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1. Introduction
Wastewater treatment is an essential public health and environmental service that has significantly transformed over the past century, evolving from manual, labour-intensive processes to highly automated facilities regulated by advanced Instrumentation, Control, and Automation (ICA) systems. The principal objective of wastewater treatment is to remove pollutants from domestic and industrial effluents before they enter receiving water bodies, thereby safeguarding both ecosystems and human health.

Modern wastewater treatment plants are intricate process facilities that must constantly manage energy consumption, operational safety, influent variability, and strict effluent quality criteria. By combining sensors, distributed control systems, programmable logic controllers, and supervisory control and data acquisition platforms into a single operational framework, ICA tackles these issues. This paper critically examines the application of ICA to wastewater treatment, its historical development, the major hardware and software components used, pertinent regulatory frameworks, and the cutting-edge technologies now shaping the future of autonomous wastewater management.

2. Historical Context of ICA in Wastewater Treatment
Wastewater treatment automation is closely linked to more general advancements in industrial control. Early in the 20th century, treatment processes were operated entirely by hand, and operators relied on simple measures and visual inspection to make real-time judgments. The initial step toward process automation was the development of hydraulic controllers in the 1940s and 1950s, which allowed for simple feedback control of flow and level.
Analogue instrumentation panels with continuous monitoring capabilities were developed as electronic process control was introduced in the 1960s. The development of digital control systems to optimise aeration energy, historically the highest operational cost in a WWTP, accounting for 50–60% of total electricity consumption, was encouraged by the oil crisis and rising energy costs in the 1970s.
PLCs were widely used in the 1980s to replace relay-based logic and provide flexible, programmable control schemes. In the 1990s, SCADA systems started to emerge, enabling remote monitoring and centralising plant-wide data into human-machine interfaces (HMIs). Further investment in automation was prompted by the UK Water Industry Act of 1991 and the subsequent privatisation of water corporations, as private operators sought to reduce operating costs and comply with increasingly strict Environment Agency (EA) effluent discharge restrictions.



3. Wastewater Treatment Process Overview

[image: ]A typical wastewater treatment plant is made up of several stages, and each one needs to be monitored and controlled properly. To understand how ICA is used across the system, it is important to understand these stages. Figure 1 shows the overall process and the main points where measurements are taken.

Figure 1 Wastewater Treatment Process Flow with Key ICA Measurement Points


A standard treatment process includes screening and grit removal, followed by primary sedimentation, then secondary biological treatment and clarification, with final polishing and disinfection. Each stage has different variables that need to be controlled to keep the system running properly
These include flow rate, level, temperature, dissolved oxygen, pH, turbidity, mixed liquor suspended solids, and chemical oxygen demand. All of these need to be monitored continuously to make sure the treatment process is stable and meets discharge requirements



4. Sensors and Instrumentation
4.1 Flow and Level Measurement

Accurate flow measurement across a wastewater treatment plant is essential for maintaining stable operation and ensuring each stage performs correctly. Electromagnetic flowmeters are commonly used in closed pipe systems because they offer high accuracy around ±0.5 percent have no moving parts, and are not significantly affected by suspended solids
For open channels, such as inlet flumes, ultrasonic level sensors are used together with weir or Parshall flume structures to estimate volumetric flow. This allows operators to monitor incoming flow and adjust the process where needed.
Level measurement in primary and secondary settlement tanks is usually carried out using submersible pressure transducers or non-contact ultrasonic and radar sensors. These instruments send analogue signals to the PLC, which enables automatic control of return-activated sludge and surplus sludge pumping, helping to maintain process balance. 
4.2 Gas Monitoring
Gas monitoring is important in anaerobic digestion processes where methane and hydrogen sulphide are produced. Methane levels are measured using infrared analysers to optimise energy recovery through combined heat and power systems.
Hydrogen sulphide must also be monitored due to its toxicity and health risks, ensuring compliance with safety regulations and protecting personnel on site.











5. Process Controllers and Control Architecture
5.1 Programmable Logic Controllers
Programmable logic controllers are the main control units used at the field level in wastewater treatment plants. They operate at fast scan speeds, typically between 1 and 100 milliseconds, and use programming methods such as ladder logic, structured text, and function block diagrams to control equipment.
PLCs are responsible for managing key components such as pumps, valves, blowers, and chemical dosing systems, ensuring reliable and continuous operation. They are designed to work in harsh environments, which is why manufacturers such as Siemens, Rockwell Automation, and Schneider Electric are commonly used in industry. In a typical plant, multiple PLCs are assigned to different process areas such as inlet works, biological treatment and final effluent stages. These PLCs communicate with SCADA systems through industrial communication protocols, including Modbus, TCP IP, PROFINET, and DNP3. In critical areas, backup PLCs are often installed in hot standby mode to ensure continuous operation if a failure occurs.
5.2 Distributed Control Systems and SCADA
Distributed control systems are often used in larger wastewater treatment plants as they provide better integration, reliability, and fault tolerance compared to standalone PLC systems. They include built-in process control and data storage, which allows the system to continue operating even if part of it fails.
SCADA systems form the supervisory level of control, collecting data from PLCs across the plant and displaying it through human-machine interfaces. This allows operators to monitor and control the entire system from a central control room or remotely using secure networks.
Modern plants typically use a hierarchical control structure linking management systems, SCADA, PLC, or DCS layers, and field instrumentation. This creates a fully integrated system where information flows between all levels, improving efficiency and control.
[image: ]
Figure 2 ICA Hierarchical Architecture for a Wastewater Treatment Facility

5.3 Feedback and Cascade Control Strategies
The most common control method used in wastewater treatment is PID control, which continuously adjusts outputs such as blower speed or valve position to maintain process variables at set values.
In aeration systems, dissolved oxygen control is critical, and PID loops are used to regulate blower speed to maintain oxygen levels typically between 1.5 and 2.0 milligrams per litre. This approach can significantly reduce energy consumption compared to fixed speed systems while maintaining treatment performance.
Cascade control is also used in more advanced systems where one variable influences another. For example, ammonia levels can be used to adjust the oxygen setpoint in the aeration process. This approach improves efficiency by responding to actual treatment demand rather than fixed conditions.





6. Actuators and Final Control Elements
Actuators convert PLC control signals into physical actions in the wastewater treatment process and are essential for controlling flow, aeration, and chemical dosing.
Pumps fitted with variable speed drives are widely used as they allow flow to be adjusted by changing motor speed rather than restricting flow through valves. This improves energy efficiency and provides better control of the process.
Blowers and compressors are used to supply air to biological treatment processes and are often fitted with variable speed drives to adjust airflow based on demand. Modern systems, such as high speed turbo blowers, offer improved efficiency across a wide operating range.
Chemical dosing pumps, including peristaltic and diaphragm types, are used to add chemicals such as ferric sulphate for phosphorus removal, sodium hypochlorite for disinfection, and carbon sources for biological processes. 
All actuators are connected to PLC outputs and provide feedback signals such as position status and flow confirmation. This allows continuous monitoring and enables closed loop control and alarm generation if faults occur. 

7. Regulatory Framework and Standards
Wastewater treatment systems must operate within strict regulations to ensure environmental protection, safety, and reliability.
In the UK, the Urban Wastewater Treatment Regulations set limits for pollutants, including biochemical oxygen demand, chemical oxygen demand, suspended solids, and nitrogen. These limits are monitored at the final discharge point to ensure compliance with environmental standards.
Safety is managed through standards such as IEC 61511, which covers safety instrumented systems, including protection against overflow gas hazards and system failures. This requires proper risk assessment and verification of safety functions.
ATEX regulations apply to areas where explosive gases such as methane may be present, requiring suitable equipment and installation practices to reduce risk. 
Cybersecurity is also an important consideration and is addressed through regulations such as the Network and Information Systems regulations, which require the protection of control systems and the proper management of risks and incidents.

8. Advanced and Emerging Technologies
The use of advanced technologies in wastewater treatment is increasing as plants aim to improve efficiency, reduce energy consumption, and respond better to changing influent conditions. One of the main developments is the use of machine learning and artificial intelligence, which allows systems to predict process behaviour rather than simply react to it. By analysing historical and real time operational data, neural network models can identify patterns in influent loading and adjust aeration and chemical dosing before problems occur. This is particularly important in biological treatment, where small changes in conditions can have a large impact on performance.
Studies have shown that these approaches can significantly reduce energy consumption while still maintaining compliance with discharge standards. For example, adaptive models such as ANFIS have been shown to reduce aeration energy use by around 18 per cent while maintaining treatment efficiency. In addition, model predictive control systems that combine real-time sensor data with process models, such as activated sludge models, are able to outperform traditional PID control under variable conditions, providing more stable and efficient operation.
The use of connected sensors and data systems has also improved how wastewater treatment plants are monitored and controlled Real time data collection allows faster decision making and reduces reliance on manual checks This improves process stability and allows faults to be identified earlier which can prevent more serious operational issues These systems also support remote monitoring which is important for large scale plants where full time supervision of all processes is not practical.
Another important development is the use of digital twins which are virtual models of treatment systems that are continuously updated using real operational data These models allow engineers to test different operating conditions such as changes in aeration sludge age or chemical dosing without affecting the real system This reduces risk and helps optimise performance while maintaining compliance Studies have shown that combining process models with fluid dynamics can improve system design and reduce chemical usage making digital twins a valuable tool for both operation and design
Robotics and automated inspection systems are also becoming more widely used. Robots equipped with cameras and sensors can inspect confined or hazardous areas such as sewers and tanks, reducing the need for human entry and improving safety. Drones are also used to monitor large tanks and lagoons, where they can identify flow issues, temperature variations, and areas of poor mixing, which may not be visible from ground level.


Overall, these technologies are helping move wastewater treatment towards more automated and data driven systems. While they offer clear benefits in terms of efficiency control and safety, they also introduce challenges such as maintaining data accuracy, ensuring system reliability, and managing cybersecurity risks, which must be considered as these systems continue to develop.

9. Conclusion
The development of instrumentation control and automation has significantly improved wastewater treatment, making systems more efficient, reliable, and environmentally sustainable compared to earlier manual processes. Over time, the industry has moved from basic control methods to advanced systems that integrate sensors, PLCs, SCADA and automated control strategies to manage complex treatment processes.
Modern wastewater treatment plants rely on a structured control architecture where information flows between field devices, control systems, and supervisory levels, allowing effective monitoring and decision making. Regulations play an important role in ensuring these systems operate safely and meet environmental standards while also driving improvements in performance and efficiency. 
Emerging technologies such as machine learning, connected data systems and digital twins are continuing to improve how plants operate, allowing more predictive and optimised control of processes. However, these developments also introduce new challenges, including data reliability, cybersecurity and system complexity, which must be managed carefully.

Overall, wastewater treatment is moving towards highly automated systems that require less manual intervention while delivering improved efficiency and environmental performance, representing a significant advancement in the management of essential public services.
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Figure 1: Wastewater Treatment Process Flow with ICA Points
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igure 2: ICA Hierarchy - Wastewater Treatment Facility
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