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Abstract

This research paper provides an exhaustive engineering and technical analysis of modern Sewage
Treatment Plants (STPs) and Wastewater Treatment Plants (WWTPs). Rapid worldwide urbanization
and the concurrent rise in recalcitrant chemical pollutants have significantly overburdened municipal
treatment structures. Wastewater remediation typically relies on a tightly sequenced, multi-tiered process
pipeline spanning preliminary screening, primary physical sedimentation, secondary biological
oxidation, and tertiary advanced purification/disinfection, underpinned by meticulous solids handling.
This study systematically analyzes these core processes, evaluates current standard technological
shifts—specifically comparing Membrane Bioreactors (MBRs), Moving Bed Biofilm Reactors
(MBBRs), and Sequencing Batch Reactors (SBRs)—and investigates circular resource-recovery
pathways designed to transition conventional capital-intensive plants into self-sustaining green energy
hubs.

1. Introduction

Widespread economic development, dense industrial concentration, and rapid exponential growth in
human population centers have induced global degradation of vital freshwater resources. Within this
context, municipal Sewage Treatment Plants (STPs) represent vital public sanitation infrastructure and
defensive environmental barriers. Their primary operational mandate is the robust removal of active
waterborne pathogens, high nutrient loads (predominantly nitrogen and phosphorus formulations), and
complex carbonaceous organic matrices before treated water discharge into local receiving basins or
allocation for agricultural reclamation.

Historically, legacy plant configurations prioritized basic sanitary indicators, optimizing strictly for the
reduction of large macro-solids, Total Suspended Solids (TSS), and macro Biochemical Oxygen
Demand (BOD). However, contemporary 2026 regulatory frameworks demand absolute remediation of
complex micro-pollutants, chemical microplastics, and active Endocrine-Disrupting Chemicals (EDCs).
This evolution prompts a fundamental process engineering shift away from traditional, large-footprint
passive sedimentation toward advanced biological reactors, integrated mechanical membranes, and
automated chemical control systems.
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2. Process Architecture of a Modern STP

Effluent remediation within an industrial-scale municipal plant relies on a sequential cascade of
mechanical, physical, and biochemical processing blocks. Each step targets progressively smaller
particle fractions to systematically purify incoming municipal streams.

1. Preliminary 2. Primary 3. Secondary 4. Tertiary
Raw Sewage <€ | - Bar Screening - Sedimentation - Biological Aeration 4 - Advanced Polish
Inflow - Grit Removal - Sludge Separation - Microbe Oxidation - UV Disinfection

Figure 1: Simplified multi-stage processing architecture and unit operations flow inside a modern
municipal sewage treatment plant.

2.1 Preliminary Treatment

Bar_Screening & Grit Removal: The structural goal of preliminary handling is purely mechanical—
intercepting raw, macro-scale debris entering the headworks to prevent physical obstruction or high
abrasion damage to downstream pumping assets and process plumbing.

Coarse and fine bar screens mechanically strain macroscopic items (e.g., discarded wipes, heavy
plastics, wood fragments). Immediately following screening, wastewater moves through velocity-tuned
grit chambers. Here, the controlled slowing of horizontal flow forces dense, abrasive inorganic solids
(sand, fine gravel, glass shards) to settle to the basin floor while preventing the lighter organic materials
from separating prematurely.

2.2 Primary Treatment

Physical Sedimentation and Skimming: Screened influent enters extensive primary clarifiers or radial
settling basins. Flow velocity is substantially reduced to minimum operational thresholds, prompting
gravitational stratification.

Heavier organic matter slowly settles out over several hours, accumulating on the tank bottom as raw
primary sludge, which is swept by mechanical scrapers into a central hopper. Simultaneously,
lightweight contaminants with specific gravities lower than water—primarily fats, oils, and grease
(FOG)—float to the top where surface-skimming mechanisms continuously sweep them away. Primary
treatment typically accounts for a 30% reduction in influent BOD and up to a 60% drop in overall TSS.

2.3 Secondary Treatment

Biological Oxidation via Activated Sludge: This stage acts as the biochemical engine of the plant,
utilizing concentrated microbial suspensions to break down dissolved, colloidal, and non-settlable
organic material.

In standard Activated Sludge Processes (ASP), wastewater enters an expansive aeration basin flooded
with dissolved oxygen pumped from bottom-mounted fine-bubble diffusers. This oxygen-rich matrix
fuels aerobic bacteria, which consume dissolved organic compounds as metabolic fuel, converting them
to carbon dioxide, water, and new cellular mass. The mixed liquor then moves to secondary clarifiers
where these active bacteria clump into structural ‘flocs' and settle out as biological secondary sludge. A
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precise portion of this biomass is systematically returned to the aeration headworks (Return Activated
Sludge) to maintain a steady microbial population, while the surplus is continuously purged (Waste
Activated Sludge) to control the system's Mean Cell Residence Time (MCRT).

2.4 Tertiary and Advanced Treatment

Advanced Filtration and Pathogen Disinfection: Tertiary processing involves rigorous chemical
polishing designed to remove specific contaminants before water reuse or environmental discharge.

This block includes targeted Biological Nutrient Removal (BNR) via alternating anaerobic and anoxic
steps to reduce nitrogen and phosphorus compounds, preventing downstream environmental
eutrophication. Polished water is then driven through deep sand filters, granular activated carbon (GAC)
beds, or microfiltration barriers to strain minute particulates. The final effluent is sterilized using
chlorine compounds, intense ozone injection, or high-output Ultraviolet (UV) irradiation, neutralising
pathogens without generating chemical disinfection by-products (DBPs).

Cumulative Contaminant Removal Efficiency by Treatment Stage
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Figure 2: Empirical cumulative removal percentages of TSS, BOD, and nutrients across sequential plant
treatment tiers.

3. Comparative Analysis of Advanced Treatment Technologies

To overcome the heavy footprint demands and settling vulnerabilities of traditional ASP layouts, modern
facilities substitute standard systems with high-efficiency alternatives. Table 1 outlines the operational
profiles of these advanced options.
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Membrane
Bioreactor
(MBR)

Moving Bed
Biofilm
Reactor
(MBBR)

Sequencing
Batch Reactor
(SBR)

Integrates biological
activated sludge with
fine micro- or
ultrafiltration
membranes,
eliminating separate
secondary clarifiers.

Introduces specialized
floating plastic carriers
within aerated tanks to
host dense, attached-
growth biological
films.

Combines equalization,
biological aeration,
settling, and decanting
steps sequentially
within a single batch
basin.

Produces superior
effluent purity;
maintains an extremely
compact footprint;
retains biomass
entirely.

Resilient against
chemical shock loads;
operates without sludge
recycling; easy to
retrofit.

Eliminates dedicated
clarifiers; high
flexibility via cycle
programming; superb
nutrient removal.

High initial capital
cost; severe risk of
membrane bio-
fouling; heavy
continuous aeration
energy usage.

Requires dedicated
downstream solid
separators; high cost
for carrier media.

Requires complex
automated control
arrays; creates high
instantaneous peak
discharge volumes.

Table 1: Process comparison matrix of advanced contemporary biological wastewater technologies.

4. Sludge Management and Biorefinery Integration

Anaerobic Digestion Pathways: The dense organic solids harvested during primary and secondary
sedimentation require thorough processing to reduce biochemical hazards, vector attraction, and total
volume before final disposal.

Thickened sludge is directed into airtight, heated Anaerobic Digesters. Operating under strict oxygen-
deprived conditions, communities of methanogenic Archaea break down volatile organic solids. This
biochemical breakdown yields a robust stream of biogas, comprised primarily of Methane (CH4) and
Carbon Dioxide (CO2). Modern facilities capture this biogas to power combined heat and power (CHP)
generators, producing enough on-site electricity and thermal energy to make the facility partially or fully
net-energy neutral.

The remaining digested material undergoes mechanical dewatering via high-speed centrifuges or belt
filter presses. This produces a compact, low-moisture cake known as biosolids, which can be safely
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applied as nutrient-rich fertilizer in agricultural contexts or utilized as a solid fuel alternative for
industrial co-combustion.

5. Challenges and Future Horizons

1. Emerging Micro-pollutants: Despite significant technological improvements, modern wastewater
systems face serious emerging operational hurdles:

Pharmaceutically active compounds (PhACs), synthetic chemical endocrine disruptors, and highly
persistent per- and polyfluoroalkyl substances (PFAS) consistently evade conventional biological
configurations. Neutralizing these threats requires integrating Advanced Oxidation Processes (AOPS),
utilizing ozone-hydrogen peroxide systems, or leveraging photocatalytic reactions to split complex
chemical bonds.

2. Energy Footprint Mitigation: Aeration blower systems consume 50% to 60% of an average plant's
total electrical footprint. Mitigating these operating costs requires implementing smart automation
networks running on SCADA cores connected to real-time optical dissolved oxygen (DO) sensors to
dynamically regulate energy use.

6. Conclusion

The modern Sewage Treatment Plant has evolved from a basic sanitation utility into a complex process-
engineering biorefinery. By successfully linking physical sedimentation, advanced biological reactors
(such as MBR or MBBR), and chemical disinfection polishing, facilities consistently output high-purity
water ready for industrial or agricultural reuse. Moving forward, integrating automated process controls
and optimizing anaerobic co-digestion systems will be instrumental in transforming municipal
wastewater treatment from an expensive public utility into a self-sustaining resource recovery engine.

References

1. Fernandes, J., Ramisio, P. J., & Puga, H. (2024). A comprehensive review on various phases of
wastewater technologies: Trends and future perspectives. Eng, 5(4), 2633-2661.
https://doi.org/10.3390/eng5040138

AIJFR26036490 Volume 7, Issue 3 (May-June 2026) 5


http://www.aijfr.com/

