89 g/ (m?-d), consistent with the
findings reported by Bao et al. [39]. Their study further indicated that the nitrification
rate of the AAO-MABR (Anoxic) process could reach 1.2 g/(m?-d) and that the MABR
biofilm exhibited an initially increasing and subsequently stable trend with rising ammo-

nium load. This finding suggests that the AAO-MABR (Anoxic) process exhibits strong
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robustness against fluctuations in ammonium loading within a certain range, thereby main-
taining stable and efficient nitrogen removal performance. Moreover, previous studies have
demonstrated that the MABR process exhibits substantially lower energy consumption.
This advantage stems primarily from the mitigation of aerobic oxidation of particulate and
colloidal organic carbon, which allows more soluble and biodegradable organic carbon to
be effectively utilized for denitrifications [40]. In addition, unlike conventional aeration,
membrane aeration does not produce bubbles, allowing oxygen diffusing through the
membrane to be fully utilized by the biofilm. Consequently, this configuration achieves
exceptionally high oxygen transfer efficiency and considerable energy savings [41].

Table 3. Optimal processes for different influent and effluent scenarios under multi-objective approach
(In Figure 6, red, blue, green, orange, purple, and brown represent the optimal results selected under
six scenarios, respectively, from H-A to L-IV).

Influent Concentration Effluent Standard Optimal Process
High Influent Concentration Grade I-A AAO-MABR(Aerobic)\ AAO-MABR(Anoxic)
High Influent Concentration Class IV AAO-MABR(Aerobic)\ AAO-MABR(Anoxic)
Medium Influent Concentration Grade I-A AAO-MABR(Anoxic)
Medium Influent Concentration Class IV AAO-MABR(Anoxic)
Low Influent Concentration Grade I-A AAO-MABR(Aerobic)\ AAO-MABR(Anoxic)
Low Influent Concentration Class IV AAO-MABR(Anoxic)

In light of these findings, the AAO-MABR (Anoxic) process demonstrates distinct
advantages in wastewater treatment performance owing to its highly efficient nitrogen
removal capability. Specifically, under identical effluent quality requirements, the process
achieves treatment objectives with higher stability and efficiency. More importantly, it
delivers substantial energy savings, effectively reducing overall consumption. In full-scale
wastewater treatment plants, energy-related expenses account for a substantial propor-
tion of total operational costs, and indirect carbon emissions associated with energy use
constitute a major component of overall GHGs. Therefore, the low energy demand of
the AAO-MABR (Anoxic) process not only contributes to a substantial reduction in plant
operating costs but also results in a marked decrease in overall GHGs. These dual benefits
directly address two of the most pressing challenges faced by wastewater treatment facili-
ties: economic efficiency and environmental sustainability. In conclusion, integrating an
MABR unit into a conventional AAO configuration. . . offers a viable and effective techno-
logical pathway for upgrading existing wastewater treatment systems. This hybrid process
demonstrates great potential for achieving higher effluent standards while maintaining
operational efficiency. As such, it provides a useful reference for advancing the sustainable
and high-efficiency development of the wastewater treatment sector.

4. Conclusions

This study represents the first quantitative comparison between the conventional AAO
process and the AAO-MABR coupled process configuration with respect to operating costs
and carbon emissions. The results show that the addition of the MABR process can improve
the overall treatment efficiency of the AAO process, reduce electricity consumption, and
to some extent, decrease carbon emissions and operating costs of the process. Pareto opti-
mality analysis further demonstrates that the AAO-MABR (anoxic) coupled process can
accommodate a broader range of influent water quality conditions. Collectively, these find-
ings strongly suggest that incorporating an MABR unit into the anoxic zone of a wastewater
treatment plant offers markedly superior operational and environmental advantages.
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