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Table 1- Parameters of influent wastewater to Qazvin city treatment plant in 2020

Parameter Unit Maximum Minimum Average
Biochemical Oxygen Demand (5-day) (BOD) mg/L 280 130 197.14
Chemical Oxygen Demand (COD) mg/L 518 223 384.29
Total Suspended Solids (TSS) mg/L 264 156 208.86
Total Nitrogen (TN) mg/L 70 45.6 56
Total Phosphorus (TP) mg/L 6.4 4.6 5

Faecal Coliforms (FC)

No/100mL 93000000

15000000 36000000
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Table 2- The names and abbreviations of the treatment processes considered in the five stages of
municipal wastewater treatment

Category Unit Processes Name Abbreviation
Bar Screen BScr
Preliminary Grit Chamber GrCh
Coarse Screen CScr
Fine Screen FScr
Sedimentation w/o Coagulant Sed
Primary Sedimentation w/ Coagulant SedC
DAF w/ Coagulant DAF
Membrane Filtration DMF
Stabilization Pond: Anaerobic SPAnbc
High Loaded Activated Sludge + Sec. Sedim. HLAs
Low Loaded Activated Sludge w/o de-N + Sec. Sedim. LLAs
Low Loaded Activated Sludge w/ de-N + Sec. Sedim. LLASN
Trickling Filter + Secondary Sedimentation TF
Rotating Biological Contactor RBC
Submerged Aerated Filter SAF
Secondary Stab!l!zat!on Pond: Aerobic SPAbc
Stabilization Pond: Aerated SPAer
Stabilization Pond: Facultative SPFac
Constructed wetland: Free-Water-Surface Flow WetFWS
Constructed wetland: Subsurface Water Flow WetSUB
Membrane bioreactor MBR
Excess Biological Phosphorus Removal EBPR
Phosphorus Precipitation Ppre
Filtration over fine porous media MedF
Surface filtration SurF
Micro filtration MF
Ultra filtration UF
Nano filtration NF
Reverse osmosis RO
Granular Activated Carbon GAC
Tertiary Powdered Activated Carbon PAC
lon exchange IE
Advanced oxidation — UV/O3 AOO3
Advanced oxidation — UV/H202 AOH202
Soil Aquifer Treatment SAT
Maturation pond MP
Constructed wetland - polishing WetPOL
Flocculation Floc
Ozone 03
Paracetic acid PA
Disinfection Chlorine dioxide Clo2
Chlorine gas CIG

Ultraviolet radiation uv
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Table 3- The optimization results in the five stages of municipal wastewater treatment using the
NSGA-I1 method
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1 592 32 150 8900 15 0.5 46 BScr FScr RBC MedF PA
2 1285 26 170 4200 17 0.7 25 BScr DMF Ppre MedF ClO2
3 1365 32 160 36000 16 0.1 38 CScr FScr  SAF  SurF  ClO2
4 1485 26 180 40000 20 0.1 37 CScr  FScr  SAF MF Clo2
5 1486 29 200 40000 22 0.2 67 BScr  Sed SAF MF Clo2
6 1513 21 180 3800 20 0.2 9 BScr FScr  Ppre MF ClO2
7 1738 29 350 39000 48 0.2 0.5 BScr FScr MBR NF Clo2
8 1824 30 310 76000 50 0.1 37 CScr  FScr  SAF RO Clo2
9 1936 32 310 14000 39 04 0.5 BScr FScr MBR GAC ClO2
10 2320 30 160 9000 16 2.3 46 BScr  FScr TF MedF CIG




Table 4- The optimization results in the five stages of municipal wastewater treatment using the

NSGA-I11 method
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Table 5- The optimization results in the six stages of municipal wastewater treatment using the

NSGA-I1 method
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1 48 38 380 40000 50 0.5 0.5 FScr MBR GAC IE 03
2 115 44 250 25000 27 0.7 46 FScr RBC GAC SAT O3
3 132 44 260 54000 29 0.5 37 FScr SAF GAC SAT O3
4 133 47 280 54000 30 0.6 67 Sed SAF GAC SAT 03
5 145 44 370 25000 47 0.6 0.5 FScr MBR GAC SAT O3
6 154 30 340 49000 46 2.2 455 FScr HLAs MF NF uv
7 514 35 280 20000 35 2.4 455 FScr HLAs MF SAT UV
8 559 36 240 15000 29 2.4 45 FScr  TF MF  SAT UV
9 602 39 260 47000 32 0.7 52 DMF SAF MF SAT UV
10 681 39 270 49000 34 0.4 37 FScr SAF  UF SAT UV
Table 6- The optimization results in the six stages of municipal wastewater treatment using the
NSGA-I11 method
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1 1 37 380 45000 50 2.4 455 FScr HLAs GAC IE 03
2 34 41 250 60000 27 5 381 Sed LLAsSN GAC IE 03
3 55 43 260 30000 29 2.5 455 FScr HLAs GAC SAT 03
4 102 44 280 25000 30 2.5 45 FScr TF GAC SAT 03
5 116 46 370 25000 47 0.7 45 FScr RBC GAC SAT O3
6 147 44 340 25000 46 0.6 0.5 FScr MBR GAC SAT 03
7 154 30 280 49000 46 2.2 455 FScr  HLAs MF NF uv
8 186 31 240 63000 45 4.8 351 FScr LLASN MF NF uv
9 215 33 260 44000 40 0.4 46 FScr RBC MF NF uv
10 226 32 270 47000 42 0.6 61 DMF RBC MF NF uv
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Fig. 4- Pareto front of NSGA-11 and NSGA-I111 algorithms for combinations of six by repeating the
Tertiary stage
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Table 7- Parameters and performance evaluation metrics of NSGA-I11 algorithm

Parameters 5 Stages 6 Stages 6 Stages 6 Stages 6 Stages
(Preliminary)  (Primary)  (Secondary) (Tertiary)

Number of Generation 100 100 100 100 100
(Stopping Criterion)
Population Size 10 10 10 10 10
Mutation Rate 0.3 0.3 0.3 0.3 0.3
Crossover Rate 0.6 0.6 0.6 0.6 0.6
Time (Seconds) 194 194 225 245 253
IGD 0.72 0.79 0.77 0.97 0.95
HV 10.93 9.52 10.65 7.53 11.29
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Table 8- Parameters and performance evaluation metrics of NSGA-I111 algorithm

Parameters 5 Stages 6 Stages 6 Stages 6 Stages 6 Stages
(Preliminary)  (Primary)  (Secondary)  (Tertiary)

Number of Generation 100 100 100 100 100
(Stopping Criterion)
Population Size 10 10 10 10 10
Mutation Rate 0.3 0.3 0.3 0.3 0.3
Crossover Rate 0.6 0.6 0.6 0.6 0.6
Time (Seconds) 305 268 302 362 367
IGD 0.76 0.88 0.79 1 0.97
HV 20.66 5.76 11.89 6.92 8.91
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Abstract

Considering the increasing urban population and the growing water needs, wastewater

management has become a fundamental challenge in urban sustainable development. This study
investigates the optimal combination of wastewater treatment processes in Qazvin and develops a
method based on the NSGA-I11 optimization algorithm. A total of 43 different treatment processes
were collected and analyzed, with unsuitable combinations eliminated. The NSGA-111 and NSGA-
Il algorithms were implemented to find optimal solutions, and the TOPSIS method was employed
to select the best option. The results indicated that NSGA-I1 offered better performance in terms of
execution time and optimization efficiency, while NSGA-IIlI provided greater diversity in
solutions. Furthermore, the current wastewater treatment system in Qazvin ranked lower in energy
efficiency and output quality compared to the proposed optimal solutions. To enhance water
guality, it has been suggested to add a third treatment stage and utilize chlorine dioxide for
disinfection.

Introduction

With the rapid growth of urban populations and increasing water demand, the production of
municipal wastewater has risen significantly, thereby intensifying the need for the construction and
expansion of wastewater treatment plants (Tortajada, 2020). Selecting the optimal treatment
process before construction is a critical and complex task that requires comprehensive
consideration of not only costs but also technical, environmental, and managerial criteria (Yahya
et al., 2020; Carlos and Norofia, 2021). Given that some cities in the country still lack wastewater
collection systems, making optimal decisions for these areas is especially important to prevent
excessive costs and environmental problems.

Additionally, tools such as WiSDOM, which integrate multi-objective optimization with
decision analysis, assist stakeholders in making better decisions in the design and configuration of
wastewater systems (Sadr et al., 2018).

In this study, a wastewater treatment plant consisting of four main stages—Bar Screen,
Stabilization pond: anaerobic ponds, Stabilization pond: aerobic ponds, and Disinfection with
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Sodium Hypochlorite—has been reassessed, and the addition of five to eighth stages is proposed
to identify the best combination of processes. This case study conducted in Iran is designed to
address not only economic aspects but also environmental and human resource considerations,
aiming to provide a suitable model for other cities and to influence future policymaking in water
resource management.

Materials and Methods
Many-Objective Optimization Algorithm Using Reference-Point-Based Nondominated Sorting
Approach: NSGA-I111

The NSGA-III algorithm is a many-objective evolutionary optimization method designed to
handle optimization problems with more than four objectives. Unlike NSGA-II, which performs
well on problems with two to four objectives, NSGA-I111 utilizes the concept of reference points to
maintain population diversity and convergence to the Pareto-optimal front. It can effectively solve
more complex and many-objective problems. This algorithm guides the solution population
towards the reference points to ensure both diversity and quality of the solutions (Deb and Jain,
2013).

Proposed Optimization Model

This many-objective optimization model aims to reduce initial investment cost, operation and
maintenance costs, energy consumption, sludge production, required manpower, and land area. To
optimize urban wastewater treatment processes, 43 different processes were examined across five
main stages (preliminary treatment, primary stage, secondary stage, tertiary stage, and
disinfection). Each stage includes several process options, and for each option, key parameters such
as energy consumption, costs, manpower, sludge production, and land area were calculated.
Various combinations of processes, ranging from 5 to 8 stages, were then analyzed using an
enumeration method. In the 6-, 7-, and 8-stage combinations, repetition of one or more stages was
allowed to provide greater design flexibility. This approach enables the selection of the most
optimal process combinations considering economic, technical, and environmental aspects.

At this stage, the compatibility and overlap of different processes were evaluated using a
compatibility matrix to eliminate unsuitable combinations, leaving only viable options for urban
wastewater treatment systems. For example, out of 18,900 five-stage combinations, about 2,000
compatible combinations were identified. Additionally, stages with nine or more steps were
examined, but no compatible combinations were found; for instance, a six-stage combination with
two repetitions of the disinfection stage also had no compatible combinations.

To find the optimal combination of processes and optimize the treatment system, the many-
objective NSGA-III algorithm was employed. This algorithm enables obtaining a set of optimal
solutions in the form of a Pareto front, representing a balance among different objectives. The
results can serve as a basis for selecting and designing efficient and sustainable urban wastewater
treatment systems.

Results and Discussions

The obtained results consist of a set of optimal solutions for each configuration, presenting
values for multiple objectives including labor demand (person-months), capital investment cost
(billion Iranian Rials), energy consumption (MWh/year), operation and maintenance expenses
(billion Iranian Rials/year), land requirement (hectares), and sludge production (tons/year).
Additionally, these solutions detail the arrangement of processes across different treatment stages,
where increasing the number of stages could potentially enhance treatment quality.

In this study, the TOPSIS method was employed to select the best solution from the Pareto
front. During the decision-making process, equal weights were assigned to all six objectives to
ensure an unbiased evaluation without prioritizing any specific criterion. This approach enabled a
comprehensive and neutral comparison of solutions, resulting in the selection of an option that
provides the best balance among all objectives. [The tuned parameters and quantitative evaluation
criteria for both algorithms are presented in Tables (1) and (2).



Table 1- Parameters and performance evaluation metrics of NSGA-II algorithm

Parameters 5 Stages 6 Stages 6 Stages 6 Stages 6 Stages
(Preliminary)  (Primary) (Secondary) (Tertiary)

Number of Generation 100 100 100 100 100
(Stopping Criterion)

Population Size 10 10 10 10 10
Mutation Rate 0.3 0.3 0.3 0.3 0.3
Crossover Rate 0.6 0.6 0.6 0.6 0.6
Time (Seconds) 194 194 225 245 253
IGD 0.72 0.79 0.77 0.97 0.95
HV 10.93 9.52 10.65 7.53 11.29

Table 2- Parameters and performance evaluation metrics of NSGA-I11 algorithm

Parameters 5 Stages 6 Stages 6 Stages 6 Stages 6 Stages
(Preliminary) (Primary)  (Secondary)  (Tertiary)

Number of Generation 100 100 100 100 100
(Stopping Criterion)
Population Size 10 10 10 10 10
Mutation Rate 0.3 0.3 0.3 0.3 0.3
Crossover Rate 0.6 0.6 0.6 0.6 0.6
Time (Seconds) 305 268 302 362 367
IGD 0.76 0.88 0.79 1 0.97
HV 20.66 5.76 11.89 6.92 8.91

The NSGA-II algorithm demonstrates shorter execution times compared to NSGA-111 across all
scenarios, indicating higher efficiency in reducing processing time. Specifically, NSGA-II’s
execution time ranges from 194 to 253 seconds, whereas NSGA-I11 requires between 268 and 367
seconds. The main parameters for both algorithms, including the number of generations, population
size, mutation rate, and crossover rate, are identical; therefore, this difference in execution time is
primarily attributable to the algorithms’ structural distinctions.

Moreover, the IGD (Inverted Generational Distance) metric, which reflects the convergence to
the true Pareto front, is consistently lower or approximately equal for NSGA-II across all cases,
indicating better convergence and closer proximity to the Pareto front. Regarding the HV
(Hypervolume) metric, which represents the diversity and extent of the solution space, NSGA-III
outperforms NSGA-I1I in certain instances; for example, in the 5-stage scenario, the HV value for
NSGA-III is roughly twice that of NSGA-Il. However, in other multi-stage cases, NSGA-II
delivers superior results.

Collectively, the data suggest that NSGA-11 is more suitable for problems with computational
time constraints and offers more precise convergence for solution finding, while NSGA-I1II, by
providing greater diversity in solutions, is preferable for applications where the quality and breadth
of solution variety are of higher importance.

Result

In this study, the optimization of urban wastewater treatment processes in Qazvin was carried
out using the multi-objective optimization algorithms NSGA-II and NSGA-III, and the best
solutions were evaluated using the multi-criteria decision-making method TOPSIS. The results
demonstrated that by considering a set of economic, technical, environmental, and managerial
criteria—such as investment cost, energy consumption, sludge production, labor requirements,
maintenance costs, and land area—it is possible to identify optimal process combinations that not
only enhance treatment quality but also optimize resource use and reduce costs. Due to its shorter
execution time and better convergence, NSGA-II is more suitable for applications where time
constraints are critical, whereas NSGA-I11, offering greater solution diversity, is a preferable choice
for studies focused on exploring a wide range of potential solutions.
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