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1. [bookmark: _Toc228122646]Introduction 
Wastewater management is essential for modern world to preserve water resources from contamination. The maintaining reasonable quality of the treated water is challenging in the conventional waste management systems therefore new approaches are required. To convert wastewater into fresh water, consume energy therefore optimization of the energy consumption in wastewater management system is crucial for modern system design to achieve sustainable goals. ICA will be good solution to overcome to solve above problems. Wastewater management process is a complex process which will be expensive and labour-intensive process (Cairone et al., 2024). Therefore, automation of the system will reduce the operation cost. The controlling of system faces many challengers because influent flow and composition vary by time of day, storm events, industrial discharge, infiltration, and seasonal temperature. Therefore, robust control methodology is required. These control systems require real time system status measurements to implement these measurement different types of sensors are used. New wastewater management plant moves beyond the conventional feedback control. Recent literature also reveals that utilities are increasingly adopting soft sensors, model predictive control, machine learning and digital twins to improve plant autonomy, resilience and energy efficiency (Olsson et al., 2014)












2. [bookmark: _Toc228122647]Historical development of automation in wastewater treatment
Early wastewater treatment plants were functioned mainly by manual inspection, operator experience and laboratory testing. Process adjustment depended on grab samples and tests, so control action was reactive rather than proactive. These systems were simple therefore it can handle by manual labour. The required quality standards for treated water are relatively less strict. These manual methods are work well. As treatment processes became more complex, especially with activated sludge and nutrient removal, plants required faster and more reliable information than laboratory testing. G. Olsson research shows how ICA implementation in wastewater system improve rapidly is 1973 to 2013. New sensor development to for biological wastewater treatment, for anaerobic digestion, sewers and other parts of a wider water system is significant achievement in that era (Olsson et al., 2014). 
The introduction of programmable logic controller is the next step of the controller advancement which allowed pumps, blowers, valves and mixers to be coordinated automatically while operators monitored the plant from a central control room. This will lead into fully automatic control wate water treatment plant. In modern days advance sensors are used to collect real time data transfers these data via wirelessly to the control room. Due to the  high bandwidth wireless protocols development in recent years data from 100 sensors can be transfer easily. The most recent development is integration of industry 4.0 for wastewater treatment system which able to implement the IoT base sensor and controller. This IoT implementation allow uses to control system remotely (Moretti et al., 2024).
The newest systems are connected to the internet therefore the sensor data can control action are stored in cloud. These data use for train machine learning models. There models gain capable of control the wate water system real time without human intervention. There is kind of fully automated system are currently in prototype phase will be launch for commercial industrial projects in couple of years(Olsson et al., 2014).
The main challengers face in wastewater treatment line must respond to living biological systems, weather-driven disturbances and varying pollutant loads. ICA will be the main solution for overcome this challenge.




3. [bookmark: _Toc228122648]Wastewater System Types 
The wastewater treatment system can be categorized for different types according to their application. The ICA requirement will be difference according to these categories. There are four different basis use to categorize the wastewater systems. They are source base, collection system, system scale and treatment technology. For ICA focus analysis source base systems will be used (Environment Agency, 2024). 
   
	Type of Wastewater
	Composition / Characteristics
	Typical Pollutants
	Treatment Methods

	Domestic 
	Relatively stable composition, high organic content, biodegradable
	BOD, COD, nutrients (N, P), suspended solids, pathogens
	sedimentation, activated sludge, nutrient removal, disinfection

	Industrial
	Highly variable, may contain toxic and non-biodegradable substances
	Heavy metals, chemicals, oils, solvents, high COD/BOD
	Physico-chemical treatment (neutralization, coagulation), advanced (membranes, adsorption)

	Stormwater
	Intermittent, high flow variation, dilute but contaminated with debris
	Sediments, oil, grease, heavy metals, debris
	Screening, sedimentation, retention/detention basins











4. [bookmark: _Toc228122649]Wastewater Treatment Process
For implement the ICA typical municipal wastewater system is analysed. The system will slightly change according to the type of the water source
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4.1. [bookmark: _Toc228122650]Collection and pumping 
The wastewater is collected from domestic sewage and industrial discharge from cities sewer network. The industrial discharge will be pretreated before discharging to the sewer lines to remove harsh and toxic chemicals. Sewage lift pumps raise the wastewater to the required elevation for treatment. Which will ensure continuous flow into the treatment plant.
4.2. [bookmark: _Toc228122651]Screening
In Screening stage Large objects such as plastics, rags, and debris are removed using mechanical screens. This process ensures to prevent damage and blockage in components in the system.
4.3. [bookmark: _Toc228122652]Grit Removal
The hard particles such as sand, gravel, and grit are filtered out in this section. This will protect mechanical components such as pumps from wear 
4.4. [bookmark: _Toc228122653]Primary Sedimentation
Wastewater transferred to storing tank during primary sedimentation, a physical treatment method that lets suspended materials settle by using gravity. Lighter elements float and are removed, while heavier particles deposited bottom and create sludge. This phase lowers the organic load and gets wastewater ready for effective biological treatment.
4.5. [bookmark: _Toc228122654]Biological Treatment
Microbes are used in biological treatment process to break down organic contaminants in wastewater. Additional Oxygen is provided to enhance microbial activity, which converts suspended and dissolved organic matter into carbon dioxide, water, and biomass. Prior to final clarity and release, this procedure greatly lowers BOD and COD, increasing water quality.
4.6. [bookmark: _Toc228122655]Secondary Sedimentation
The partially treated flow transferred to secondary sedimentation tank. In this tank biomass settles as activated sludge and clear water exits from the top.
Final Effluent Discharge
In this section the treated water discharge rivers, reservoir or reused to irrigation which use ensure environmentally safe release. 












5. [bookmark: _Toc228122656]Sensors used in wastewater treatment automation.

The sensors are foundation for automated wastewater systems because poor measurement quality leads directly to poor control performance. The most common measurements used wastewater system are flow, level, pH, temperature, dissolved oxygen, oxidation-reduction potential, conductivity, turbidity, suspended solids and pressure. For advanced sophisticated wastewater treatment plants use ammonia, nitrate, phosphate, sludge blanket depth and gas composition sensor for more detail view status. According to recent evaluations, there is a tendency toward greater real-time, high-frequency sensing since it allows for quicker control action and minimizes the delay associated with laboratory approaches (Nejjari et al., 2022).

	Treatment Stage
	Sensors Used
	Measured Parameters
	Purpose

	Inlet & Pumping Station
	Flow meter, Level sensor, Pressure sensor
	Flow rate, liquid level, pressure
	Control pump operation, prevent overflow and dry running

	Screening 
	Level sensor, Differential level sensor
	Upstream/downstream level difference
	Detect screen blockage and trigger cleaning

	Grit Removal 
	Flow meter, Level sensor
	Flow rate, tank level
	Maintain proper flow velocity for grit settling

	Primary Sedimentation
	Sludge level sensor, Turbidity sensor, Flow meter
	Sludge blanket level, solids concentration, flow
	Optimize sludge removal and sedimentation efficiency

	Aeration Tank 
	Dissolved Oxygen (DO) sensor, pH sensor, Temperature sensor, Ammonia/Nitrate sensor
	DO, pH, temperature, nutrient levels
	Control aeration, maintain optimal biological activity

	Secondary Sedimentation 
	Sludge level sensor, Turbidity sensor, Flow meter
	Sludge level, effluent clarity, flow
	Control sludge recycling 

	Sludge Treatment
	Level sensor, Pressure sensor, Gas sensor (CH₄, H₂S), Temperature sensor
	Sludge level, pressure, gas composition, temperature
	Ensure safe and efficient sludge processing

	Disinfection / Final Effluent
	pH sensor, Turbidity sensor, Flow meter, Residual chlorine/UV sensor
	pH, turbidity, flow, disinfectant level
	Ensure compliance with discharge standards

	Outfall / Reuse System
	Flow meter, Quality sensors
	Flow rate, water quality
	Monitor compliance and reuse conditions



















6. [bookmark: _Toc228122657]Process controllers and control strategies

According to the sensor data controller need to control to treatment process to achieve the desired quality. The control logic implemented in PLC it includes implement sequencing, interlocks, PID loops, alarm handling and fail-safe logic. PLCs are widely used because they are robust, modular and suitable for pumps, gates, valves, blowers and dosing systems. There will be human machine interface panel to control the controller parameters by human. Some newest system implemented SCADA which provide supervisory monitoring and remote control.
PID control is the most broadly used automated control technique, particularly for level, flow, pressure, and dissolved oxygen, for an example a controller changers blower speed or air valve position when a dissolved oxygen sensor measures basin oxygen concentration and a PLC compare the measurement to a setpoint. When compared to fixed-speed operation, this closed loop increases stability and decreases lost aeration energy(US EPA, 2024).
There is more advance complex control strategies can be used for wastewater systems. Literature shows cascade control is used when a master loop such as ammonium concentration adjusts the setpoint of a slave loop such as dissolved oxygen. In cascade controller a primary controller main process variables and secondary controller control a fasters inner loop. In the cascade controller output of the master becomes the setpoints of the slaves. 
According to the literature Model predictive control (MPC) is interesting because it can manage several variables and operational restrictions, particularly in aeration and nutrient removal. Recent research indicates that MPC able to reduce energy use while remaining maintain its performance. The controller’s performance depends on suitable models, trustworthy online data, and greater implementation skill than standard PID (Therrien et al., 2020).
Advanced control systems seem great on paper, but they are not suitable for all wastewater plants. If a facility is older or smaller, it may lack the reliable sensors, robust IT networks, and highly educated personnel required to operate it. In such cases, you're typically better off staying with a reliable SCADA and PID system. A basic setup that runs daily outperforms a cutting-edge algorithm that no one can maintain running.




7. [bookmark: _Toc228122658]Actuators used in wastewater system

The actuator converts controller output into physical action. In wastewater treatment plants main actuators are electric motor, VFD, control valves, dosing pump, mixer and valves. The main purpose is to manage the water flow, pressure, air supply sludge movement and chemical dosing. 
The most important actuator are pumps they move inflowing, return activated sludge, waste sludge and mixed dosing. VFD drivers are used to control the pumps. The control signal from the PLC send to this VFD diver which use to control the motors

	Treatment Stage
	Actuator Type
	Function
	Controlled Parameter

	Inlet & Pumping Station
	Pumps Variable Frequency Drives (VFDs)
	Transport wastewater and control flow rate
	Flow, pressure

	Screening 
	Motor-driven screens, Conveyor drives
	Remove large debris automatically
	Mechanical motion (on/off, speed)

	Grit Removal
	Pumps, Air blowers, Mechanical scrapers
	Maintain flow velocity and remove grit
	Flow, air supply

	Primary Sedimentation
	Sludge scraper drives, Sludge pumps, Valves
	Remove settled sludge and floating scum
	Sludge flow, valve position

	 Biological Treatment
	Air blowers, Control valves, VFDs, Mixers
	Supply oxygen and maintain mixing
	Air flow, DO level

	Secondary Sedimentation 
	Sludge pumps (RAS/WAS), Scraper mechanisms, Valves
	Recycle or remove sludge
	Sludge flow, position control

	Sludge Treatment
	Pumps, Belt presses, Centrifuges, Mixers, Valves
	Thickening, digestion, dewatering
	Pressure, flow, mechanical separation

	Chemical Dosing System
	Dosing pumps, Control valves
	Inject chemicals 
	Chemical flow rate

	Final Treatment
	UV lamps (actuated power control), Chlorine dosing systems
	Kill pathogens before discharge
	UV intensity, chemical dosage

	Flow Control / Distribution
	Motorized valves, Gates (penstocks)
	Regulate and direct flow
	Flow rate, level
























8. [bookmark: _Toc228122659]Supervisory control and autonomous plant operation

By connecting sensors, PLCs, and SCADA systems, supervisory control systems facilitate the efficient operation of wastewater treatment facilities. Real-time data collection, control, and monitoring are made possible by these systems. They can automate procedures like chemical dosing, aeration, and pumping, which lowers human error and boosts efficiency. However, complete automation is unsafe, so human operators are still required for problem-solving and monitoring (Shyu et al., 2023).
A plant can be operated with minimum intervention of human. By including the supervisory layer which coordinates start-stop sequences, storm mode operation, duty-standby rotation, automatic backwash, chemical dosing logic, alarm prioritization and report generation. The modern systems have the capability of automatically log compliance data and support discharge monitoring reporting, reducing human error and administrative workload (Vanrolleghem and Lee, 2025).
Strict environmental regulations also govern wastewater treatment. Water quality, monitoring, and reporting requirements must be adhered to by plants. Protecting control systems from risks requires cybersecurity as well.













9. [bookmark: _Toc228122660]Regulations, standards and compliance requirements.
The wastewater automation is regulated maintain discharge quality, flow monitoring and sampling must satisfy environmental permits. In the UK, wastewater treatment works are regulated through environmental permits and compliance limits set by the Environment Agency. The required level of monitoring depends on plant size, receiving environment and permit conditions (Environment Agency, 2024).
The Environment Agency's MCERTS performance standard outlines minimum requirements for monitoring systems used to fulfil permit obligations for self-monitoring of flow. MCERTS also connects monitoring practices with ISO/IEC 17025-based laboratory quality standards for chemical testing and sampling. Because the control system's defensibility depends on the accuracy and traceability of its measurements, this is extremely pertinent to ICA (Environment Agency, 2019).

















10. [bookmark: _Toc228122661]Recent advanced technologies in wastewater automation
There are many recent technology developments which improve the quality and automation capability of wastewater management system. Most trending technology used in systems are soft sensors, machine learning, digital twins and AI-assisted optimisation. The difficult to measured parameters such a COD, BOD, ammonia can be measured using soft sensors. In soft sensors estimate difficult-to-measure variables using models and available data. 
As recently development of the AI technology AI techniques to optimize control strategies and plant performance. These AI tools are promising because wastewater systems are nonlinear, multivariable and strongly affected by uncertainty.

















11. [bookmark: _Toc228122662]Conclusion 
The modern wastewater systems are highly relied on Instrumentation, control and automation. Because they allow plants to manage highly variable influent conditions while achieving environmental compliance and operational efficiency. Historically manual labour-intensive process using ICA can be able to automate as the complexity of treatment processes increased. Sensors measure important things like flow, level, dissolved oxygen, pH, and nutrient concentration. PLCs and controllers use feedback and sequencing logic to control the flow of information. Actuators like pumps, valves, and blowers provide the physical response needed. SCADA systems connect all these parts into a single, coordinated system. According to recent technology development industry focus on soft sensors, digital twins and AI-assisted optimisation. These technologies will enhance the quality, performance and efficiency. 
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